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Abstract

This thesis is centred around the impact of increasing penetrations of Renewable En-

ergy Sources (RES)|which are often connected to power networks via Power Electronic

Converters (PEC)|and disconnection of conventional Synchronous Generation (SG)

on transient stability. The signi�cantly di�erent dynamic characteristics between these

types of generation mean that the dynamic response of power systems to faults is chang-

ing. The increasingly large number of variables (and complex interactions between

them) make understanding the factors that in
uence transient stability very di�cult

with existing tools. Without full knowledge of the factors and mechanisms responsi-

ble for impacting transient stability boundary, operational blind spots may exist, and

e�ective transient stability enhancement measures are not easy to develop. Moreover,

the intermittent nature of RES means that the transient stability boundary changes

over very short timescales. This drives a need for more frequent Transient Stability

Assessment (TSA) that can capture the full dynamic response of Converter Interfaced

Generation (CIG).

However, existing TSA tools (namely Transient Energy Function (TEF) and Time

Domain Simulations (TDS)) are limited in that they can either not capture the dynamic

response of CIG or are computationally expensive to run and extraction of meaningful

insights complicated. This increases the requirement for the design and development

of new tools for TSA|the primary focus of this thesis.

Machine Learning (ML) can provide explicit mappings of complex functions and

accelerate computationally heavy tasks and has been used for TSA in recent years.

However, research has mainly focused on error reduction and the computational savings
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Chapter 0. Abstract

that can be achieved|rather than obtaining detailed insights into the predominant

factors in
uencing the transient stability boundary.

To gain such insights, this thesis proposes the use of Interpretable Machine Learning

(IML)|an emerging area of research|to provide detailed explanations of complex ML

models trained to predict the transient stability margin at each location on a power

network. Insights can be used to understand better the main power system variables

that impact transient stability, the interactions between them, and locational trends.

Such tools can bolster existing knowledge of the transient stability boundary and/or

infer new information that can be used to enhance situational awareness and develop

stability enhancement measures.

Robert Hamilton is sponsored by Engineering and Physical Sciences Research Coun-

cil (EPSRC) Centre for Doctoral Training (CDT) in Future Power Networks and Smart

Grids (EPSRC reference EP/L015471/1). The project is supervised by Dr Panagiotis

Papadopoulos and Professor Keith Bell.

iii



Contents

Abstract ii

List of Figures ix

List of Tables xviii

Acknowledgements xxii

Acronyms xxiv

1 Introduction and Objective of Research 1

1.1 Introduction and Motivation for Research . . . . . . . . . . . . . . . . . 1

1.1.1 The Global Decarbonisation Agenda: A Net Energy Perspective 6

1.1.2 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.2 Contributions from this Thesis . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.1 Academic Publications . . . . . . . . . . . . . . . . . . . . . . . . 15

1.3 Overview of Chapters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Power System Stability Phenomena 23

2.1 Synchronous vs Converter Interfaced Generator Characteristics . . . . . 24

2.1.1 Conventional Synchronous Generation . . . . . . . . . . . . . . . 26

2.1.2 Converter Interfaced Generation . . . . . . . . . . . . . . . . . . 28

2.2 Power System Stability Overview . . . . . . . . . . . . . . . . . . . . . . 33

2.2.1 2020 Power System Stability De�nition Update . . . . . . . . . . 33

2.3 Rotor Angle Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

iv



Contents

2.3.1 Small-Signal Stability . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3.2 Transient Stability . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4 Traditional Methods for Transient Stability Assessment . . . . . . . . . 39

2.4.1 Transient Energy Function Analytical Methods . . . . . . . . . . 39

2.4.2 Time-Domain Simulation-Based Methods . . . . . . . . . . . . . 41

2.5 Indices for Transient Stability Simulation-Based Methods . . . . . . . . 42

2.5.1 Fixed Fault-Time . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.5.2 Variable Fault-Time . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3 Literature Review on the Impact of Converter Interfaced Generation

on Transient Stability 48

3.1 Impact of Wind Generation on Transient Stability . . . . . . . . . . . . 49

3.1.1 Impact of Adding Wind Generation . . . . . . . . . . . . . . . . 50

3.1.2 Impact of Wind Generation Displacing Synchronous Generation 53

3.1.3 Potential Transient Stability Enhancement Solutions . . . . . . . 58

3.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Investigation into Spatial and Temporal Aspects of Transient Stabil-

ity 62

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1.1 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2.1 IEEE 9-Bus Test Network Overview . . . . . . . . . . . . . . . . 66

4.2.2 Operational Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2.3 Generator Dispatch via AC Optimal Power Flow . . . . . . . . . 70

4.2.4 Transient Stability and the Critical Clearing Time . . . . . . . . 72

4.2.5 Locational Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3.1 Impact of Generator Cost and Non-Operational Parameters . . . 76

v



Contents

4.3.2 Impact of Locational Aspects with an Increased Penetration of

Wind Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.3 Impact of Sensitivity to Changes in Active Power Output of Syn-

chronous Generators . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5 Machine Learning and Interpretable Machine Learning for Transient

Stability Assessment 95

5.1 Introduction and the Three Desirable Attributes for Modern Transient

Stability Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 Overview of Machine Learning for Transient Stability Assessment . . . . 98

5.2.1 Transient Stability Database . . . . . . . . . . . . . . . . . . . . 99

5.2.2 Machine Learning Algorithms . . . . . . . . . . . . . . . . . . . . 101

5.2.3 Error Metrics for Evaluation for Regression Algorithms . . . . . 101

5.3 Overview of Interpretable Machine Learning for Transient Stability As-

sessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.4 Literature Review on the Current State-of-the-Art . . . . . . . . . . . . 105

5.4.1 Machine Learning for Transient Stability Assessment . . . . . . . 105

5.4.2 Interpretable Machine Learning for Transient Stability Assessment107

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6 Identi�cation of Important Power System Variables using Decision

Trees and Permutation Feature Importance 111

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.1.1 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2.1 Operational Scenarios and the AC Optimal Power Flow . . . . . 118

6.2.2 Transient Stability Database . . . . . . . . . . . . . . . . . . . . 118

6.2.3 Decision Tree Regression . . . . . . . . . . . . . . . . . . . . . . . 119

vi



Contents

6.2.4 Recursive Feature Elimination with Cross-Validation Wrapper

and k-fold Cross-Validation Model Scoring . . . . . . . . . . . . . 122

6.2.5 Additional Error Evaluation Metrics . . . . . . . . . . . . . . . . 123

6.2.6 Model Interpretability: Permutation Feature Importance . . . . . 123

6.2.7 Feature-Space Stability Boundary Representation . . . . . . . . . 125

6.3 Feature Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3.1 Standard Features . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.3.2 Physical Features . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.3.3 Optimal Power Flow Features . . . . . . . . . . . . . . . . . . . . 128

6.4 Test Network and Case Study Design . . . . . . . . . . . . . . . . . . . . 129

6.4.1 IEEE 39-Bus Test Network Overview . . . . . . . . . . . . . . . 129

6.4.2 Generator Dispatch via AC Optimal Power Flow . . . . . . . . . 131

6.4.3 Operational Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 132

6.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.5.1 Impact of Feature Selection on Accuracy . . . . . . . . . . . . . . 134

6.5.2 Accuracy and Interpretability using all Features . . . . . . . . . 135

6.5.3 Location-Targeted Stability Boundary Intervention . . . . . . . . 146

6.6 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.7 Discussion: On the Merits of Including Optimal Power Flow Features . 148

6.8 Machine Learning Model Performance Improvement Options . . . . . . 150

6.8.1 Impact of Changing the Decision Tree Cost Metric . . . . . . . . 150

6.8.2 Impact of Changing the Machine Learning Algorithm . . . . . . 151

6.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

7 Identi�cation of Trends in the Transient Stability Margin Estimation

using Feature E�ects obtained from SHapley Additive exPlanations 160

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.1.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.2.1 Generator Dispatch via AC Optimal Power Flow . . . . . . . . . 165

vii



Contents

7.2.2 Transient Stability Database . . . . . . . . . . . . . . . . . . . . 165

7.2.3 Machine Learning Algorithm Selection Procedure . . . . . . . . . 167

7.2.4 Desired Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7.2.5 SHapley Additive exPlanations . . . . . . . . . . . . . . . . . . . 168

7.2.6 Identi�cation in Locational Trends using SHAP Values . . . . . . 174

7.3 Test Network and Case Study Design . . . . . . . . . . . . . . . . . . . . 175

7.3.1 IEEE 39-Bus Test Network Overview . . . . . . . . . . . . . . . 175

7.3.2 Generator Dispatch via AC Optimal Power Flow . . . . . . . . . 175

7.3.3 Operational Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 175

7.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.4.1 Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.4.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . 177

7.4.3 Local SHAP Explanation of CCTmin Model . . . . . . . . . . . . 177

7.4.4 Global PFI Interpretation of CCTmin Model . . . . . . . . . . . 179

7.4.5 Global SHAP Interpretation of CCTmin Model . . . . . . . . . . 180

7.4.6 Locational Trend Identi�cation . . . . . . . . . . . . . . . . . . . 185

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

8 The Impact of Wind Control Parameters and Location on Transient

Stability using SHapley Additive exPlanations 191

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

8.1.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

8.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

8.2.1 Generator Dispatch via AC Optimal Power Flow . . . . . . . . . 193

8.2.2 Transient Stability and the Critical Clearing Time . . . . . . . . 193

8.2.3 Feature Selection and Transient Stability Database Creation . . 193

8.2.4 Machine Learning Algorithm Selection . . . . . . . . . . . . . . . 195

8.2.5 Desired Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

8.3 Test Network and Case Study Details . . . . . . . . . . . . . . . . . . . 195

8.3.1 IEEE 39-Bus Test Network Overview . . . . . . . . . . . . . . . 196

viii



Contents

8.3.2 Operational Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 198

8.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

8.4.1 Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

8.4.2 Interpretability: Wind Control Parameter and Wind Farm Loca-

tion Insights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

8.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

8.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

9 Conclusions and Further Work 206

9.1 Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

9.1.1 Power System Modelling . . . . . . . . . . . . . . . . . . . . . . . 211

9.1.2 Interpretable Machine Learning . . . . . . . . . . . . . . . . . . . 212

9.1.3 Transient Stability Enhancement . . . . . . . . . . . . . . . . . . 213

A Impact of Type-4 Wind Generation on Transient Stability in a Single-

Machine In�nite-Bus System 215

A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

A.1.1 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

A.2 Test Network and Stability Metric . . . . . . . . . . . . . . . . . . . . . 217

A.2.1 Single-Machine In�nite-Bus Test Network Overview . . . . . . . 217

A.2.2 Transient Stability Metric . . . . . . . . . . . . . . . . . . . . . . 217

A.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

A.3.1 Impact of Wind Control Parameters . . . . . . . . . . . . . . . . 218

A.3.2 Impact of Displacement of Synchronous Generation by Wind . . 225

A.3.3 Impact of Wind Farm Location . . . . . . . . . . . . . . . . . . . 227

A.3.4 Impact of Wind Farm Loading . . . . . . . . . . . . . . . . . . . 228

A.4 Conclusions and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 230

B Supplementary Figures 232

Bibliography 240

ix



List of Figures

1.1 World energy consumption in exajoules by type (left) and percentage

share of global primary energy by type (right). . . . . . . . . . . . . . . 6

1.2 Average oil liquids net-energy production from 1950 to 2050, compared

to the gross energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Great Britain (GB) annual end consumer (including residential, road

transport and industrial commercial) energy demand in 2050. . . . . . . 9

1.4 Great Britain (GB) electricity generation capacity and output in 2020. . 10

1.5 Great Britain (GB) forecast B6 boundary transfers (MW) between Scot-

land and England. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Synchronous Generator (SG) coupling with power system: synchronous

coupling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 Converter Interfaced Generator (CIG) connection to power system: no

synchronous coupling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Schematic diagram of a three-phase Synchronous Generator (SG). . . . 27

2.4 Generic Type-1, 2, 3 and 4 models Wind Turbine Generator (WTG)

models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5 Generic Low-Voltage Ride Through (LVRT) capability voltage-time char-

acteristic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6 Traditional de�nition of power system stability, with the two new classes

included as per the 2020 revisited and extended de�nition. . . . . . . . . 34

2.7 Power-angle relationship for a simple two-machine system. . . . . . . . . 38

x



List of Figures

2.8 Illustration of Equal Area Criterion (EAC) for a self-clearing close-up

fault on Single-Machine In�nite-Bus (SMIB) system. A1 and A2 are the

accelerating and decelerating areas respectively. . . . . . . . . . . . . . . 40

2.9 Transient stability metrics: an overview of the key di�erences between

�xed and variable fault-time based indices for a simpli�ed illustrative

example of the stability boundary. . . . . . . . . . . . . . . . . . . . . . 43

2.10 Impact of fault type on the transient stability margin for the same op-

erational scenario, using a simpli�ed illustrative example of the stability

boundary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1 Wind Turbine Generators (WTG) connect to a power system result-

ing in changed power 
ows, but inertia and capabilities of Synchronous

Generation (SG) unchanged. . . . . . . . . . . . . . . . . . . . . . . . . 50

3.2 Wind Turbine Generators (WTG) displace conventional Synchronous

Generation (SG), leading to a reduction in inertia and loss of SG capa-

bilities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3 Single-Machine In�nite-bus (SMIB) network with connection of a Wind

Farm (WF) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4 Series braking resistor con�guration. . . . . . . . . . . . . . . . . . . . . 58

4.1 United Kingdom (UK) natural gas National Balancing Point (NBP) spot

price (p/therm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 Procedure used to generate credible operational scenarios and assess net-

work stability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Adapted version of the IEEE 9-bus test network with IEC Type-4A wind

turbines connected in di�erent areas. . . . . . . . . . . . . . . . . . . . . 68

4.4 Medium-Low-High (MLH) generator cost allocation|CCT at key fault

locations for all displacement cases. CFL at bus 2 in every case. . . . . 80

4.5 Medium-High-Low (MHL) generator cost allocation|CCT at key fault

locations for all displacement cases. CFL at bus 3 in every case. . . . . 80

xi



List of Figures

4.6 High-Low-Medium (HLM) generator cost allocation|CCT at key fault

locations for all displacement cases. Switch in CFL and CSG. . . . . . . 80

4.7 High-Medium-Low (HML) generator cost allocation|CCT at key fault

locations for all displacement cases. Additional CFL and CSG in case 6. 87

4.8 High-Medium-Low (HML) generator cost allocation|active power dis-

patch and loading of SG. High sensitivity to changes in active power

loading of SG2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.9 Medium-High-Low (MHL) generator cost allocation|active power dis-

patch and loading of SG. SG1 high sensitivity to changes in active power

loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.10 High-Low-Medium (HLM) generator cost allocation|active power dis-

patch and loading of SG. Small variations in active power loading. . . . 90

5.1 Machine Learning (ML) overview for Transient Stability Assessment

(TSA) overview with explanation dimension. . . . . . . . . . . . . . . . 97

5.2 Generic training and testing database structure for Machine Learning

(ML). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.3 Tension between accuracy and interpretability in popular Machine Learn-

ing (ML) algorithms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.1 Generic Machine Learning (ML) block diagram illustrating proposed De-

cision Tree (DT) methodology overview with Permutation Feature Im-

portance (PFI) explanation dimension. . . . . . . . . . . . . . . . . . . . 113

6.2 Proposed methodology 
owchart for stability margin prediction and ex-

planation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.3 Illustrative four-bus network with locational decision tree (DT) models

trained at each bus. Permutation feature importance (PFI) is applied

to each DT model, revealing important parameters on a locational basis

that can be visualised. Methods A and B for critical fault prediction

summarised. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

xii



List of Figures

6.4 Transient stability database (TSDb) representation proposed by method-

ology|highlighting feature set (power system parameters) and targets

(critical clearing time (CCT) at each bus for all operational scenarios). . 118

6.5 Illustrative example of a Decision Tree (DT) for Critical Clearing Time

(CCT) prediction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.6 Illustration of Permutation Feature Importance (PFI) using the Tran-

sient Stability Database (TSDb) representation. . . . . . . . . . . . . . . 124

6.7 Illustrative example showing the impact on Optimal Power Flow (OPF)

variables in an unconstrained vs constrained network. . . . . . . . . . . 129

6.8 Adapted version of IEEE 39-bus test network to include a Type-4 Wind

Farm (WF) at various locations. . . . . . . . . . . . . . . . . . . . . . . 130

6.9 Method used for connection of Wind Turbine Generators (WTG) to a

Point of Common Coupling (PCC). . . . . . . . . . . . . . . . . . . . . . 131

6.10 Cost curve functions allocated to Synchronous Generators (SG) in the

IEEE 39-bus network. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.11 Breakdown of case studies used in the IEEE 39-bus network. . . . . . . 134

6.12 Average score (RSQ, RMSE and MAPE) across all locational Decision

Tree (DT) models for each feature set tested. . . . . . . . . . . . . . . . 136

6.13 Top: maximum error (MOE and absolute MUE) across all locational

Decision Tree (DT) models for each feature set tested. Bottom: average

maximum error (MOE and absolute MUE) across all locational Decision

Tree (DT) models for each feature set tested. . . . . . . . . . . . . . . . 136

6.14 Locational Critical Clearing Time (CCT) estimation accuracy|actual

vs predicted CCT in sec with RSQ for each bus. . . . . . . . . . . . . . 137

6.15 Comparison between the accuracy for estimation of the critical fault

duration: method A (left) vs B (right). Actual vs predicted minimum

Critical Clearing Time (CCT) (sec). . . . . . . . . . . . . . . . . . . . . 140

6.16 Important parameter space representation of B23 stability boundary

showing scenario A (large red circle) and scenario B (large red square). . 144

xiii



List of Figures

6.17 Important parameter space representation of B25 stability boundary

showing scenario A (large red circle) and scenario B (large red square). . 144

6.18 Minimum Critical Clearing Time ( CCTmin ) (colour axis) expressed with

respect to the three top-ranked parameters. Uppermost Decision Tree

(DT) threshold values (tm ) are included as 
at surfaces, partitioning

parameter space and highlighting operational zones that result in longer

or shorter CCTmin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.19 Procedure for important parameter manipulation for stability margin

improvement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.20 Important parameter manipulation for stability margin improvement at

B17. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.21 Random Forest (RF) algorithm structure. . . . . . . . . . . . . . . . . . 152

6.22 Generic Machine Learning (ML) block diagram illustrating proposed

Random Forest (RF) methodology overview with Permutation Feature

Importance (PFI) explanation dimension. . . . . . . . . . . . . . . . . . 152

6.23 Comparison between Decision Tree (DT) (blue circles) and Random For-

est (RF) (black squares) locational Critical Clearing Time (CCT) esti-

mation accuracy in sec for six examples. . . . . . . . . . . . . . . . . . . 155

6.24 Comparison between Decision Tree (DT) (left) and Random Forest (RF)

(right) for minimum Critical Clearing Time ( CCTmin ) estimation accu-

racy in sec (method A). . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.25 Comparison between Decision Tree (DT) (left) and Random Forest (RF)

(right) for minimum Critical Clearing Time ( CCTmin ) estimation accu-

racy in sec (method B) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.1 Explanation of Machine Learning (ML) model using SHAP. . . . . . . . 161

7.2 Methodology overview: illustrating how enhanced stability boundary

insights can be extracted from location-speci�c machine learning (ML)

models using SHAP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.3 SHAP methodology overview on simple example network. . . . . . . . . 165

xiv



List of Figures

7.4 Interpretable Machine Learning (IML) algorithm selection process. . . . 168

7.5 Representation of a black-box model using additive feature attribution

overview. Left: Original model complex model (black-box). Right: Sim-

ple linear explanation model (additive feature attribution model) for a

particular prediction (e.g., a single operational scenario). . . . . . . . . . 170

7.6 Data structure for SHAP local, global and for locational trend identi�-

cation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

7.7 Identi�cation of locational trends between actual Variable of Interest

(VOI) value and the corresponding SHAP values from each Machine

Learning (ML) model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

7.8 Example of a local SHAP explanation of theCCTmin model for a single

operational scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

7.9 Permutation Feature Importance (PFI) for top-20 features of Arti�cial

Neural Network (ANN) model for CCTmin estimation. . . . . . . . . . . 179

7.10 Global SHAP summary plot for top-20 features of Arti�cial Neural Net-

work (ANN) model for CCTmin estimation. . . . . . . . . . . . . . . . . 181

7.11 Dependence plot for G07 active power loading vs SHAP values with total

Wind Farm (WF) capacity colour axis. . . . . . . . . . . . . . . . . . . . 183

7.12 G07 Active power loading vsCCTmin training data with total RES ca-

pacity color axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

7.13 Stability boundary representation for six locations using SHAP to inter-

pret locally trained arti�cial neural networks (ANNs). . . . . . . . . . . 186

7.14 Covariance between G07 active power loading and G07 active power

loading SHAP values at all locations for all n + 1 ML models (n=25). . 187

7.15 Impact of G07 active power loading on SHAP values forCCTmin , B15

and B14 models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

7.16 Critical Clearing Time (CCT) ranges for key fault locations of interest. . 188

7.17 Covariance between RES3 percentage of total A3 generation capacity

and locational SHAP values for all locations. . . . . . . . . . . . . . . . 188

xv



List of Figures

7.18 Impact of RES3 percentage of total A3 generating capacity on SHAP

values for CCTmin , B03 and B28 models. . . . . . . . . . . . . . . . . . 188

8.1 Overview of the proposed methodology. . . . . . . . . . . . . . . . . . . 193

8.2 Adapted version of IEEE 39-bus, 10-generator test network with wind

connected to B29. Fault location at bus 27 indicated. . . . . . . . . . . 196

8.3 Time-series response for RES3 active power, reactive power and terminal

voltage for each control parameter category in IEEE 39-bus test network. 198

8.4 Global SHapley Additive exPlanations (SHAP) summary plot highlight-

ing feature importance, SHAP values and feature values for top-20 most

important features. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

8.5 G02 active power output vs SHapley Additive exPlanations (SHAP) values.201

8.6 G09 rating (MVA) vs SHapley Additive exPlanations (SHAP) value with

wind control parameter category. . . . . . . . . . . . . . . . . . . . . . . 202

8.7 G06 active power loading (%) vs SHapley Additive exPlanations (SHAP)

value with Wind Farm (WF) location. . . . . . . . . . . . . . . . . . . . 203

A.1 Single-Machine In�nite-Bus (SMIB) with wind generation added at the

end of a transmission line. Fault location indicated by a red lightning bolt.218

A.2 Modular structure for the Type-4A wind control model. . . . . . . . . . 219

A.3 Section of the modular structure for the Type-4A reactive power control

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

A.4 Block diagram for the Type-4A current limiter. . . . . . . . . . . . . . . 221

A.5 Impact of Wind Turbine (WT) control parameters on the Synchronous

Generator (SG) maximum rotor angle deviation for all combinations of

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

A.6 Synchronous Generator (SG) time series response with original and pro-

posed parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

A.7 Wind Turbine (WT) control signals ( i qv, i qcmd and i pcmd) and wind farm

(WF) active and reactive power time series response with original and

proposed parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

xvi



List of Figures

A.8 Modular structure for the Type-4A active power control model. . . . . . 225

A.9 Impact of displacement of Synchronous Generation (SG) by wind on

the maximum rotor angle of the SG for di�erent displacement scenarios.

Original parameters (left) vs proposed parameters (right)|note colour

axis di�erences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

A.10 Impact of the location of wind with respect to Synchronous Generation

(SG) on the maximum rotor angle of the SG for di�erent displacement

scenarios. Original parameters (left) vs proposed parameters (right). . . 227

A.11 50% Wind Farm (WF) loading. Impact of the location of wind with

respect to Synchronous Generation (SG) on the maximum rotor angle of

the SG for di�erent displacement scenarios. Original parameters (left)

vs proposed parameters (right). . . . . . . . . . . . . . . . . . . . . . . . 228

A.12 Synchronous Generator (SG) time series plot with original and proposed

parameters w.r.t. wind loading. . . . . . . . . . . . . . . . . . . . . . . . 230

A.13 Wind Turbine (WT) control signals ( i qv, i qcmd and i pcmd) and Wind

Farm (WF) active and reactive power time series response with original

and proposed parameters w.r.t. wind loading. . . . . . . . . . . . . . . . 230

B.1 Algorithm developed and used to �nd the Critical Clearing Time (CCT)

for each fault location and operational scenario. . . . . . . . . . . . . . . 233

B.2 Comparison between Decision Tree (DT) (blue circles) and Random For-

est (RF) (black squares) locational Critical Clearing Time (CCT) esti-

mation accuracy in sec. . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

B.3 Stability boundary representation (B02, B03, B04, B06, B07 & B08)

using SHAP to interpret locally trained arti�cial neural networks (ANNs).235

B.4 Stability boundary representation (B10, B11, B12, B13, B14 & B15)

using SHAP to interpret locally trained arti�cial neural networks (ANNs).236

B.5 Stability boundary representation (B17, B18, B19, B20, B21 & B22)

using SHAP to interpret locally trained arti�cial neural networks (ANNs).237

xvii



List of Figures

B.6 Stability boundary representation (B23, B24, B25, B27, B28 & B29)

using SHAP to interpret locally trained arti�cial neural networks (ANNs).238

B.7 Stability boundary representation (B39 & CCT min ) using SHAP to in-

terpret locally trained arti�cial neural networks (ANNs). . . . . . . . . . 239

xviii



List of Tables

3.1 Factors found to impact the transient stability boundary from existing

academic literature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 IEEE 9-bus test network active power dispatch from original load 
ow

solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 Displacement cases used in studies showing Synchronous Generator (SG)

machine rating (MVA) and volume of wind generation (MVA). . . . . . 69

4.3 Incremental cost of each Synchronous Generator (SG) for each cost al-

location (£/MW). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4 CCTmin , CFL, CSG and % of maximum Synchronous Generator (SG)

active power loading in the base case for all cost allocations. . . . . . . . 76

4.5 Admittance (in p.u.) from the generation source to given network loca-

tions in each displacement case. . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 Electrical Distance Ratio (EDR) for SG2 and SG3 in each displacement

case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.7 Synchronous short-circuit capacity (MVA) at di�erent network locations

for all displacement cases. . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.8 Active power % output variation of Synchronous Generators (SGs) for

displacement in area 2 and 3 for key cost allocations. . . . . . . . . . . . 85

4.9 Maximum Critical Clearing Time (CCT) % deviation from the base case

at busbars near Synchronous Generator (SG) terminals. . . . . . . . . . 85

xix



List of Tables

5.1 Selection of common Interpertable Machine Learning (IML) techniques,

classi�ed as either local or global and as feature e�ect or importance. . . 105

6.1 Details of variables included in each feature set for case studies using

IEEE 39-bus test network. . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.2 Synchronous Generator (SG) cost curve coe�cient values for polynomial

cost-function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.3 Summary of all accuracy metrics for each location (bus). . . . . . . . . . 138

6.4 Summary of the average of all accuracy metrics for each generating area. 139

6.5 Comparison between the accuracy for estimation of the critical fault

duration across all accuracy metrics. . . . . . . . . . . . . . . . . . . . . 140

6.6 Exemplar operational scenarios demonstrating method e�cacy in the

identi�cation of changes to the critical fault as a result of increased

displacement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.7 Parameter values for important parameters and uppermost threshold

values (tm ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.8 Three top-ranked important parameters at each location (bus). . . . . . 145

6.9 Three top-ranked important parameters at B17 before and after line 2-3

reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.10 Decision Tree (DT) performance comparison between using MAPE or

MSE as cost metric (average over all locations). . . . . . . . . . . . . . . 151

6.11 Decision Tree (DT) performance comparison: method A vs B using MSE

cost metric. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.12 Summary of the Random Forest (RF) accuracy metrics for each location

(bus). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.13 Performance Comparison between Decision Tree (DT) and Random For-

est (RF) algorithms (average over all locations). . . . . . . . . . . . . . . 156

6.14 Three top-ranked important parameters at each location using Random

Forest (RF). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.1 Power system features used for model training. . . . . . . . . . . . . . . 166

xx



List of Tables

7.2 Impact of Machine Learning (ML) algorithm on accuracy metrics (aver-

age for all locations). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

8.1 Power system features used for model training. . . . . . . . . . . . . . . 194

8.2 Wind control parameter categories considered. Category A (default), B

(fault-on and fast post-fault) and C (fault-on and slow post-fault). . . . 197

8.3 Accuracy achieved by di�erent tree-based Machine Learning (ML) algo-

rithms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

A.1 Type-4A controller parameter ranges selected. . . . . . . . . . . . . . . . 222

A.2 Original vs proposed wind control parameters. . . . . . . . . . . . . . . 223

xxi



Acknowledgements

I would like to express my deepest gratitude to Panagiotis Papadopoulos for his support,

guidance and contributions throughout my PhD. This experience was a �rst for both

of us, but without access to his wealth of expertise, this work would not have been

possible. I would also like to extend my sincere thanks to Keith Bell for his valuable

insights and advice over the years. In addition, I must recognise the assistance of

countless individuals in the research group at the University of Strathclyde, whose

depth of knowledge is limitless.

Thanks to all those involved with the EPSRC Centre for Doctoral Training in Future

Power Networks and Smart Grids, particularly Shirley Kirk, for all her work in running

the centre. The research environment cultivated in the centre has enabled numerous

early-stage researchers to develop the necessary skills to begin to address some of the

signi�cant challenges facing power systems. Thanks also to Colin Foote and Cornel

Brozio from Scottish Power Energy Networks, who I also had the great pleasure of

working with, for taking an interest in and ensuring the industrial relevance of this

research.

Last but never least, a profound thanks to my Mum and Dad, to whom I am

eternally indebted for their steadfast support, to James and Stuart for their bond of

brotherhood, to Isabelle for her endless encouragement, to Licky for his feline friendship,

and to all my family and friends.

xxii



Chapter 0. Acknowledgements

The impediment to action advances action. What

stands in the way becomes the way.

|Marcus Aurelius

xxiii



Acronyms

AC Alternating Current.

ANN Arti�cial Neural Network.

AVR Automatic Voltage Regulator.

BECCS Bioenergy with Carbon Capture Usage and Storage.

BES Battery Energy Storage.

CAES Compressed Air Energy Storage.

CART Classi�cation and Regression Tree.

CBA Cost-Bene�t Analysis.

CCT Critical Clearing Time.

CCT min Minimum Critical Clearing Time.

CFL Critical Fault Location.

CIG Converter Interfaced Generator.

CSC Current Source Converter.

CSG Critical Synchronous Generator.

DC Direct Current.

xxiv



Acronyms

DFIG Doubly-Fed Induction Generator.

DG Distributed Generator.

DSA Dynamic Security Assessment.

DT Decision Tree.

EAC Equal Area Criterion.

ECES Electrochemical Capacitor Energy Storage.

EDR Electrical Distance Ratio.

EEAC Extended Equal Area Criterion.

EES Electrical Energy Storage.

EFR Enhanced Frequency Response.

EMT Electromagnetic Transients.

EROI Energy Return on (energy) Investment.

ESS Energy Storage Systems.

FES Flywheel Energy Storage.

FRC Fully-Rated Converter.

FSIG Fixed Speed Induction Generator.

GB Great Britain.

GCR Grid Code Requirement.

GSC Grid-Side Converter.

HV High Voltage.

HVDC High-Voltage Direct Current.

xxv



Acronyms

IEC International Electrotechnical Commission.

IEEE Institute of Electrical and Electronics Engineers.

IML Interpretable Machine Learning.

KKT Karush Kuhn Tucker Multiplier.

LCC Line-Commutated Converter.

LIME Local Interpretable Model-agnostic Explanations.

LMP Locational Marginal Price.

LOS Loss of Synchronism.

LV Low Voltage.

LVRT Low-Voltage Ride Through.

MAPE Mean Absolute Percentage Error.

ML Machine Learning.

MOE Maximum Over-Estimate.

MSE Mean Squared Error.

MUE Maximum Under-Estimate.

NBP National Balancing Point.

NEA Net Energy Analysis.

NGESO National Grid Electricity System Operator.

OAT One-At-A-Time.

OPF Optimal Power Flow.

xxvi



Acronyms

PCA Principle Component Analysis.

PCC Point of Common Coupling.

PEC Power Electronic Converter.

PFI Permutation Feature Importance.

PMSG Permanent Magnet Synchronous Generator.

PMU Phasor Measurement Unit.

PSS Power System Stabiliser.

PV Photovoltaic.

RES Renewable Energy Source.

RF Random Forest.

RFE-CV Recursive Feature Elimination with Cross Validation.

RMS Root Mean Square.

RMSE Root Mean Squared Error.

ROCORS Rate of Change of Rotor Speed.

RSC Rotor-Side Converter.

RSQ Coe�cient of Determination.

SA Sensitivity Analysis.

SBR Series Braking Resistor.

SCIG Squirrel Cage Induction Generator.

SCIM Squirrel Cage Induction Machine.

SG Synchronous Generator.

xxvii



Acronyms

SHAP SHapley Additive exPlanations.

SMES Superconducting Magnetic Energy Storage.

SMIB Single-Machine In�nite-Bus.

SO System Operator.

SSR Subsynchronous Resonance.

STATCOM Static Synchronous Compensator.

SVM Support Vector Machine.

TDS Time-Domain Simulation.

TEF Transient Energy Function.

TKE Total Kinetic Energy.

TO Transmission System Owner.

TPE Total Potential Energy.

TSA Transient Stability Assessment.

TSC-OPF Transient Stability Constrained Optimal Power Flow.

TSDb Transient Stability Database.

UK United Kingdom.

VOI Variable of Interest.

VSC Voltage-Source Converter.

WECC Western Electricity Coordinating Council.

WF Wind Farm.

WRIG Wound Rotor Induction Generator.

xxviii



Acronyms

WRSG Wound Rotor Synchronous Generator.

WT Wind Turbine.

WTG Wind Turbine Generator.

XGBoost eXtreme Gradient Boosting.

xxix



Chapter 1

Introduction and Objective of

Research

This Chapter introduces the problem area addressed within this thesis, which in
uences

the motivation and, ultimately, the research questions that this work seeks to address.

The contributions from this work are summarised, along with academic publications

resulting from the work presented in this thesis. Finally, an overview of the Chapters

contained within this thesis is given.

1.1 Introduction and Motivation for Research

The global decarbonisation agenda is leading to changes to the mix of generation con-

nected to modern power systems. In particular, this has resulted in conventional ther-

mal Synchronous Generators (SGs) such as coal and gas plant, being displaced by

intermittent Renewable Energy Source (RES). These RES are often connected to the

network via a Power Electronic Converter (PEC) and so are frequently referred to as

Converter Interfaced Generator (CIG). In addition, the di�erent dynamic character-

istics and the uncertainty of renewable resources are increasing the requirement for

Transient Stability Assessment (TSA).

Transient stability has historically been regarded as a complex and multidimensional

problem due to the large number of power system variables and parameters that can

1
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impact the transient stability boundary|and is de�ned as;

\ the ability of SGs of an interconnected system to remain in synchronism when

subjected to a major disturbance" [1].

The connection of increasing volumes of RES with complex non-linear dynamic re-

sponse has further increased the complexity of the transient stability problem [2]|in-

cluding the introduction of more parameters to the multidimensional problem. In par-

ticular, SG and CIG possess signi�cantly di�erent dynamic characteristics and therefore

respond di�erently to network faults, increasing the system's complexity.

For decades, power systems have been built and operated around conventional ther-

mal SG and the associated characteristics. SG have a direct electromagnetic coupling

with the system, meaning that they provide synchronising torque and inertia to the sys-

tem. SG also possess control systems that are bene�cial for maintaining power system

stability, such as Automatic Voltage Regulators (AVRs) and Power System Stabilisers

(PSSs). As outlined above, RES are often connected to the power system through

PEC, which decouples the rotational mass (if any) from the system. The synthetic

responses from PEC are often non-linear and can be very fast since the response is

generated through a series of power electronic switches. The change in the dynamic

characteristics of the generation connected to power systems signi�cantly impacts tran-

sient stability, leading to an increased requirement to perform TSA to ensure su�cient

stability margin. The authors in [3] identify this and subsequently propose the use of

a probabilistic approach.

Academic research has sought to reduce the complexity of the transient stability

problem when studying the impact of RES on transient stability; by focusing on the

impact of single/few parameters(s), often in simple networks. However, while such

studies have provided insights into important parameters that impact transient stabil-

ity, the �ndings may not directly translate into di�erent systems (e.g., larger systems

with an increased number of non-linear complexities and parameter interdependencies).

Therefore, methodological approaches that can uncover the predominant factors that

in
uence the transient stability boundary of any system are incredibly bene�cial.

2
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RES are often connected in di�erent locations (typically remote from demand cen-

tres) and are intermittent, leading to signi�cant changes to generator dispatch patterns

and network power 
ows, impacting transient stability. Such changes are happening

in longer-term planning timescales with governments seeking to decarbonise their gen-

eration portfolio, but also in operational timescales as System Operators (SOs) strive

to make full use of the RES available in real-time, increasing the amount of time the

system is operating in highly stressed conditions. Such conditions may include sce-

narios where there is particularly high demand, high loading of transmission corridors

and/or high penetration of RES. In industry, knowledge of the system and so-called

`operational expertise' are frequently relied upon when looking at the transient stabil-

ity problem. However, the volume and intermittency of RES connecting in di�erent

locations of power systems, the retirement of conventional SG, and (more recently)

emergency recommissioning of coal plant [4] patterns as a result of recent gas price

volatility [5] may lead to irregular generator dispatch patterns and indeed changes to

demand. Regardless of the reasons for changes to the generation connected to power

systems, the number of operational scenarios that require TSA are only increasing.

What is more, the output of RES may vary in relatively short timescales, meaning

that performing online TSA for every potential operational scenario becomes imprac-

tical. These signi�cant changes to power system dynamics may result in changes in

the transient stability boundary such that the critical fault of a system may change in

duration or even location|as demonstrated in this thesis. Moreover, a SO or planner

may be unaware of this due to computational constraints preventing a detailed TSA

from revealing the entire stability boundary, limiting studies to small portions of the

boundary known to be of concern|leading to potential operational blind spots.

The above points are driving a need to perform TSA for large numbers of oper-

ational scenarios at multiple locations in a power system|to determine the duration

and location of the critical fault, which may change over various timescales. More-

over, a need exists to better understand the parameters driving the system towards

instability. However, existing tools are becoming increasingly outdated in this new en-

vironment|driving the need for the development of new tools and methodologies (the

3
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evidence for which is detailed in Chapter 5). Such tools and methods should possess

three desirable attributes, which are de�ned in this thesis and relate to; reduction of

computational expense, enhancement of understanding of the stability boundary and

accurate representation of the transient stability boundary.

One approach that can assist in uncovering the predominant factors that impact

transient stability is Sensitivity Analysis (SA). Such tools can be used to identify the

impact of uncertain input variables on the variation of a model output [6] enables the

identi�cation of the parameter (or set of parameters) that have the greatest in
uence on

the model output. A notable application relating to power system dynamic performance

(relating to transient response prediction) can be found in [7]. SA methods are classi�ed

into three main categories: (i) local, (ii) screening and (iii) global. Local SA relates

to determining the impact of individual input variables on the model output, such as

One-At-A-Time (OAT) [8] which involves changing only one variable whilst keeping

others constant to assess the impact. Screening methods evaluates the input-output

relationship of one input variable in a high dimensional space. One such approach

is the Morris screening method [9], which can e�ectively identify the most in
uential

parameters. Global SA (reviewed in detail in [10]) considers the impact of the variation

in all inputs on the output. These methods are outlined in detail in [11] from a power

systems small signal stability perspective. Notable methods that fall under this category

are Pearson Correlation Coe�cient (which determines the linear dependency between

the inputs and output) [12] and Sobol [10, 13] (which determines the contribution the

input variables and their interactions to the output variance).

However, such approaches are not designed to reduce the computational expense

associated with TSA (which typically is conducted using Root Mean Square (RMS)-

Time-Domain Simulation (TDS) for multiple fault locations and operational scenarios).

Machine Learning (ML), however, has been used for TSA due to the inherent ability to

accelerate computationally heavy tasks. This requires training an ML model to predict

some transient stability index, using a range or credible operating conditions. This may

either be from a database of measured system responses, but in practice is more likely

to be from a database of simulated system responses (e.g., using RMS-TDS) using a
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representative model of the power system.

Linear models are inherently interpretable, however in reality simple models such

as this are unlikely to accurately capture the complex dynamic response of the sys-

tem (particularly in systems with the nonlinear response from CIG)|therefore more

complicated and, thus, less interpretable ML models are likely to be required. Inter-

pretable Machine Learning (IML) (a relatively new umbrella term, that covers a suite

of techniques) can be used to understand how the ML model reaches predictions, by

gaining insights into black-box ML models. As such, di�erent IML techniques may be

required to understand these more complicated ML models. There exists a suite of

methods (summarised in [14]), each with bene�ts and drawbacks that must be fully

considered based on the speci�c application. In general, methods can be categorised

as either global or local in nature that can either capture feature importance or e�ects.

To this end, this thesis proposes using IML|a relatively new concept that focuses on

providing explanations of ML models. An overview and an in-depth literature review

relating to this topic is provided later in this thesis in Chapter 5.

Through the development of such tools and methodologies, targeted and e�ective

transient stability enhancement measures can be designed and implemented to ensure

the system continues to operate in a stable and secure manner|even in systems with

high penetrations of CIG. These are the key motivating factors for the work presented

in this thesis.

This Chapter looks at the drivers for decarbonisation from the (often overshadowed)

net energy perspective. First, taking Great Britain (GB) as a representative example,

recent trends in electricity generation are outlined|illustrating how increasing volumes

of RES are connecting to power systems.

In this context, the research questions motivating the work contained within this

thesis are outlined. Furthermore, the main contributions arising from this thesis work

are summarised, including a list of academic publications. Finally, an overview of the

Chapters contained within this thesis is provided.
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Figure 1.1: World energy consumption in exajoules by type (left) and percentage share
of global primary energy by type (right) [15]

1.1.1 The Global Decarbonisation Agenda: A Net Energy Perspective

The motivation to decarbonise power systems is primarily driven by concerns around

carbon emissions and the impact on climate change. However, another frequently

overlooked aspect is the�nite nature of fossil fuels (namely oil, gas and coal) upon

which the world has been|and continues to be|extremely reliant (Figure 1.1).

Since the discovery of oil in the 19th century, the liberation of large volumes of

chemical energy stored in the form of fossil fuels has enabled human population expan-

sion and economic growth. The link between energy, the economy and the environment

is inescapable and drives everything we do|which has increasingly become apparent

during the energy crisis in Europe in 2022. One means of looking at this problem

is using the Net Energy Analysis (NEA) conceptual framework from the early 1970s.

NEA, derives the value of energy surplus of a given system using Equation 1.1.

Net energy = Gross energy� Energy required to deliver energy (1.1)

The energy required to deliver energy can be computed through net-energy indica-
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tors, such as Energy Return on (energy) Investment (EROI) [16]|which is the ratio

between usable energy acquired from an energy carrier and the amount of energy ex-

pended to obtain that energy (Equation 1.2) [17]. An EROI equal or less than 1 can be

considered aenergy sink, or when greater than 1 anenergy source. Combining Equation

1.1 and 1.2 gives net energy (Equation 1.3).

EROI =
Energy delivered

Energy required to deliver energy
(1.2)

Net energy = Gross energy�
�

1 �
1

EROI

�
(1.3)

The high EROI of oil (and thus high net energy) enabled this population and eco-

nomic expansion through a large surplus of energy (i.e., positive net energy). However,

as these �nite resources are gradually depleted, the harder-to-reach resources that re-

quire higher energy input to get the same output must be sought (i.e., there is a

reduction in the EROI). This is illustrated in Figure 1.2, where the energy required to

produce energy(uppermost yellow portion) grows historically and is projected to grow

further in the coming decades|while supplies reduce. As the energy surplus shrinks

over time, increasing pressures on the economic debt-based system that relies on an

ever-increasing energy supply will intensify. Whilst wind and solar have relatively good

EROI, is it unlikely that anything will exceed the EROI from the abundant oil of the

19th and 20th centuries.

In this context, the question becomes one of energy budgeting: optimising the

available energy resources to establish a truly sustainable energy system. To build such

a system, with large volumes of RES, the energy available today (predominantly from

�nite oil and gas resources) must be invested in the energy of tomorrow. The question

should be framed as: `how to best spend the energy surplus to achieve this goal whilst

minimising environmental impacts?'. By focusing on climate targets alone (i.e., carbon

emission targets such as net-zero by 2050)|which rely on large volumes of Bioenergy

with Carbon Capture Usage and Storage (BECCS) to yield negative carbon emissions

in GB [18] which may have ecological consequences|there is a danger that the larger
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Figure 1.2: Average oil liquids net-energy production from 1950 to 2050, compared to
the gross energy. [17].

net-energy perspective is missed and resources are poorly allocated.

In the context of depleting fossil fuel resources and a reducing energy surplus,

the focus should be on building a truly sustainable system with the remaining limited

natural resources available whilst respecting the environment and transitioning to a new

economic model. From a power systems perspective, this will result in a considerable

and rapid change to the generation connected to power systems. Furthermore, these

new types of generation possess signi�cantly di�erent dynamic characteristics, which

will impact the transient stability of power systems.

Regardless of the reasons and drivers for changes to the way that electrical energy

is generated, the direction of travel is the same throughout the world (i.e., away from

conventional fossil-fuelled often SG and towards RES, which are often CIG). This trend

is outlined below using GB as a representative case study. From a transient stability

perspective, this is a signi�cant change due to the intermittency of renewable resources

and the signi�cantly di�erent dynamic characteristics.
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This image has been removed by the author of this thesis for copyright reasons.

Figure 1.3: Great Britain (GB) annual end consumer (including residential, road trans-
port and industrial commercial) energy demand in 2050 [18].

Evolving Electricity Generation Mix in Great Britain

Shifting energy demand away from fossil fuels and towards RES requires signi�cant

changes in both consumption and generation. This is a global movement, with 192

countries plus the European Union joining the legally binding Paris Agreement|with

the primary goal of reducing emissions [19].

In GB, annual energy consumer demand in 2020 and 2050 across all four of National

Grid Electricity System Operator (NGESO) Future Energy Scenarios [18] is given in

Figure 1.3. Electricity demand is forecast to signi�cantly increase across all scenarios

as transport and heat move from internal combustion engines and heating systems

using liquid fuels to electric transportation and heating systems. From the generation

perspective, electricity generation in GB has made progress over recent decades with

43 % of electricity output in 2020 coming from RES (Figure 1.4).

However, the generation mix in GB must evolve to increase the installed capacity

of intermittent RES whilst decreasing conventional (typically carbon intensive) SG

capacity. The relatively low capacity factor of RES compared to traditional coal and

gas plant means that a larger installed capacity relative to peak system demand is

9
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This image has been removed by the author of this thesis for copyright reasons.

Figure 1.4: Great Britain (GB) electricity generation capacity and output in 2020 [18].

required to ensure supply by 2050. Indeed, in recent years GB has decommissioned a

number of conventional plant including the 2.3 GW Longannet coal power station in

Scotland in 2016 [20]) and 1 GW Hunterston B nuclear power station in 2022 [21]. The

impact of reducing SG capacity on transient stability (de�ned in Chapter 2) is a key

theme of this thesis. The swing equation (Equation 2.4 in Chapter 2), describes how

a SG (or indeed a group of SGs electrically distant from another group of SGs) will

accelerate or decelerate following a disturbance. The acceleration will be larger when

the inertia constant of a machine is small. Decommissioning of SG in Scotland reduces

the inertia (stored energy measured in MVA.s) of the region, which typically exports

electrical power across a constrained transmission boundary (through long transmission

lines) to Northern England.

This is a key concern highlighted by NGESO, with the transfer requirements set to

double in the next decade with the connection of as much as 40 GW of installed o�shore

wind capacity (tripling Scottish wind connected by 2030) (Figure 1.5). Such an increase

in Scottish wind would lead to increased volatility in North to South power 
ows due to

the intermittent nature of wind [22], and will have implications for transient stability.
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This image has been removed by the author of this thesis for copyright reasons.

Figure 1.5: Great Britain (GB) forecast B6 boundary transfers (MW) between Scotland
and England [22].

E�orts to increase the transfer limit have recently been taken through measures like

the commissioning of the Western High-Voltage Direct Current (HVDC) link in 2017

and the upgrade of cables at Torness. However, this is unlikely to be su�cient to

accommodate future power transfers.

Additional changes expected include the connection of 12 GW of transmission-

connected low-carbon RES in East Anglia between 2020 and 2030, more interconnectors

with Europe (e.g. North Sea Link from Norway to GB recently became operational [23])

connecting into the South-East meaning that the interconnector capacity in the region

will exceed transmission connected generation [22].

This trend is not unique to GB, and the signi�cant changes to the electrical power

generation technologies connected in di�erent locations on power systems throughout

the world will impact the transient stability of systems. One contributing factor is the

signi�cantly di�erent generator characteristics between SG and CIG, outlined below.

11
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1.1.2 Research Questions

The research questions motivating the work presented in this thesis are as follows:

1. Does the connection of, often renewable, CIG and disconnection of conventional

SG impact the transient stability boundary? If so, what are the main parame-

ters/variables/mechanisms responsible, and are any factors missing from existing

literature?

2. Are the current suite of TSA tools �t for purpose in modern power systems in

the context of increasing CIG output? If not, what are the desirable attributes

of such tools?

3. How can the computational burden of RMS-TDS be reduced, whilst enhancing

understanding of the factors in
uencing the transient stability boundary when

faced with a wide variety of hitherto unfamiliar system conditions, in addition to

the changing dynamic behaviour due to RES connection?

4. How can the predominant factors (i.e., power system parameters and variables)

that in
uence the transient stability boundary in the context of increasing CIG be

identi�ed in any power system? Is the impact of these factors consistent between

operational scenarios, or does the impact vary and why?

5. From this enhanced understanding, can stability boundary trends be identi�ed?

This may be either a trend in power system parameters/variables (i.e., complex

interactions between parameters) or between power system locations.

12
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1.2 Contributions from this Thesis

The work within this thesis contributes to several areas of power systems research,

particularly relating to the development of new IML-based TSA methodologies that are

suitable for use in modern power systems. The methods developed can not only quickly

perform TSA but also identify important power system variables and parameters that

impact the transient stability boundary. These insights could inform the design and

development of transient stability enhancement measures. The key novel contributions

found within this thesis are as follows:

ˆ Assessment of the impact of RES on the transient stability boundary and the

mechanisms responsible. This is addressed in two key ways. First, a literature

review to identify the key factors that impact transient stability. Secondly, the

combined impact of economic dispatch (i.e. generator cost), as well as the loca-

tion of RES on transient stability is systematically identi�ed in the Institute of

Electrical and Electronics Engineers (IEEE) 9-bus test network [J1]. Quantifying

locational aspects is missing in current literature, so it is addressed by de�ning

a new metric, the Electrical Distance Ratio (EDR). This is de�ned as the ratio

between the transient reactance of an SG and the electrical impedance from the

SG terminals to RES. Note that supplementary studies are included in Appendix

A where a Single-Machine In�nite-Bus (SMIB) with a Wind Farm (WF) added is

used to assess the impact wind control parameters, displacement of SG by wind,

locational aspects and WF loading.

ˆ Design and development of a TSA methodology that uses Permutation Feature

Importance (PFI) to identify important variables to the prediction of Critical

Clearing Time (CCT) in a series of location-speci�c Decision Tree (DT) mod-

els [J2]. The method leverages the transparent nature of DTs to extract key

threshold values for important variables. The method can also rapidly predict

the stability margin at each location in a network, providing computational sav-

ings online compared to RMS-TDS whilst maintaining accuracy. Indeed, the use

of maximum and minimum errors is proposed to assess ML model error. This is
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important in the context of TSA as a large error may result in an overly cautious

dispatch or operation closer to the stability boundary than comfortable. The

top-3 most important variables to the prediction of the stability margin at each

location (ranked using PFI) and key threshold values (extracted from the DTs)

are used to generate 3D transient stability boundary representations at each lo-

cation. This enables previously unseen operational scenarios to be mapped onto

the transient stability boundary representation to provide situational awareness.

In the example provided, non-conventional features (such as OPF variables) are

included to highlight how the feature selection can impact the types of insights

available.

ˆ Design and development of a IML-based TSA methodology that can use any ML

model to predict the stability margin rapidly and SHapley Additive exPlana-

tions (SHAP) framework to identify important variables impacting the stability

boundary on a locational basis. The locational nature of the method enables

insights into the critical fault (Minimum Critical Clearing Time (CCT min )) to be

extracted. SHAP is particularly bene�cial in this setting because it provides both

feature importance and e�ects. Obtaining feature e�ects is advantageous since

they quantify the impact of a variable in sec on a CCT prediction. SHAP pro-

vides local explanations (i.e. explanations of single operational scenarios) which,

when viewed in a global frame, provide insights into the ML model behaviour as

a whole|providing a global view of transient stability at each location. Extrac-

tion of rules from SHAP values for a particular power system variable of interest

can be used to better understand the complex power system dynamics. This

may either reinforce existing knowledge or infer new knowledge. Moreover, the

locational nature of the methodology proposed is leveraged to provide locational

stability boundary trends for a variable of interest. To do so, the covariance be-

tween a variable of interest and location-speci�c SHAP values for that variable

is calculated. This provides a sense of the impact of a change in that variable

on CCTs throughout the network. Such insights would be helpful for decision

support in operational or planning settings.
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1.2.1 Academic Publications

Lead-author publications resulting from the work undertaken in this thesis include:

[J1] R. I. Hamilton, P. N. Papadopoulos, K. Bell, \An investigation into spatial and

temporal aspects of transient stability in power systems with increasing renewable

generation," International Journal of Electrical Power & Energy Systems, vol 115,

2020.

The above publication was invited based on a conference paper and presentation

delivered at the 11th Mediterranean Conference on Power Generation, Transmis-

sion, Distribution and Energy Conversion 2018. Therefore, only the journal paper

was eventually published.

[J2] R. I. Hamilton, P. N. Papadopoulos, W. Bukhsh and K. Bell, \Identi�cation of Im-

portant Locational, Physical and Economic Dimensions in Power System Transient

Stability Margin Estimation," IEEE Transactions on Sustainable Energy, vol. 13,

no. 2, pp. 1135-1146, 2022.

Lead-author publications in review resulting from the work undertaken in this thesis

include:

[J3] R. I. Hamilton and P. N. Papadopoulos, \Using SHAP Values and Machine Learn-

ing to Understand Trends in the Transient Stability Margin," IEEE Transactions

on Power Systems, �rst round review submitted December 2022.

Lead-author pending publications resulting from the work undertaken in this thesis

include:

[J4] R. I. Hamilton, et al., \Interpretable Machine Learning for Power Systems: Estab-

lishing Con�dence in SHapley Additive exPlanations," IEEE Power Engineering

Letters, August 2022. Preprint available: https://arxiv.org/abs/2209.05793.

[J5] R. I. Hamilton and P. N. Papadopoulos, \Using SHAP Values and Machine Learn-

ing to Understand the Impact of Wind Control Parameters and Location on Tran-

sient Stability Margin", journal t.b.c.
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1.3 Overview of Chapters

Chapter 2: Power System Stability Phenomena

Chapter 2 �rst gives an overview of the characteristics of SG and CIG. The chapter

goes on to provide a technical overview of power system stability in general, with a

particular focus on transient stability . This background to transient stability is provided

for readers who need an overview of the transient stability problem, which is required

to understand the remainder of this thesis fully. A summary of the recently updated

de�nition of power system stability [2] is discussed|where two new power system

stability de�nitions were added to the traditional stability framework to re
ect the

faster dynamic response of RES. The main methods used for TSA of power networks

are summarised (namely Transient Energy Function (TEF) and RMS-TDS). A key

disadvantage of TEF based methods over RMS-TDS is the inability to capture detailed

information due to the use of simpli�ed models. Therefore, this thesis focuses on using

RMS-TDS.

As such, the main indices used for RMS-TDS based TSA are given. These are bro-

ken down into �xed and variable fault-time metrics (the former requiring only a single

RMS-TDS per operational scenario and the latter requiring multiple|which is com-

putationally expensive). However, variable fault metrics such as the CCT|the upper

bound on the fault duration such that the system will regain synchronism|quantify

the proximity of an operational scenario to the stability boundary as opposed to the

less informative binary stable/unstable quanti�cation.

Chapter 3: Literature Review on the Impact of Converter Interfaced Gen-

eration on Transient Stability

In Chapter 3, a detailed literature review provides an overview of some of the fac-

tors that have been found to impact transient stability due to the changing generation

mix|going some way to address research question 1. The di�erent dynamic response

of CIG compared to SG to a fault, changes to network power 
ow and loss of conven-

tional SG attributes will change the dynamic response of the network. This will likely
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have a signi�cant impact on all aspects of power system stability|including transient

stability|and must be properly understood to avoid potentially severe consequences.

The impact of increasing penetrations of RES and disconnection of SG is assessed

through a detailed review of academic literature. The wide range of studies reviewed

highlights that the dimensions of the transient stability problem increase as CIG con-

nects and can have a widely varying impact on transient stability depending on many

variables and parameters. Often �ndings presented are system-speci�c, which means

that �ndings may not translate onto di�erent networks|which is a key drawback of

many of these studies. This points to the need for the development of new TSA method-

ologies that are also capable of identi�cation of the power system variables that impact

the transient stability margin in the context of increasing RES and decreasing SG

capacity in any system.

This Chapter also points the reader towards some supplementary studies conducted

as part of this PhD using a SMIB in Appendix A. These studies seek to understand some

mechanisms that impact the transient stability boundary, in light of the complexity

RES introduces|speci�cally relating to the impact of displacement of SG by RES,

wind control parameters, WF location with respect to SG and RES loading|going

further in addressing research question 1. Despite not being included in the main body

of this thesis, the studies highlight some interesting trends that are built on in later

Chapters.

Note that this literature review focuses on demonstrating the widely varying impact

that CIG can have on transient stability. Therefore no literature relating to ML or IML

is given at this point. This review is provided later in the thesis in Chapter 5.

Chapter 4: Investigation into Spatial and Temporal Aspects of Transient

Stability

In Chapter 4, some of the additional dimensions to the transient stability problem miss-

ing from the academic literature in Chapter 3 are investigated (as per research question

1). In particular; the impact of generator cost (which has been varying signi�cantly

with European wholesale gas price volatility in 2021-22 [24]), along with locational
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aspects of RES with respect to SG is assessed. Results using an adapted version of

the IEEE 9-bus test network illustrate how (a) the location of RES with respect to SG

matter, (b) generator cost (i.e., dispatch) has an impact on transient stability and the

critical fault (that is, the short-circuit fault which results in the shortest CCT) can vary

both in terms of duration and location as more RES connects in di�erent locations.

Ultimately, this Chapter highlights that the way RES is connected to and dispatched

on power systems can signi�cantly impact transient stability. As such, credible contin-

gency lists may no longer be up to date, potentially leading to `blind spots' in credible

contingency lists that could lead to severe consequences|such as blackouts. The num-

ber of these blind spots can be reduced using the exhaustive approach proposed in this

Chapter by assessing stability at multiple locations|increasing computational require-

ments.

Chapter 5: Machine Learning and Interpretable Machine Learning for Tran-

sient Stability Assessment

Chapter 5 discussed the shortcomings of existing TSA tools and outlines three de-

sirable attributes that TSA methodologies should possess for use in modern power

systems|motivated by the drawbacks of current TSA methods (outlined in Chapter

2) and the changes to power system dynamics (Chapter 3, 4 and indeed Appendix

A)|thus, addressing research question 2. These attributes are:

1. reduction of computational expense for obtaining the transient stability margin

in operational timescales,

2. enhancement of understanding of the predominant factors in
uencing the tran-

sient stability boundary, and

3. accurate representation of the transient stability boundary.

The Chapter also addresses research question 3, outlining that the primary motivations

for using ML is to provide explicit mappings of complex functions and accelerate com-

putationally heavy tasks. This is advantageous for TSA, which is traditionally used

computational expensive RMS-TDS to capture the full dynamic response of CIG.

18



Chapter 1. Introduction and Objective of Research

However, as the accuracy of ML algorithms increases, they also become more black-

box|leading to an accuracy vs interpretability tension. This limits the ability to under-

stand how an ML model reaches predictions and, thus, limits the ability to understand

predominant factors in
uencing transient stability. IML (an emerging area of research)

can be used to provide detailed insights into black-box ML models. IML techniques

could be extremely valuable for TSA, enabling the development offast, accurate and in-

terpretable methodologies. The potential to uncover important parameters that impact

transient stability margin would be highly bene�cial, providing a deeper understanding

of the stability boundary (enhancing situational awareness) and assisting in the design

of stability enhancement measures. Indeed, this is a key motivation for the work pre-

sented in the remaining Chapters of this thesis. Some fundamental ML concepts are

introduced in Chapter 5 that are referred to throughout the remainder of this thesis.

Chapter 6: Identi�cation of Important Power System Parameters using

Decision Trees and Permutation Feature Importance

Chapter 6 proposes an IML-based methodology that possesses the three desirable at-

tributes outlined above|directly addressing research question 4. In a similar manner

as proposed in Chapter 4, the method proposed in this Chapter determines the sta-

bility margin at each bus in the network. This enables the rapid prediction of the

transient stability margin (including tracking the critical fault) and an understanding

of the important power system parameters that impact the transient stability margin

on a locational basis. Such insights are then used to inform operational rules or design

stability improvement measures.

This Chapter uses DTs to predict the locational stability margin. PFI|a model

inspection technique|is subsequently used to identify the important variables of each

locational DT model, revealing the main factors that in
uence the stability margin at

each location. The white-box nature of DTs combined with PFI enables rule extraction

of important variables from the DTs that can be used to form rules|going some way to

address research question 5. The accuracy of the ML models is reported using widely

used ML error metrics. However, for TSA, minimising the maximum absolute error
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is particularly important. This is because a large error in a single prediction may

either lead to overly cautious dispatch (with cost implications) or (conversely) provide

a false sense of security. Therefore, this Chapter speci�es using the maximum error to

benchmark performance.

The proposed method is implemented on an adapted version of the IEEE 39-bus

test network with Type-4 wind. It is observed that DTs achieve good accuracy in the

prediction of the stability margin (the CCT). The e�cacy of the method to identify

important power system variables that impact the stability boundary is tested by using

an important feature to inform a stability enhancement measure. An example of one

such intervention is provided, demonstrating how e�ectively the method reduces the

complexity and dimensionality of the transient stability boundary. In addition, a sen-

sitivity analysis of the impact of feature selection, DT cost metric and ML algorithm

is tested. Whilst DTs achieve good accuracy, other ML algorithms o�er improved ac-

curacy, which may further enhance con�dence in the method. However, this increase

in accuracy is at the expense of interpretability. Whilst PFI is capable of identifying

important features for any ML model, rule extraction from black-box ML algorithms is

extremely di�cult compared to DTs. This problem forms the focus of the proceeding

Chapters.

Chapter 7: Identi�cation of Trends in the Transient Stability Margin Esti-

mation using Feature E�ects obtained from SHapley Additive exPlanations

Chapter 7 presents an alternative andimproved method using the SHAP framework

that addresses research questions 4 and 5 in a more comprehensive manner. The method

proposed in Chapter 6 is limited in that DTs must be used, and in certain instances, DTs

may not be accurate enough. Therefore this Chapter seeks to develop a methodology

that can be implemented with any ML algorithm (i.e., model-agnostic). In addition,

PFI is limited in that; (a) it is a global IML technique, that (b) o�ers feature importance

(based on the decrease in model performance when a feature is permutated). This

further limits the method since (a) explanations of single operational scenarios cannot

be obtained and (b) featuree�ects are not captured.
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The SHAP framework is centred around the use of Shapley values, which have a

theoretical foundation in coalitional game theory. Rather than computing the con-

tribution of a coalition of players in a game, SHAP computes feature contributions

to the prediction of a ML model for a given instance. Therefore, the contribution of

each feature to the model estimation can be derived. Since SHAP is model agnostic,

complex black-box models can be implemented to enhance the prediction accuracy of

the stability margin. Indeed, a framework for selecting an appropriate ML algorithm

is proposed based on the desired accuracy. SHAP primarily provideslocal explana-

tions but can be extended across multiple points to provideglobal interpretations of

the model as a whole. What is more, SHAP gives featuree�ects (i.e., the impact of

a feature on the outcome). This is particularly advantageous since the featuree�ect

in this context quanti�es the impact of each power system variable on the stability

margin. The locational nature of the methodology proposed in this Chapter enables a

comparison between feature e�ects per location. In doing so, any locational trends in

the stability margin can be revealed. In addition, due to the foundations in coopera-

tive game theory, interaction e�ects between features can also be analysed. Detailed

insights into important parameters are revealed|providing a detailed understanding

of the transient stability boundary.

A case study using an adapted version of the IEEE 39-bus network with Type-

4A wind is provided where the SHAP framework is used to (a) identify locational

trends in the transient stability boundary, (b) identify interdependencies between power

system variables and (c) identify system-wide trends in the transient stability boundary

(going further than the method proposed in Chapter 6). In doing so, the impact of

transient stability margin enhancement measures can be assessed on the local stability

margin|and the system-wide stability margin. In the case study provided, Arti�cial

Neural Network (ANN) models are used to increase prediction accuracy, enhancing

trust in the models' capability to represent the power system's dynamics and, in turn,

enhancing trust in the important features identi�ed. In addition, results from SHAP

and PFI are compared, highlighting the advantages of using SHAP. Findings show

that the method proposed in Chapter 7 is capable of signi�cantly greater accuracy and
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insights than that proposed in Chapter 6.

Chapter 8: The Impact of Wind Control Parameters and Location on Tran-

sient Stability using SHapley Additive exPlanations

In Chapter 8 the SHAP framework is again used, with a particular focus on assessing

the impact of wind control parameters and location on the transient stability margin in

analysis more suited to planning timescales. Research questions 1, 4 and 5 are addressed

in doing so. Wind control parameters are found to change the dynamic response of the

Wind Turbine Generator (WTG) and thus impact the dynamic response of the network

in both the literature review presented in Chapter 3 and the supplementary studies

using a SMIB in Appendix A. Locational aspects of wind were analysed in some detail

in Chapter 4 and demonstrated how wind location with respect to SG could have a

signi�cant impact on the transient stability boundary in the IEEE 9-bus test network.

Previous academic studies have looked into speci�c wind controller settings in isola-

tion (e.g., the post-fault active power recovery ramp rate [25]). However, there is a gap

in the literature relating to developing a holistic methodology capable of assessing the

impact of wind control parameters in any system. In this Chapter, SHAP is again used

to identify important power system variables on the transient stability margin|with a

particular focus on wind location and controller parameter settings. Using an adapted

version of the IEEE 39-bus test network, the method is shown to be e�ective in enhanc-

ing understanding of how RES location and controller settings (among other factors)

impact the transient stability margin. Whilst the case study provided reaches system-

speci�c conclusions, the method can be applied to any system to gain similar detailed

insights.

Chapter 9: Conclusions and Further Work

Chapter 9 provides a comprehensive summary of all the �ndings from this thesis, ad-

dressing how the research questions detailed in this Chapter have been addressed. In

addition, potential avenues for future research are outlined.
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Chapter 2

Power System Stability

Phenomena

This Chapter outlines the fundamental concepts behind power system stability, focusing

on transient stability . A summary of the two additional categories added to the power

system stability framework in 2020 [2] to re
ect the faster dynamics introduced by RES

(converter-driven and resonance stability) is also provided. In particular, this Chapter

presents much of the technical background relating to transient stability, which is the

primary focus of this thesis.

A description of the traditional methods used for TSA, that is; TEF and TDS

are given. Whilst more computationally intensive, the ability of TDS to capture the

dynamic response of RES means that they are typically favoured over TEF methods.

For this reason, TDS (speci�cally RMS-TDS) are used throughout this thesis. As such,

the metrics used in TDS-based methods to describe transient stability are outlined

(namely �xed and variable fault duration metrics) along with a description of the level

of detail captured by each metric.

As mentioned in Chapter 1, the transition from fully synchronous power systems

toward systems dominated by RES is likely to lead to signi�cant changes to the tran-

sient stability phenomena. This means that the transient stability margin of systems

will constantly vary as the mix of technologies connected changes. This could happen
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in both operational (e.g., as wind speed varies) and planning timescales (e.g., commis-

sioning or decommissioning SG that use certain fuel types). This leads to a requirement

for the tools and methods traditionally used to assess transient stability to adapt.

2.1 Synchronous vs Converter Interfaced Generator Char-

acteristics

Electrical power generators convert mechanical power to electrical power through in-

teractions of magnetic �elds of the stator and rotor and the airgap between the two.

However, there exist di�erences between conventional thermal power plants and RES.

In particular, SGs converts rotational mechanical energy from a prime mover to electri-

cal energy in the form of three-phase Alternating Current (AC) electrical power while

RES synthetically replicates three-phase AC electrical power via a a PEC. In [26], au-

thors de�ne SG as a device that embeds three functions: (i) energy source (namely the

mechanical power coming from the turbine), (ii) energy conversion (from mechanical

to electrical through the magnetic coupling between rotor and stator), and (iii) energy

storage (the rotating mass of the rotor and turbine).

CIG provide energy conversion from Direct Current (DC) to AC, through power

electronic switches. Consequently, the converter would require an energy source, energy

storage, and control (e.g., grid forming) to fully resemble a SG. The injection of power

to the network through PECs decouples the mechanical input (note. in the case of solar

Photovoltaic (PV), for example, there is no mechanical input) and electrical output.

Accordingly, the electrical torque component (discussed in Chapter 2) may be absent

from power injected by CIG depending on the control scheme deployed. One di�erence

between conventional SG and CIG frequently discussed is that the rotating parts of the

SG inherently provide inertia to the system, unlike resources that are decoupled from

the system by the PEC (Figure 2.1 compared to Figure 2.2). This inertia inherent

in SG acts to slow down the natural reaction of the system during disturbances (as

per the swing equation (Equation 2.4)). As the system inertia reduces (due to the

abovementioned changes to electricity generation), these timescales also reduce [26].
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This image has been removed by the author of this thesis for copyright reasons.

Figure 2.1: Synchronous Generator (SG) coupling with power system: synchronous
coupling [28].

This image has been removed by the author of this thesis for copyright reasons.

Figure 2.2: Converter Interfaced Generator (CIG) connection to power system: no
synchronous coupling [28].

The reduction in the number of SGs connected to power systems will also reduce the

normal short-circuit capacity current, which is necessary for protection devices (which

aim to preserve stability) to successfully operate [27]. Along with this, the disconnection

of SG results in the loss of AVRs and PSS that provide system control tasks such as

voltage support and oscillation damping.

PEC interfaced RES introduce faster non-linear dynamics compared to conventional

SG for active and reactive power support. In addition, the intermittency of renewable

resources can mean that generators injecting power into the network vary in real-time

in terms of technology type, capacity and location. For example, RES are typically

connected to the system in di�erent locations than conventional SG (i.e., in regions with

renewable resource availability, which may be electrically distant from demand centres).

In addition, CIG is often connected to lower voltage levels than conventional SG and

25



Chapter 2. Power System Stability Phenomena

not directly to transmission levels. This has implications from a transient stability

perspective as the system operator may not know what technologies are operating at

a distribution level or the control modes selected by each individual generator.

Therefore as the renewable resource varies, there may be: (a) signi�cant changes to

the dynamic characteristics of the generation connected to the network and (b) signi�-

cant changes to the power 
ows on a network that may not be designed to manage such

power 
ows. These changes may happen in planning timescales (e.g., due to government

policy decisions to decommission coal generators) and in operational timescales|as the

resource availability varies along with the output of conventional SG.

Indeed, the consequent loss of aforementioned SG attributes (upon which power

systems have been built and operated around for decades), intermittency of RES and

complex highly non-linear dynamics associated with converter-interfaced RES is prov-

ing challenging for maintaining power system stability [29]. In recognition of this, an

IEEE task force revised the power system stability de�nition to include converter-driven

stability in 2020 [2] as outlined in Chapter 2. In addition to this, transient stability

may also impacted|which is the principal focus of this thesis.

2.1.1 Conventional Synchronous Generation

SGs have traditionally formed the principal source of electric energy in power systems.

Conventional thermal power plant use SGs to convert rotational mechanical energy

from a prime mover to electrical energy in the form of three-phase AC electrical power.

These machines typically use a constant rotating magnetic �eld|produced in the rotor

through DC excitation of the rotor windings. This �eld is rotated by the prime mover

at synchronous speed, or some fraction of synchronous speed, depending on the number

of poles of the machine. Figure 2.3 shows the schematic of the cross-section of a three-

phase SG with one pair of poles and consists of two key elements: the �eld and the

armature. The relationship between rotor speed (! msyn ), number of poles (P) and the

electrical frequency of the grid voltage waveform (! syn ) is given by:

! msyn =
2
P

! syn (2.1)
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Figure 2.3: Schematic diagram of a three-phase Synchronous Generator (SG) [30].

AC voltages are induced in the three-phase stator (armature) windings and depend

on the rotor rotational speed, the number of poles and the excitation current in the

rotor windings (i.e., the magnetic �eld strength). Field excitation of a SG is important

in maintaining a constant stable voltage at the generator terminals and responding

rapidly to grid-side changes. An AVR may be used to control the voltage at the

machine terminals by manipulating the �eld excitation current.

Automatic Voltage Regulator (AVR)

A SG must regulate the grid voltage of the transmission system to which the machine

is connected. The �eld excitation of a SG is important as it must maintain a stable

machine terminal voltage and respond quickly to any sudden grid-side load changes to

maintain system stability. An AVR may be used in the control logic of the generator,

which maintains the machine terminal voltage at the desired level through manipulating

the �eld excitation current.
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Power System Stabiliser (PSS)

The PSS seeks to improve the power system dynamic performance by controlling the

generator excitation system using auxiliary stabilising signals. The tuned feedback

system commonly takes inputs from the shaft speed, terminal frequency and power.

The dynamic performance of the power system can be improved by damping system

oscillations and can enhance small-signal stability performance.

2.1.2 Converter Interfaced Generation

A summary of prevalent RES that are dominating modern power systems is outlined

below. A particular focus is given to wind generation due to the particularly high

prevalence|for example, accounting for 29 % of GB electricity output in 2020 (Figure

1.4). In addition, HVDC and Electrical Energy Storage (EES) are discussed due to the

likely increase in prevalence over the coming decades. Although HVDC and EES are

not strictly RES, the PEC interface poses similar challenges as outlined above. Finally,

an overview of Low-Voltage Ride Through (LVRT) behaviour is provided, which is a

fundamental capability of RES in modern power systems.

Wind Turbine Generators

There are two main types of WTGs|�xed and variable speed [31]. The turbine rotor

of a �xed speed WTGs is bound by the frequency of the grid to rotate at a�xed speed

and typically uses a Squirrel Cage Induction Generator (SCIG). Modern variable speed

WTGs can operate across a range of speeds due to a decoupling of mechanical and

electrical frequencies through the use of PECs.

More speci�cally, there are four common WTG technologies (Figure 2.4). The

Type-1 generator is a �xed-speed machine that uses a conventional SCIG, run at super-

synchronous slip speed, and so the electrical model for the machine is a standard

induction machine model. The Type-2 machine was the �rst step toward variable-

speed operation, achieved through a Wound Rotor Induction Generator (WRIG) and

an external resistor to vary the rotor resistance and thus the turbine speed. Type-3
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Figure 2.4: Generic Type-1, 2, 3 and 4 models Wind Turbine Generator (WTG) [33].

and 4 variable speed generators are now the predominant WTG technologies deployed

on modern power systems. Both types achieve variable speed operation by decoupling

mechanical and electrical frequencies through the use of PECs.

The Type-3 machine uses a Doubly-Fed Induction Generator (DFIG), where the

stator is directly connected to the grid, and the rotor is connected through a partial-

scale (rated at approximately 30 % of the nominal generator power) back-to-back power

converter (typically through slip rings) [32]. Consequently, the electrical and mechanical

rotor frequency is decoupled because the PEC compensates for the di�erence between

mechanical and electrical frequency by injecting a rotor current with variable frequency,

thus enabling variable speed operation. Moreover, the reactive power of the DFIG can

also be controlled by the PEC.

Type-4 WTGs (often referred to as Fully-Rated Converter (FRC) turbines) are

connected to the grid through a full-scale back-to-back power converter, enabling vari-

able speed operation. This may be implemented with di�erent generator types such

as Wound Rotor Synchronous Generator (WRSG), WRIG or Permanent Magnet Syn-

chronous Generator (PMSG). A low-speed multi-pole synchronous ring generator with

the same rotational speed as the wind turbine rotor is used to convert mechanical en-
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ergy into electricity. The generator can have a wound rotor or a rotor with permanent

magnets. The stator is coupled to the grid through a PEC. This may consist of a

back-to-back Voltage-Source Converter (VSC) or a diode recti�er with a single voltage

source converter. Reactive power generation can be controlled by the grid side of the

PEC. Type-4 is advantageous over Type-3 due to: improved e�ciency, no slip rings,

simple (or no) gearbox, full power and speed controllability, better grid support abili-

ties and less complex LVRT capability. However, because the converter is rated to 100

% of rated power, Type-4 has a higher cost than Type-3 [32].

Solar Photovoltaic (PV)

Much of the solar PV capacity connecting in GB is at distribution level by residential

rooftop PVs that are located closer to the load; in some cases, causing voltage issues,

increased losses and sending transmission system demand to historic lows [34]. In

addition to this, increasing volumes of solar PV are connecting at the transmission level,

which causes signi�cantly di�erent problems than those on the distribution networks.

A key concern from a transient stability perspective is that it is connected through

a PEC interface [35], which can control active and reactive power instantaneously. In

addition, PV has typically been connected at a domestic level which may lead to reverse

power 
ows from the distribution level to the transmission level. However, larger-

scale transmission-connected solar parks, such as the 350 MW Cleve Hill in GB, are

expected to come online. Moreover, a solar PV converter equipped with conventional

proportional integer controllers is naturally insensitive to changes in grid frequency

which may have consequences from a transient stability perspective.

High-Voltage Direct-Current

The two dominant forms of HVDC transmission are the Line-Commutated Converter

(LCC) or Current Source Converter (CSC) and the VSC [36]. LCC-HVDC uses a

thyristor-based technology, which relies on the line voltage of the AC system. The

VSC-HVDC is s six-pulse converter which uses insulated gate bipolar transistor tech-

nology and is capable of creating AC voltages independently from the grid voltage.
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Each technology has advantages and disadvantages, and the technology selected often

depends on the needs of the speci�c application.

From the perspective of transient stability, concerns relating to the impacts of an in-

crease in the number ofinter connectors|or indeed intra connectors such as the Eastern

Link in GB [37]|primarily relate to the resulting changes to network power 
ows that

may potentially be rapid due to changes in price signals at either end of the connection.

This may lead to a requirement for rapid TSA to ensure continued secure operation.

Energy Storage Systems (ESS)

To address some of the intermittency issues caused by RES, there has been an increased

interest in Energy Storage Systems (ESS) to provide balancing and ancillary services.

Technologies that currently have high levels of interest are: Battery Energy Storage

(BES), Compressed Air Energy Storage (CAES), Superconducting Magnetic Energy

Storage (SMES), Electrochemical Capacitor Energy Storage (ECES), and Flywheel

Energy Storage (FES) [38]. An example of the rollout of BES was in the Enhanced

Frequency Response (EFR) market in GB, where all of the 200 MW capacity available

was awarded to BES technologies in 2016 [39]. Although not the primary reason that

justi�es the economic validity of ESS devices, the controllability of active and reactive

power inherent with VSC technologies means that there is potential for ESS to be used

to bene�t the transient stability of power systems. Indeed, ScottishPower Renewables

aims to install 1.5 GW of BES by 2030 [40].

Low-Voltage Ride Through (LVRT) Capability

LVRT is an imperative capability of CIG to ensure units are not erroneously discon-

nected and is increasingly important in systems with large volumes of RES. Grid Code

Requirements (GCRs) specify that generators should remain connected to the grid

during network faults to ensure system stability. More speci�cally, CIG must have the

capability to provide reactive power during the faults and to supply active and reactive

power post-fault (to support grid voltage and frequency).

GCRs de�ne LVRT capability in terms of voltage and time pro�les, which sets limits
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Figure 2.5: Generic Low-Voltage Ride Through (LVRT) capability voltage-time char-
acteristic.

for which generators must ride through faults on the grid without disconnecting. In

Figure 2.5, the blue line indicates a generic voltage-time characteristic, above which

the generator must remain connected to the network. In an event where the generator

terminal voltage drops below the voltage-time characteristic, disconnection from the

network is permitted.

More speci�cally, GCR de�nes fault time ( t fault ), fault voltage permitted ( Vfault ),

recovery time (t rec) and voltage to be recovered within recovery time (Vrec) and the

prescribed sustaining period or settling time (tset) as shown in Figure 2.5 (where all

voltages are taken at the Point of Common Coupling (PCC)). After fault clearance,

the voltage recovery to the pre-fault condition of nominal voltage (Vnom ) is indicated

by (tset). Since the timescales associated with the LVRT response are during and

immediately after a fault, there is an inherent interaction with the transient stability

of the system. As such, LVRT behaviour may impact transient stability|a theme that

is also explored at various points throughout this thesis.
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2.2 Power System Stability Overview

Power system stability is de�ned as:

\ the ability of an electric power system, for a given initial operating condition, to

regain a state of operating equilibrium after being subjected to a physical disturbance,

with most system variables bounded so that practically the entire system remains

intact " [1],

and is an umbrella term that can, at times, mask the underlying detail and cause(s) for

the instability. Traditionally, power system stability is further classi�ed into rotor angle,

frequency and voltage stability (outlined in Figure 2.6). This de�nition is useful in that

it assists in the identi�cation of the causes of instability, the application of suitable

analysis tools and the development of prevention/corrective measures. In general terms,

the three traditional stability classi�cations can be described as follows.

ˆ Rotor angle stability : the ability of SGs of an interconnected system to remain

in synchronism when subjected to a disturbance.

ˆ Voltage stability : the ability of the power system to maintain steady voltages

at all buses in the system after being subjected to a disturbance.

ˆ Frequency stability : the ability of the power system to maintain a steady fre-

quency following a severe disturbance resulting in a signi�cant imbalance between

generation and demand.

2.2.1 2020 Power System Stability De�nition Update

The di�erent dynamic behaviour of RES compared to that of conventional SGs may

lead to new types of power system stability problems. Whilst the traditional de�nition

of power system stability from [30] still applies, two new classi�cations of power system

stability have recently been added to the traditional framework to re
ect the faster

dynamic response of RES (which ranges from a few� sec to several msec (i.e., wave

and electromagnetic phenomena)). These new stability classes are outlined in Figure
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Figure 2.6: Traditional de�nition of power system stability, with the two new classes
included as per the 2020 revisited and extended de�nition [2].

2.6) [2]. Converter-driven stability relates to both slow- and fast interactions caused

by the fast response of RES control loops and algorithms, whilst resonance stability

encompasses Subsynchronous Resonance (SSR) and is included due to power electronic

dynamics in electromagnetic transient timescales.

The use of the term `power system stability' to describe di�erent forms of instability

re
ects that it is improbable that any one form of instability will occur independent of

others, and the system's overall stability must always be considered. This is increas-

ingly true as the speed of the dynamic behaviour increases. For example, the frequency

of a power system is often treated as one single entity. However, system frequency is

simply an aggregate of regional frequencies, which are an expression of the interaction

of the rotor angles of synchronous machines in an area. As the inertia of di�erent areas

of the system varies at di�erent rates (depending on SG connected in that area, renew-

able resource availability and so on), the frequency in di�erent areas of the system will

respond at di�erent rates following a disturbance. As system frequency is increasingly

considered to be a `distributed' phenomenon (as it is in the Enhanced Frequency Con-

trol Capability project [41]), the frequency problem begins to increasingly look like a

transient stability problem.

However, this thesis is primarily concerned with rotor angle stability (speci�cally

transient stability); which refers to the ability of SGs of an interconnected system to

remain in synchronism when subjected to a major disturbance.
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2.3 Rotor Angle Stability

Rotor angle stability refers to the ability of SGs of an interconnected power system

to remain in synchronism after being subjected to a disturbance, and the objective

of transient stability studies is to determine whether or not the SGs will return to

synchronous speed with new steady-state power angles. This depends on the ability to

maintain or quickly restore equilibrium between electromagnetic torque and mechanical

torque of each SG in the system. In steady-state conditions, an equilibrium exists

between input mechanical torque and the output electromagnetic torque of each SG,

so the rotor speed remains constant. When the system is subject to a disturbance,

this torque equilibrium is perturbed, resulting in an acceleration or deceleration of SG

rotors in accordance with the laws of motion of a rotating body. If one SG accelerates

compared to another, its rotor angle (relative to the other slower machine) will advance.

The resulting angular di�erence between the SGs has the e�ect of transferring part of

the load from the slower SG to the faster one in accordance with the power-angle

relationship (Figure 2.7). This e�ectively acts to reduce the speed of the faster SG,

and so the angular separation between the machines decreases. However, beyond a

point, an increase in angular separation between SGs results in a decrease in power

transfer such that the angular separation is increased further. The system becomes

unstable when the kinetic energy gained by the accelerated SGs cannot be absorbed

by others to regain energy balance. The stability of the system depends on whether

or not the deviations in angular positions of SG rotors result in su�cient restoring

torques [30]. A SG loses synchronism with the system when its rotor runs at a faster

or slower speed than required to generate voltages at system frequency.

The change in electrical torque of a SG following a disturbance can be resolved

into two components; synchronising and damping torque components as outlined in

Equation 2.2, both of which are essential for each SG in a network to have in order to

maintain system stability. Active power injected by a SG maintains synchronism and

damps mechanical oscillations through these components of electrical torque.
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� Te = Ts� � + Td� ! (2.2)

where � Te is the change in electrical torque,Ts� � is the component of torque change in

phase with the rotor angle perturbation (synchronising torque component) andTd� ! is

the component of torque in phase with the speed deviation (damping torque component)

of a SG.

It is common practice to categorise rotor angle stability into two subcategories:

small disturbance stability (often referred to as small signal stability) and large distur-

bance stability (often referred to astransient stability|which includes both �rst-swing

and multi-swing stability). Both forms of angular stability are considered to be short-

term phenomena, where the time frame of interest is typically between 0 to 15 sec

following a disturbance. The following sections describe the nature of these categories

of rotor angle stability in more detail. An overview of small-signal stability is provided

for completeness. For convenience, both torque and power are used since power is the

product of angular velocity and torque.

2.3.1 Small-Signal Stability

Small-signal stability is concerned with the ability of the power system to maintain syn-

chronism under small disturbances, such as changes in demand, generator set-points

etc. The disturbances are considered to be su�ciently small that system di�erential al-

gebraic equations may be linearised for purposes of analysis [42]. System dynamics tend

to be analysed in the frequency domain using eigenvalue and/or eigenvector analysis.

Small-signal stability issues may be either local or global in nature, with local modes

(local plant modes) being associated with the swinging of units of a generator swing-

ing with respect to the rest of the system, whilst global modes (inter-area modes) are

caused by interactions between large groups of generators. What is more, small-signal

stability is dependent on the initial operating condition of the system, and instability

may be a result of:

i ) increase in rotor angle through non-oscillatory mode due to lack ofsynchronising
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torque, or

ii ) rotor oscillations of increasing amplitude due to lack of su�cient damping torque.

2.3.2 Transient Stability

Transient rotor angle stability is concerned with the ability of the power system to

maintain synchronism when subjected to a severe disturbance. The disturbance may

be a short circuit on a transmission line or generator, disconnection of a line or a

generator outage. The resulting system response involves large excursions of SG rotor

angles from a pre-fault equilibrium and is in
uenced by the highly non-linear power-

angle relationship (de�ned mathematically in Equation 2.3). Therefore, oscillations

that follow the fault should be damped within the �rst few cycles post-fault. If this

is not achieved, the transient behaviour of the network may dominate such that the

system diverges from the pre-fault point of equilibrium, potentially resulting in a SG

losing synchronism and leading to a cascading failure.

For example, a SG in Figure 2.7 is represented by the classical model where the

voltage behind the transient reactance (X T ) is denoted by E, and the rotor angle �

represents the angle by which the SG voltage leads that of the system (V ). This is

de�ned algebraically in Equation 2.3.

Pe =
EV
X

sin� = Pmax sin� (2.3)

During steady-state operation, the mechanical power input (Pm ) is in equilibrium

with the machine's electrical power output (Pe). However, during a transient event,

there is a mismatch in mechanical and electrical power. The resulting torque causes

the rotor to accelerate (if Pm > P e) or decelerate (if Pm < P e) from the initial oper-

ating point, tracing the power-angle curve at a rate determined by the swing equation

(Equation 2.4).

M
d2�
dt2 = Pm � Pe = Pa (2.4)

where M is the inertia coe�cient, � is the rotor angle with respect to a synchronously
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Figure 2.7: Power-angle relationship for a simple two-machine system [43].

rotating reference frame, Pm is the mechanical power,Pe is the electrical power and

Pa is the accelerating power. The inertia coe�cient ( M ) is a function of the inertia

constant (H ) and the machine rating (Sn ) at synchronous speed (! s).

M =
2HSn

! s
(2.5)

Since the time derivative of the rotor angle is the rotor speed deviation, the second-

order di�erential equation (Equation 2.4) can be replaced by two �rst-order equations

(Equation 2.6 and 2.7).

M
d� !

dt
= Pm � Pe = Pacc (2.6)

d�
dt

= � ! = ! � ! s (2.7)

The swing equation ultimately describes how the changes in the SG power (or torque

since power is the product of angular velocity and torque) balance are transferred to

the rotor speed (! ) and ultimately represented in the angular position of the SG rotors

(� ).

The transient stability of the system depends on both the initial operational scenario
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(de�ned as a particular realisation of demand, wholesale electricity markets preference

for generation dispatch, and a network state) in the network and the severity of the

disturbance, with instability usually manifesting in �rst-swing instability caused by

insu�cient synchronising torque. However, note that transient instability may not

always occur as a �rst-swing instability but could result from the superposition of a

slow inter-area and local plant mode causing instability beyond the �rst swing.

The Equal Area Criterion (EAC) is the most basic method of analysing the impact

of disturbances on transient stability and is ultimately formalised in Lyapunov's direct

method. Using this method, one can assess power system stability without solving

complex system di�erential equations. Although much research has gone into energy

function based techniques, the most common approach for TSA is via TDS in which

the non-linear di�erential equations are solved using numerical integration techniques.

2.4 Traditional Methods for Transient Stability Assess-

ment

The objective of TSA methods is to determine whether or not the SGs will return to

synchronous speed with new steady-state power angles following a disturbance. The

details and the advantages of the most common TSA methods are discussed in this

Chapter, with particular focus on the ability of the method to capture the fast dynamic

behaviour of RES.

2.4.1 Transient Energy Function Analytical Methods

Direct methods determine stability without explicitly solving the system di�erential

equations. TEF methods are derived from Lyapunov stability theory and provide an

analytical expression for the stability boundary. In a SMIB system, the TEF analysis

is equivalent to the EAC.

Figure 2.8 illustrates the EAC where in the steady-state the mechanical powerPm

of a SG is equal to the electrical powerPe, with a rotor angle � 0. A close-up fault at

the SG terminals causesPe to reduce to zero and the rotor accelerates until the fault
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