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ABSTRACT 

This research investigated the transient stability of a power system that integrated wind 

power generators (WPGs) by considering the variability of the system load and power 

they produced. The power produced by the WPGs was modelled using wind speed, 

while the variability of the power system load and wind speed was modelled using 

distribution functions. Power system transient stability was investigated using the 

deterministic and probabilistic methods. The deterministic method was used to 

investigate the power system transient stability based on 9 scenarios consisting of low, 

moderate, and peak system loading and wind power generation conditions. The 

probabilistic method was also used to investigate power system transient stability using 

scenarios consisting of low, moderate, and peak system loading conditions. During each 

of the three system loading conditions, the variable power produced by the WPGs was 

modelled using 5000 samples that were randomly sampled using Monte-Carlo 

Simulations. It was found that selecting distribution functions based on their fit alone did 

not ensure that they modelled the load and wind speed range. Their data range 

modelling ability ensured that they synthesised the low and high load and wind speed 

values. It was also found through power system simulations that the transient stability 

was negatively impacted when the power system’s net-load reduced because of 

increased wind power generation penetration levels. These findings highlight that 

distribution functions should not be selected based only on their fit to load and wind 

speed data. In addition to a good fit, they should also be assessed to determine whether 

they synthesise the data range. The research findings also highlight that power system 

transient stability should be investigated using scenarios in which the power produced 

by WPGs is high, during periods when the system’s net-load is low. 

 

 

 

 

 

 

 

 

 



 

 

iv 

 

TABLE OF CONTENTS 

CHAPTER 1: INTRODUCTION ............................................................................ 1 

1.1. Background ............................................................................................ 1 

1.2. Research motivation ............................................................................... 1 

1.3. Research objective ................................................................................. 2 

1.4. Research contributions ........................................................................... 2 

1.5. Research scope and limitations .............................................................. 3 

1.6. Dissertation’s layout ............................................................................... 3 

CHAPTER 2: LITERATURE REVIEW .................................................................. 5 

2.1. Introduction ............................................................................................. 5 

2.2. Load modelling ....................................................................................... 5 

2.2.1.  Aggregated load modelling ................................................................ 5 

2.2.2.  Load variability modelling ................................................................... 6 

2.3. Wind power generation modelling .......................................................... 6 

2.3.1.  Aggregated wind power generator models ......................................... 6 

2.3.2.  Wind speed variability modelling ........................................................ 7 

2.3.3.  Conversion of wind speed to power ................................................... 8 

2.4. Spatial correlation of power system variables ......................................... 8 

2.5. Power system transient stability ............................................................. 9 

2.5.1.  Deterministic method ......................................................................... 9 

2.5.2.  Probabilistic method ......................................................................... 10 

2.6. Summary .............................................................................................. 11 

CHAPTER 3: METHODOLOGY ......................................................................... 12 

3.1. Introduction ........................................................................................... 12 

3.2. Distribution functions ............................................................................ 12 

3.3. Power system variables spatial correlation ........................................... 15 

3.4. Data range ............................................................................................ 15 

3.5. Wind turbine power curve ..................................................................... 16 

3.6. Probabilistic transient stability assessment ........................................... 16 

3.6.1.  Transient stability assessment ......................................................... 16 

3.6.2.  Load and wind power generation sample size ................................. 17 

3.6.3.  Wind power generation penetration level ......................................... 17 

3.7. Goodness of fit ..................................................................................... 18 



 

 

v 

 

3.8. Summary .............................................................................................. 18 

CHAPTER 4: POWER SYSTEM MODELLING .................................................. 19 

4.1. Introduction ........................................................................................... 19 

4.2. Power system case study ..................................................................... 19 

4.3. Load modelling ..................................................................................... 20 

4.4. Line modelling ...................................................................................... 20 

4.5. Transformer modelling .......................................................................... 21 

4.6. Synchronous generator modelling ........................................................ 22 

4.6.1.  Synchronous generator mathematical modelling ............................. 22 

4.6.2.  Excitation system ............................................................................. 25 

4.6.3.  Governor system .............................................................................. 25 

4.7. Wind power generator modelling .......................................................... 25 

4.7.1.  Wind power generator system ......................................................... 25 

4.7.2.  Mechanical model ............................................................................ 26 

4.7.3.  Generator system ............................................................................ 27 

4.7.4.  Electrical equipment ......................................................................... 27 

4.7.5.  Grid protection model ....................................................................... 28 

4.7.6.  Control models ................................................................................. 28 

4.7.7.  Wind power generator integration .................................................... 30 

4.8. Summary .............................................................................................. 31 

CHAPTER 5: LOAD VARIABILITY MODELLING ............................................. 32 

5.1. Introduction ........................................................................................... 32 

5.2. Power system load variability modelling ............................................... 32 

5.2.1.  Measured load data ......................................................................... 32 

5.2.2.  Load modelling using distribution functions ...................................... 32 

5.2.3.  Load spatial correlation .................................................................... 34 

5.2.4.  Distribution functions fit to load ........................................................ 35 

5.2.5.  Load range synthesis ....................................................................... 36 

5.3. Load variability modelling impact on transient stability ......................... 37 

5.3.1.  Load sample size ............................................................................. 37 

5.3.2.  Transient stability of power system with variable load...................... 38 

5.4. Discussion of results ............................................................................. 40 

5.5. Summary .............................................................................................. 41 



 

 

vi 

 

CHAPTER 6: WIND SPEED VARIABILITY MODELLING ................................. 42 

6.1. Introduction ........................................................................................... 42 

6.2. Wind speed modelling .......................................................................... 42 

6.2.1.  Measured wind speed data .............................................................. 42 

6.2.2.  Wind speed modelling using distribution functions ........................... 43 

6.2.3.  Wind speed spatial correlation ......................................................... 44 

6.2.4.  Distribution functions fit to wind speed ............................................. 44 

6.2.5.  Wind speed range synthesis ............................................................ 46 

6.3. Wind power generation impact on transient stability ............................. 47 

6.3.1  Power produced by wind power generators ..................................... 47 

6.3.2.  Wind power generation production sample size ............................... 47 

6.3.3.  Wind power generation impact on transient stability ........................ 49 

6.4. Discussion of results ............................................................................. 53 

6.5. Summary .............................................................................................. 54 

CHAPTER 7: TRANSIENT STABILITY ASSESSMENT USING THE DETERMINISTIC 

AND PROBABILISTIC METHODS .................................................................... 55 

7.1. Introduction ........................................................................................... 55 

7.2. Deterministic power system transient stability ...................................... 55 

7.2.1  Deterministic method power system scenarios ................................ 55 

7.2.2  Deterministic power system transient stability results ...................... 57 

7.3. Probabilistic power system transient stability ........................................ 59 

7.3.1  Probabilistic method power system scenarios ................................. 59 

7.3.2  Probabilistic power system transient stability results ....................... 59 

7.4. Discussion of results ............................................................................. 62 

7.5. Summary .............................................................................................. 63 

CHAPTER 8: CONCLUSION ............................................................................. 64 

8.1. Research conclusion ............................................................................ 64 

8.2. Future research .................................................................................... 65 

REFERENCES ................................................................................................... 66 

APPENDIX A: IEEE 9-BUS TEST SYSTEM PARAMETERS ............................ 75 

APPENDIX B: WIND POWER GENERATORS’ REACTIVE POWER RESPONSE 

DURING SYSTEM FAULTS ............................................................................... 77 

 

 



 

 

vii 

 

LIST OF FIGURES 

Figure 2.1: Wind turbine power curve ............................................................................ 8 

Figure 4.1: IEEE 9-bus test system single line diagram ............................................... 19 

Figure 4.2: 𝝅 model of a line ........................................................................................ 20 

Figure 4.3: Model of a two-winding transformer ........................................................... 21 

Figure 4.4: d-axis circuit of a round-rotor synchronous generator ................................ 23 

Figure 4.5: q-axis circuit of a round-rotor synchronous generator ................................ 23 

Figure 4.6: Type 4B wind power generator model ....................................................... 26 

Figure 4.7: Wind power generator mechanical model .................................................. 27 

Figure 4.8: Inverter-based generator voltage ride-through capability ........................... 28 

Figure 4.9: Type 4B wind turbine control model structure ............................................ 29 

Figure 4.10: Wind power generator diagram ................................................................ 30 

Figure 5.1: PDF modelled load: (a) bus 5 load, (b) bus 6 load, (c) bus 8 load ............. 34 

Figure 5.2: CDF modelled load: (a) bus 5 load, (b) bus 6 load, (c) bus 8 load ............. 35 

Figure 5.3: Bus 5 normalised load moving mean ......................................................... 37 

Figure 5.4: Bus 6 normalised load moving mean ......................................................... 37 

Figure 5.5: Bus 8 normalised load moving mean ......................................................... 38 

Figure 5.6: Gen 3 maximum rotor angle deviation ECDFs owing to load variability when 

faults were applied close to bus 9 on: (a) line 6-9, (b) line 8-9. .................................... 39 

Figure 6.1: PDF modelled wind speed: (a) site 1, (b) site 2, (c) site 3.......................... 44 

Figure 6.2: CDF modelled wind speed: (a) site 1, (b) site 2, (c) site 3 ......................... 45 

Figure 6.3: Wind turbine power curve modelling .......................................................... 47 

Figure 6.4: WPG 1 normalised power production moving mean .................................. 48 

Figure 6.5: WPG 2 normalised power production moving mean .................................. 48 

Figure 6.6: WPG 3 normalised power production moving mean .................................. 49 

Figure 6.7: Gen 3 maximum rotor angle deviation ECDFs owing to wind power 

generation variability when faults were applied close to bus 9 on: (a) line 6-9, (b) line 8-

9 ................................................................................................................................... 49 

Figure 6.8: WPGs’ reactive power injection with power production developed using 

measured wind speed: (a) WPG1 reactive power with the fault applied on line 6-9, (b) 

WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with 

the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, 



 

 

viii 

 

(e) WPG3 reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power 

with the fault applied on line 8-9................................................................................... 51 

Figure 6.9: WPGs’ reactive power injection with power production developed using wind 

speed modelled by the KDE distribution function: (a) WPG1 reactive power with the fault 

applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 

reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with the fault 

applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, and (f) 

WPG3 reactive power with the fault applied on line 8-9 ............................................... 52 

Figure 6.10: WPGs’ reactive power injection with power production developed using 

wind speed modelled by the LDE distribution function: (a) WPG1 reactive power with the 

fault applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) 

WPG2 reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with 

the fault applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, 

and (f) WPG3 reactive power with the fault applied on line 8-9 ................................... 53 

Figure 7.1: Wind power generation penetration level and system net-load .................. 57 

Figure 7.2: Scatter plots of the penetration level of WPGs against Gen 3 maximum rotor 

angle deviations when faults were applied on line 6-9: (a) low system loading, (b) 

moderate system loading, (c) peak system loading ..................................................... 60 

Figure 7.3: Scatter plots of the penetration level of WPGs against Gen 3 maximum rotor 

angle deviations when faults were applied on line 8-9: (a) low system loading, (b) 

moderate system loading, (c) peak system loading ..................................................... 60 

Figure 7.4: Scatter plot of the system net-load against Gen 3’s maximum rotor angle 

deviations when faults were applied on line 6-9 during: (a) low system loading, (b) 

moderate system loading, (c) peak system loading ..................................................... 61 

Figure 7.5: Scatter plot of the system net-load against Gen 3’s maximum rotor angle 

deviations when faults were applied on line 8-9 during: (a) low system loading, (b) 

moderate system loading, (c) peak system loading ..................................................... 61 

Figure B1: WPGs’ reactive power injection with power production developed using wind 

speed modelled by the Weibull distribution function: (a) WPG1 reactive power with the 

fault applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) 

WPG2 reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with 

the fault applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, 

and (f) WPG3 reactive power with the fault applied on line 8-9 ................................... 77 



 

 

ix 

 

Figure B2: WPGs’ reactive power injection with power production developed using wind 

speed modelled by the Rayleigh distribution function: (a) WPG1 reactive power with the 

fault applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) 

WPG2 reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with 

the fault applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, 

and (f) WPG3 reactive power with the fault applied on line 8-9 ................................... 78 

Figure B3: WPGs’ reactive power injection with power production developed using wind 

speed modelled by the Gumbel distribution function: (a) WPG1 reactive power with the 

fault applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) 

WPG2 reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with 

the fault applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, 

and (f) WPG3 reactive power with the fault applied on line 8-9 ................................... 79 

Figure B4: WPGs’ reactive power injection with power production developed using wind 

speed modelled by the Wakeby distribution function: (a) WPG1 reactive power with the 

fault applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) 

WPG2 reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with 

the fault applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, 

and (f) WPG3 reactive power with the fault applied on line 8-9 ................................... 80 

Figure B5: WPGs’ reactive power injection with power production developed using wind 

speed modelled by the Kappa distribution function: (a) WPG1 reactive power with the 

fault applied on line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) 

WPG2 reactive power with the fault applied on line 6-9, (d) WPG2 reactive power with 

the fault applied on line 8-9, (e) WPG3 reactive power with the fault applied on line 6-9, 

and (f) WPG3 reactive power with the fault applied on line 8-9 ................................... 81 

 

 

 

 

 

 

 

 

 



 

 

x 

 

LIST OF TABLES 

Table 4.1: Synchronous generator voltage setpoints ................................................... 25 

Table 4.2: Generator parameters ................................................................................. 27 

Table 5.1: IEEE 9-bus test system load range ............................................................. 32 

Table 5.2: Rayleigh parameters ................................................................................... 33 

Table 5.3: Gaussian parameters .................................................................................. 33 

Table 5.4: Wakeby parameters .................................................................................... 33 

Table 5.5: Kappa parameters ...................................................................................... 33 

Table 5.6: GMM’s weight parameters .......................................................................... 33 

Table 5.7: GMM’s mean parameters ............................................................................ 33 

Table 5.8: GMM’s standard deviation parameters ....................................................... 33 

Table 5.9: Load spatial correlation ............................................................................... 34 

Table 5.10: RMSE of distribution functions fitted to the load ........................................ 35 

Table 5.11: MAE of distribution functions fitted to the load .......................................... 35 

Table 5.12: Synthesised load range ............................................................................. 36 

Table 5.13: Gen 3 maximum rotor angle deviation ECDFs RMSE owing to modelled load

 ..................................................................................................................................... 39 

Table 5.14: Gen 3 maximum rotor angle deviation ECDFs MAE owing to modelled load

 ..................................................................................................................................... 39 

Table 6.1: Wind speed range ....................................................................................... 43 

Table 6.2: Gumbel parameters .................................................................................... 43 

Table 6.3: Weibull parameters ..................................................................................... 43 

Table 6.4: Wakeby parameters .................................................................................... 43 

Table 6.5: Rayleigh parameters ................................................................................... 43 

Table 6.6: Kappa parameters ...................................................................................... 43 

Table 6.7: Wind speed spatial correlation .................................................................... 44 

Table 6.8: RMSE of distribution functions fitted to wind speed .................................... 45 

Table 6.9: MAE of distribution functions fitted to wind speed ....................................... 45 

Table 6.10: Synthesised wind speed ranges ............................................................... 46 

Table 6.11: Gen 3 maximum rotor angle deviation ECDFs RMSE owing to modelled 

power ........................................................................................................................... 50 

Table 6.12: Gen 3 maximum rotor angle deviation ECDFs MAE owing to modelled power

 ..................................................................................................................................... 50 



 

 

xi 

 

Table 7.1: Study scenarios .......................................................................................... 56 

Table 7.2: WPGs penetration levels, system net-load, and Gen 3 maximum rotor angle 

deviations ..................................................................................................................... 58 

Table A.1: IEEE 9-bus test system synchronous generator GENROU dynamic model 

data .............................................................................................................................. 75 

Table A.2: IEEE 9-bus test system synchronous generator IEEET1 exciter model data

 ..................................................................................................................................... 75 

Table A.3: IEEE 9-bus test system synchronous generator BPA_GG governor system 

model data ................................................................................................................... 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xii 

 

LIST OF ABBREVIATIONS 

B-splines Basis splines 

CDF Cumulative distribution function 

ECDF Empirical cumulative distribution function 

GMM Gaussian mixture model 

GW  Gigawatt 

IEC International Electrotechnical Commission 

IEEE Institute of Electrical and Electronics Engineers 

KDE Kernel density estimation 

LHS  Latin hypercube sampling  

LDE Logspline density estimation 

MCS Monte-Carlo Simulations 

ms Millisecond 

MW Megawatt 

PDF Probability distribution function    

pu Per unit 

RES Renewable energy sources 

s  Second 

SDGs Sustainable development goals  

SCO Synchronous condenser operation 

WPGs Wind power generators 



 

 

Page 1 of 81 

CHAPTER 1: INTRODUCTION  

1.1. Background 

Society’s increased awareness of the environmental impacts of generating energy from 

fossil fuels has necessitated the increased generation of energy from renewable energy 

sources (RES). The United Nations’ 2030 sustainable development goal (SDG) number 

7, which is to “ensure access to affordable, reliable, sustainable and modern energy for 

all”, promotes increasing the share of energy produced from RES such as wind and solar 

[1]. One of the initiatives to increase the production of energy from RES in power 

systems is through integrating wind power generators (WPGs). The 2022 Global Wind 

Report indicates that at the end of 2021, the total capacity of WPGs integrated to power 

systems was 837 GW [2]. The increased integration of WPGs will impact the transient 

stability because they change the dynamic operating conditions of power systems.  

1.2. Research motivation 

Prior to the introduction of RES, power systems had centralised generation and 

distributed loads. In a centralised generation power system, the power was transferred 

from the generation sources to the loads. The integration of RES results in the 

decentralisation of generation owing to the distributed nature of resources. WPGs have 

been integrated to several power systems to increase the generation of power from wind. 

The deterministic method, which entails modelling the load and power produced by 

WPGs as a percentage of their peak demand and of their capacity, respectively, has 

been used in several studies to investigate the impact of WPGs on power system 

transient stability [3-6]. A limitation of the deterministic method is that it does not account 

for the impact of the variable power system operating conditions on  transient stability 

[5-8].  

 

An increased adoption of the probabilistic method is required to account for the impact 

of the variable power system operating conditions on transient stability. The probabilistic 

method, which entails accounting for the variability of system load and power produced 

by WPGs has been used in several studies to investigate the transient stability of power 
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systems integrating WPGs  and to assess numerous power system operating conditions 

[9-13]. The increased penetration of WPGs increases the variability of power systems 

owing to the variable power they produce.  

1.3. Research objective  

The research objective was to investigate the impact of load and power produced by 

WPGs on power system transient stability. This research investigated whether it would 

be sufficient to select distribution functions based only on their fit as opposed to also 

selecting them based on their ability to synthesise the load and wind speed range. The 

power produced by the WPGs was developed using wind speed. The load used in the 

research was measured from three substations supplying residential load in South 

Africa. The wind speed was measured from three wind speed measurement sites in 

South Africa. Both the load and wind speed were randomly sampled using Monte-Carlo 

Simulations to develop samples to perform probabilistic power system transient stability 

studies. The power system’s transient stability was investigated using deterministic and 

probabilistic methods.  

1.4. Research contributions 

The research performed showed that selecting distribution functions based on their fit to 

load and wind speed does not ensure that they model the data range. This may result in 

the synthesised load being unable to model low and peak system loading conditions. 

Also, this may result in the synthesised wind speed when converted to power being 

unable to model the low and peak power produced by the WPGs. Furthermore, the 

research performed showed that increasing the penetration level of WPGs reduced the 

system’s net load, resulting in reduced power system transient stability. This indicates 

that the transient stability of power systems integrating WPGs should be investigated 

using system operating conditions where the power produced by WPGs is high while the 

system net-load is low. 
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1.5. Research scope and limitations 

This research investigated the transient stability of a power system by taking into account 

the variability of the load and power produced by WPGs. The IEEE 9-bus test system 

was used as a case study. Three WPGs were integrated into the test system. The 

variability of the load and power produced by the WPGs was modelled using the 

measured load and wind speed from three South African substations and wind speed 

measurement sites. Distribution functions were fitted to the measured load’s and wind 

speed’s to determine which were suitable for modelling the load and wind speed’s 

variability. The research limitation is that the power produced by WPGs was developed 

by converting wind speed into the power they produced using a wind turbine power 

curve. This was done due to power production measurements from operating WPGs in 

South Africa being unavailable for use in this research.  

 

The approach used in this research can be applied to any power system. However, the 

transient stability results presented in this research should not be generalised to other 

power systems. This is because power system transient stability is dependent on the 

system pre-fault operating conditions, the type of fault applied and the location of the 

fault. As a result, different power systems will behave differently during system faults. 

1.6. Dissertation’s layout 

The dissertation is organised as follows: 

• Chapter 2 presents a review of the literature on the transient stability of power 

systems integrating WPGs. The reviewed literature focuses on load and wind 

speed variability modelling, the assessment of the spatial correlation of power 

system variables, and the assessment of power system transient stability using 

deterministic and probabilistic methods. 

• Chapter 3 presents the research methodology. The research process and 

methods used to perform probabilistic power system transient stability analysis 

are discussed. Also, the measurement uncertainty in the load and wind speed 

used in this research are discussed. 

• Chapter 4 presents the power system equipment modelling and discusses the 

power system and WPGs dynamic models. 
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• Chapter 5 presents an investigation on load density modelling using distribution 

functions, as well as the impact of the modelled variable load on power system 

transient stability. 

• Chapter 6 presents an investigation on wind speed density modelling using 

distribution functions. The variable power produced by WPGs that are integrated 

to a power system is developed using the wind speed. The impact on power 

system transient stability of the variable power produced by WPGs is also 

investigated in this chapter. 

• Chapter 7 investigates power system transient stability using deterministic and 

probabilistic methods. The power system’s low, moderate, and peak loading 

conditions are studied. During each power system loading condition, three 

scenarios of power produced by the WPGs are assessed using the deterministic 

method, while during each power system loading condition, 5000 scenarios of 

power produced by the WPGs are assessed using the probabilistic method. 

• Chapter 8 presents the research’s conclusions. It also discusses the research’s 

findings, and proposes recommendations for future research. 



 

 

Page 5 of 81 

CHAPTER 2: LITERATURE REVIEW 

2.1. Introduction 

As discussed in Chapter 1, wind power generation integration into power systems is 

increasing. In this chapter, the literature on the analysis of power system transient 

stability with wind power generators (WPGs) integrated is reviewed. The modelling of 

load and wind speed is reviewed first. Then the literature on methods used to assess 

the spatial correlation of power system variables is reviewed. Finally, the assessment of 

power system transient stability using the deterministic and probabilistic methods is 

reviewed. 

2.2. Load modelling 

2.2.1.  Aggregated load modelling 

In power system studies, load is represented by aggregated load models [14-16]. The 

aggregated load models can be static or dynamic [14, 16]. In studies investigating the 

impact of WPGs on power system transient stability, static models in which the load is 

modelled as a hybrid constant current, constant power, and constant impedance load 

have been used [17-19]. In other studies, loads have been modelled as a constant 

impedance [19, 20]. However, some studies have modelled loads using dynamic load 

models [15, 19]. When modelling dynamic loads, a composite load model that represents 

the aggregated static and dynamic components of the loads is used [15, 21]. The impact 

of load modelling on power system transient stability was investigated in [15, 16] using 

static and dynamic models. The authors in [15, 16] found that compared with static load 

models, using dynamic load models led to worse power system transient stability. This 

was because dynamic load models increase the time it takes for voltages to recover and 

stabilise after faults are isolated, causing power system voltages to be suppressed for a 

longer period compared to  when static load models are used [15]. This results in 

reduced available network capacity to transfer the kinetic energy stored in the 

synchronous generator’s (SG’s) rotors during the period that faults are applied. The 

inability of the SGs to adequately export the energy stored in their rotors results in higher 
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rotor angle accelerations, which in turn cause larger rotor angle deviations. A limitation 

of using dynamic load models is that compared with static load models, they require 

additional computational resources, resulting in increased simulation times [16].  

2.2.2.  Load variability modelling 

Loads impact the reliable operation of power systems because they affect power flows 

and voltage levels. In a power system, the load varies throughout the day because of 

changes in customer demand. The variability of the load is commonly modelled using 

distribution functions [22-24]. The parametric Gaussian, which models load density that 

is unimodal and is not skewed has been used in [22, 25, 26] to model load variability. 

Some studies have modelled the load density using the non-parametric Kernel density 

estimation (KDE) [23, 27] and the parametric Gaussian mixture model (GMM) [24, 28]. 

The benefits of modelling load density using the KDE and GMM over the Gaussian are 

that they can model densities that are skewed and multimodal [23, 24, 28]. The fit of the 

parametric GMM, Gaussian, log-normal, beta, and gamma to load density was 

investigated in [29]. Their ability to model the load density was evaluated using the chi-

square ( 𝜒2) statistic [29]. The investigation found that the GMM had a better fit to the 

load density than the Gaussian, log-normal, beta, and gamma. A limitation of the studies 

done in [22-29] was that the authors did not assess whether the distribution functions 

modelled the load range. As a result, it was not clear from these studies whether these 

distribution functions could model the load range. Their load range modelling ability 

ensures that the load they synthesise can be used to model power system low and peak 

demand conditions.  

2.3. Wind power generation modelling 

2.3.1.  Aggregated wind power generator models 

In WPGs, wind turbines are interconnected via a collector network to the grid integration 

step-up transformer [30-32]. WPGs can be modelled using either detailed or aggregated 

models. In detailed models, all of the equipment within WPGs is modelled, causing the 

algorithms used for simulations to be computationally intensive [31, 33]. On the other 
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hand, in aggregated models, the WPGs are modelled as parallel wind turbines, and the 

collector system cable network is ignored [30-34]. The impact of WPGs on power system 

transient stability is commonly investigated using aggregated WPG models [32, 35-37], 

while detailed models are commonly used to assess the performance of individual wind 

turbines within the WPG during power system faults [31, 34]. 

2.3.2.  Wind speed variability modelling 

Distribution functions such as the parametric Weibull [38-42], Rayleigh [38-42], Gamma 

[40, 41], Gumbel [40, 41], Gaussian [42], Wakeby [41, 43, 44], Kappa [41, 43, 44], and 

the non-parametric KDE [41, 42] have been used in several studies to model wind speed 

variability. Their fit to wind speed density has been evaluated using metrics such as the 

mean percentage error (𝑀𝑃𝐸) [38], the mean absolute percentage error (𝑀𝐴𝑃𝐸) [38], 

the root mean square error (𝑅𝑀𝑆𝐸) [38, 40, 41], the mean absolute error (𝑀𝐴𝐸) [41], the 

chi-square ( 𝜒2) statistic [38, 41, 43], the coefficient of determination (𝑅2) [39-42, 44], the 

Kolmogorov-Smirnov (K-S) test statistic [41], and the Willmott index (𝑑) [40]. In the 

studies performed in [38-40], the Weibull was found to fit wind speed better than the 

Rayleigh, Gamma, and Gumbel. However, the Wakeby and Kappa have been found to 

fit wind speed better that the Weibull [43, 44]. Unlike the Weibull whose shape is defined 

by two parameters, the shapes of the Wakeby and Kappa are defined by five and four 

parameters, respectively, allowing them to have a better fit to wind speed. Furthermore, 

the non-parametric KDE has been found to fit wind speed better than the parametric 

Gamma, Weibull, Gumbel, Rayleigh, Gaussian, Wakeby, and Kappa [41, 42] because 

its shape is not defined by parameters unlike the parametric distribution functions. A 

limitation of the studies performed in [38-44] was that the distribution functions’ wind 

speed range synthesis ability was not assessed. In the literature that was reviewed, it 

was not clear whether the distribution functions that were assessed are capable of 

modelling the wind speed range. Distribution functions that can model the wind speed 

range are able to synthesise data that can model the full range of power produced by 

WPGs. 
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2.3.3.  Conversion of wind speed to power 

Wind speed is converted to the power produced by WPGs using wind turbine power 

curves. Figure 2.1 shows the shape of a typical wind turbine power curve [45, 46]. The 

power curve has four regions of operation. In region 1, the wind turbine does not produce 

power since the wind speed is less than the cut-in wind speed. In region 2, the power 

produced by the wind turbine increases as the wind speed increases. In region 3, the 

wind turbine’s rated power is produced. In region 4, the wind turbine does not produce 

power to protect the machine from high wind speeds. The four regions of a wind turbine 

power curve can be modelled using piecewise mathematical modelling [10, 47, 48]. 

 

Figure 2.1: Wind turbine power curve 

2.4. Spatial correlation of power system variables  

The correlation among power system variables is evaluated using rank correlation [47, 

49-51] and linear correlation [49, 52] coefficients. Rank correlation coefficients assess 

the non-linear correlation of power system variables [47, 49, 51], while the linear 

correlation coefficient assesses the linear correlation of the variables [47, 52, 53]. Rank 

correlation is evaluated using the Kendall’s tau correlation coefficient [47, 49, 50] and 

the Spearman’s correlation coefficient [47, 49, 51]. However, linear correlation is 

evaluated using the Pearson correlation coefficient [49, 52]. Unlike the linear correlation 

coefficient, rank correlation coefficients preserve the correlation when the data is 

transformed [54].   
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2.5. Power system transient stability 

2.5.1.  Deterministic method 

The transient stability of power systems integrating WPGs has been investigated in 

several studies using the deterministic method [4, 5, 35, 55]. The studies have integrated 

WPGs consisting of wind turbines based on squirrel cage induction generators (SCIGs) 

[55], doubly-fed induction generators (DFIGs) [4, 5, 35, 55], and fully-rated converter 

generators [55]. The studies performed in [4, 5] investigated the impact of increasing the 

power produced by WPGs consisting of DFIG wind turbines on power system transient 

stability. It was found that increasing the power produced by WPGs, while maintaining 

the power produced by SGs constant, reduced the power system’s transient stability [4, 

5]. Also, in [5] it was found that increasing the power produced by a WPG while reducing 

the power produced by a SG improved the power system’s transient stability. Reducing 

the power produced by SGs reduces the kinetic energy stored in their rotors during 

system faults. This results in improved power system transient stability because the SGs 

rotors accelerate less, resulting in lower rotor angle deviations during system faults. In 

[35], the number of WPGs consisting of DFIG wind turbines was increased in a power 

system. It was found that increasing the number of WPGs reduced the power system’s 

transient stability [35]. A study performed in [55] investigated the transient stability of a 

power system using three scenarios in which a WPG consisting of SCIG, DFIGs, and 

fully-rated converter generator wind turbines was integrated. The number of turbines in 

the WPG was increased from one to five during the investigation [55]. It was found that 

when the WPG was equipped with fully-rated converter generator wind turbines, the 

power system had the best transient stability, followed by when the wind turbines were 

DFIGs, and, last, when the wind turbines were SCIGs [55]. WPGs consisting of SCIGs 

absorb reactive power when there are faults in the power system, resulting in reduced 

system voltages [55]. As a result, the power system has less capacity to transfer the 

kinetic energy stored in the SGs’ rotors during the faults. On the other hand, WPGs 

consisting of DFIGs inject reactive power once the faults are isolated, helping to regulate 

voltages in the power system. WPGs consisting of fully-rated converter generator wind 

turbines inject reactive power both during power system faults and after the faults have 

been isolated, to improve voltages. A limitation of using the deterministic method is that 
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only a few system operating conditions are assessed. However, power systems have 

numerous operating conditions owing to the variability of load and power produced by 

the WPGs. Some of the numerous operating conditions can result in transient instability 

if faults occur in the power system.  

2.5.2.  Probabilistic method 

Several studies have used the probabilistic method to investigate the transient stability 

of power systems that integrate WPGs [9-11, 56]. The studies have investigated power 

systems integrating WPGs consisting of DFIGs [9-11, 56] and fully-rated converter 

generators [9]. A study performed in [9] investigated the impact on power system 

transient stability of the variable power produced by a WPG consisting of DFIGs and 

fully-rated converter generators. It was found that when the WPG was equipped with 

fully-rated converter generators, the power system was more transiently stable than 

when it had DFIGs [9]. In WPGs consisting of DFIGs, to divert over-currents from the 

DFIGs’ windings during system faults, DFIGs activate the crowbar system, disabling the 

generators’ ability to inject reactive power [35, 37]. However, WPGs with fully-rated 

converter generators are able to support voltages by injecting reactive power both during 

and after power system faults have been isolated [57]. Transient stability is improved 

because the power system’s transfer capacity is improved, thereby enabling SGs to 

expel quickly the kinetic energy stored in their rotors during the system faults. In [10], 

the deterministic and probabilistic methods were used to assess the impact on a power 

system’s transient stability of the power produced by a WPG equipped with DFIGs. The 

investigation found that when using the deterministic method, increasing the power 

produced by the WPG resulted in the power system becoming transiently unstable [10]. 

However, using the probabilistic method showed that the power system was transiently 

unstable during 78% of the scenarios that were assessed [10]. Unlike the deterministic 

method, the probabilistic method assessed numerous power system operating 

conditions. As a result, the probabilistic method can be used to identify operating 

conditions in which a power system becomes transiently unstable. The authors in [11] 

used the probabilistic method to investigate the impact on power system transient 

stability of the power produced by WPGs consisting of DFIGs. It was found in [11] that 

increasing the power produced by the WPGs resulted in the increased probability that 
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the power system would become transiently unstable. In [56], the impact of a WPG 

consisting of DFIGs on a power system’s transient stability was investigated by 

generating random values of the power it produced using Monte-Carlo Simulations 

(MCS) and the conditional probability theorem. It was found that compared with the 

conditional probability theorem, using MCS resulted in an optimistic probability of the 

power system remaining transiently stable [56]. A limitation of the studies performed in 

[9-11, 56] is that they focused on assessing the impact of the power produced by WPGs 

on transient stability, and did not consider the role played by the power system load. 

2.6. Summary 

The literature reviewed in this chapter showed that WPGs can be modelled using 

aggregated or detailed models. Also, power system load can be modelled using 

aggregated static or dynamic load models. It was found that dynamic load models are 

computationally intensive, resulting in increased power system simulation time. The 

literature review also suggested that the variability of load and wind speed is commonly 

modelled using distribution functions. It was found that distribution functions are 

commonly selected based on their fit to load and wind speed data, without considering 

whether they also model the data range. The literature review also showed that the 

transient stability of power systems that integrate WPGs can be assessed using the 

deterministic and probabilistic methods. It was also found that increasing the power 

produced by WPGs operates power systems closer to transient instability. 
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CHAPTER 3: METHODOLOGY 

3.1. Introduction  

In the previous chapter, the literature on the modelling of load and wind speed was 

reviewed. Also, the analysis of power system transient stability using the deterministic 

and probabilistic methods was reviewed. The research process and methods used in 

this research are discussed in this chapter. A quantitative research process is used in 

this research. The research process entails using distribution functions to model load 

and wind speed variability in a power system integrating wind power generators (WPGs). 

The variable power produced by the WPGs is developed using the wind speed. Power 

system transient stability is then assessed considering the variable load and power 

produced by WPGs. 

3.2. Distribution functions 

The substation load used in this study has been measured using three-phase four-wire 

statistical meters with a 0.5% active power measurement uncertainty, and a 1% reactive 

power measurement uncertainty. The wind speed used in this study has been measured 

using cup anemometers with a 1% wind speed measurement uncertainty, mounted at a 

height of 10 m on a mat mast. The measured load and wind speed densities are each 

modelled using seven distribution functions. The load density is modelled using the 

parametric Rayleigh, Gaussian, Wakeby, Gaussian mixture model (GMM) and Kappa, 

and the non-parametric Kernel density estimation (KDE) and Logspline density 

estimation (LDE). The wind speed density is modelled using the parametric Rayleigh, 

Weibull, Wakeby, Gumbel and Kappa, and the non-parametric KDE and LDE.  

 

The Weibull probability distribution function (PDF) is given in equation (3.1) [39, 58]. 

𝑓(𝑣) =
𝛿

 𝛽 
(

𝑣

 𝛽 
)

𝛿−1

𝑒
−(

𝑣

 𝛽 
)

𝛿

                                           (3.1) 

where 𝑣 is the modelled variable such as wind speed or load, and 𝛿 and 𝛽 are the shape 

parameter and scale parameter, respectively. 
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The Rayleigh PDF is given below in equation (3.2) [59].  

𝑓(𝑣) =
𝑣−𝜉

 𝛽 2
𝑒

−(𝑣−𝜉) 2

 2𝛽 2                                                            (3.2) 

where 𝑣 is the modelled variable such as wind speed or load, and 𝛽 and 𝜉 are the scale 

and location parameters, respectively. 

 

The Gumbel PDF is given below in equation (3.3) [40, 59].  

𝑓(𝑣) =
𝑒

−(𝑣−𝜉)
 𝛽  𝑒

[−𝑒

−(𝑣−𝜉)
 𝛽  ]

𝛽
                                     (3.3) 

where 𝑣 is the modelled variable such as wind speed or load, and 𝜉 and 𝛽 are the 

location and scale parameters, respectively. 

 

The Gaussian PDF is given below in equation (3.4) [59, 60]. 

 𝑓(𝑣) = 1

𝜎√2𝜋
𝑒

−
(𝑣−𝜇)

2

2𝜎2                                                                           (3.4)  

where 𝑣 is the modelled variable such as wind speed or load, and 𝜎 and 𝜇 are the  

standard deviation and mean parameters, respectively. 

 

The Wakeby PDF is given below in equation (3.5) [41, 43, 59]. 

𝑓(𝑣) = (𝛼[1 − 𝐹(𝑣)]𝛽−1 + 𝛾[1 − 𝐹(𝑣)]−𝛿−1)
−1

                                       (3.5) 

where 𝑣 is the modelled variable such as wind speed or load, 𝛼 and 𝛽 are the first and 

second scale parameters, respectively, 𝜉 is the location parameter, and 𝛾 and 𝛿 are the 

first and second shape parameters, respectively. 
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The Kappa PDF is given below in equation (3.6) [41, 43, 44, 61].   

       𝑓(𝑣) = 𝛼−1 [1 −
𝐾(𝑣−𝜉)

𝛼
]

1

𝐾
−1

× [𝐹(𝑣)](1−ℎ)                                    (3.6) 

where 𝑣 is the modelled variable such as wind speed or load, 𝛼 is the scale parameter, 

𝐾 and ℎ are the first and second shape parameters, respectively, and 𝜉 is the location 

parameter. 

 

The GMM PDF is given below in equation (3.7) [60]. The GMM models data using a 

mixture of several Gaussian distribution functions. 

 𝑓(𝑣) = ∑ 𝜔𝑖
1

𝜎𝑖√2𝜋
𝑒

−
(𝑣−𝜇𝑖)2

2𝜎𝑖
2𝑁

𝑖=1                                                                                  (3.7) 

where 𝑣 is the modelled variable such as wind speed or load, 𝑁 is the number of 

Gaussian distribution functions used in the mixture model, 𝜔𝑖, 𝜎𝑖, and 𝜇𝑖 are the ith 

Gaussian distribution function’s weight, standard deviation and mean, respectively. 

 

The KDE PDF is given below in equation (3.8) [62-64]. The KDE’s bandwidth is 

evaluated using equation (3.9) [41, 62, 63]. The KDE PDF fits Gaussian kernels given 

by equation (3.10) when modelling data [42, 62]. 

𝑓(𝑣) =
1

𝑛ℎ
∑ 𝐾 (

𝑣−𝑣𝑖

ℎ
)𝑛

𝑖=1                                              (3.8) 

ℎ = (
4

3𝑛
)

1

5
𝜎                                                                                 (3.9) 

𝐾(𝑣) =
1

√2𝜋
𝑒−

𝑣2

2                                                                                               (3.10) 

where 𝑣 is the modelled variable such as wind speed or load, 𝑛 is the number of samples, 

𝐾 is a Gaussian kernel, ℎ is the kernel bandwidth, 𝜎 is the standard deviation of the 

modelled variable, and 𝑣𝑖 is the 𝑖𝑡ℎ measurement of the modelled variable. 
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The LDE PDF is given in equation (3.11) [65, 66]. The LDE PDF uses basis-splines (B-

splines) to model data [66].  

𝑓(𝑣) = 𝑒∑ 𝜃𝑛𝐵𝑛(𝑣)𝑛
𝑛=1  −𝐶(𝜃)                                  (3.11) 

where 𝑣 is the modelled variable such as wind speed or load, 𝐶(𝜃) is the normalising 

constant, 𝜃𝑛 are coefficients of B-splines, and 𝐵𝑛(𝑣) are B-splines. 

3.3. Power system variables spatial correlation 

The Kendall’s tau correlation coefficient is used to assess whether the modelled load 

and wind speed preserves the spatial correlation of the measured load and wind speed 

data. The Kendall’s tau correlation coefficient of two variables is given by equation (3.12) 

[51, 52, 67]. The correlation coefficient should be used only when data from two data 

sets 𝑋 and 𝑌 has unique pairs in the form (𝑥1, 𝑦1), (𝑥2, 𝑦2) up to (𝑥𝑛, 𝑦𝑛). The data sets 

are correlated if both 𝑥𝑖 > 𝑥𝑗 and 𝑦𝑖 > 𝑦𝑗 or both 𝑥𝑖 < 𝑥𝑗 and 𝑦𝑖 < 𝑦𝑗  [51, 52, 67]. 

Otherwise, the data sets are uncorrelated if 𝑥𝑖 > 𝑥𝑗 while 𝑦𝑖 < 𝑦𝑗 or if 𝑥𝑖 < 𝑥𝑗 while 𝑦𝑖 >

𝑦𝑗 [51, 52, 67].  

𝜏 =
2

𝑛(𝑛−1)
∑ ∑ 𝑠𝑔𝑛[(𝑥𝑖 − 𝑥𝑗)(𝑦𝑖 − 𝑦𝑗)]𝑖<𝑗

𝑛
𝑖=1                          (3.12) 

where 𝑛 is the sample size, 𝑠𝑔𝑛 is the sign function, 𝑥𝑖 and 𝑥𝑗 are observations from the 

data set 𝑋, and 𝑦𝑖 and 𝑦𝑗  are observations from the data set 𝑌. 

3.4. Data range  

Load and wind speed samples from the fitted distribution functions are sampled using 

Latin hypercube sampling (LHS) [68, 69]. The samples are used to test whether the 

distribution functions model the data range. LHS subdivides the sample space into equal 

intervals using the required sample size, and randomly samples from each interval [68, 

69]. LHS samples probabilities from the sample space. Quantile functions (QFs) of the 

fitted distribution functions are then used to convert the sampled probabilities to synthetic 

load and wind speed values. The low and high measured and synthesised load and wind 
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speed values are then compared to determine whether the fitted distribution functions 

model the data range.  

3.5. Wind turbine power curve 

The Enercon E-82 E2, 2.05 MW wind turbine power curve [70] is used to convert wind 

speed to the power produced by the WPGs. Equation (3.13) is the piecewise 

mathematical model used to represent the Enercon wind turbine power curve. A two-

parameter Weibull cumulative distribution function (CDF) given in equation (3.14) is used 

to model the wind turbine power curve [71]. The total power produced by a WPG with 

several wind turbines is given by equation (3.15) [72]. 

 𝑃𝑊𝐺 = {
𝑃(𝑣) 0 ≤ 𝑣 < 𝑣𝑐𝑜

0 𝑣 ≥ 𝑣𝑐𝑜
    }                                (3.13) 

    𝑃(𝑣) = 𝑃𝑟 (1 − 𝑒
−(

𝑣

𝛽
)

𝛿

)                                                               (3.14) 

     𝑃𝑊𝑃𝐺 = ∑ 𝑃𝑊𝐺𝑛

𝑛
1                                                                    (3.15) 

where 𝑣𝑐𝑜 is the wind turbine cut-out wind speed, 𝑣 is the wind speed, 𝛿 and 𝛽 are the 

Weibull CDF’s shape and scale parameters, respectively, 𝑃𝑊𝐺𝑛
is the power produced by 

the nth wind turbine in a WPG, 𝑛 is the number of wind turbines in a WPG, and 𝑃𝑟 is the 

wind turbine’s rated power. 

3.6. Probabilistic transient stability assessment 

3.6.1.  Transient stability assessment 

In a power system, synchronous generator (SG) rotor angular accelerations are defined 

by the swing equation shown in equation (3.16) [14, 73]. Based on the swing equation, 

the rotor of a SG does not accelerate if the generator’s mechanical torque and the power 

system’s electromagnetic toque at its terminals are balanced. Should the SG’s 

mechanical torque become greater than the power system’s electromagnetic torque, 

then the generator’s rotor accelerates, however, this could result in transient instability 
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if the machine has a loss of synchronism with the power system. Similarly, if the SG’s 

mechanical torque becomes less than the power system’s electromagnetic torque, then 

the generator’s rotor decelerates. 

𝑑2𝛿

𝑑𝑡2 =
𝜔

2𝐻
(𝑃𝑚 − 𝑃𝑒)                             (3.16) 

where 𝛿 is the rotor angle, 𝜔 is the rotor’s angular velocity, 𝐻 is the SG’s inertia constant, 

𝑃𝑚 is the SG’s mechanical torque, and 𝑃𝑒 is the power system’s electromagnetic torque 

at the SG’s terminals. 

3.6.2.  Load and wind power generation sample size 

The power system’s probabilistic transient stability is assessed in this study using 

samples of load and power produced by WPGs. The samples are randomly sampled 

using Monte-Carlo Simulations (MCS). The required sample size for the load and the 

WPG’s power production is quantified using the law of large numbers given by equation 

(3.17) [74]. The law of large numbers indicates that as the number of samples taken 

from a population is increased, the samples’ mean approaches the population’s mean 

[12]. The sample size becomes representative of the population when the sample mean 

stabilises. 

𝑋̅ = lim
𝑛→∞

∑
𝑋𝑖

𝑛

𝑛
𝑖=1                                      (3.17) 

where 𝑋̅ is the population mean, 𝑋𝑖 is the ith sampled value, and 𝑛 is the number of 

samples taken. 

3.6.3.  Wind power generation penetration level 

The wind power generation penetration level in the power system is quantified using 

equation (3.18) [75, 76]. Supplying a larger proportion of the load using WPGs increases 

their penetration level. As the wind power generation penetration level increases, the 

system net-load given by equation (3.19) is the portion of load that has to be supplied 

by SGs in the power system.  
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𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐿𝑒𝑣𝑒𝑙 =  
∑ 𝑃𝑊𝐺

∑ 𝑃𝐿
                                    (3.18) 

𝑆𝑦𝑠𝑡𝑒𝑚 𝑁𝑒𝑡 − 𝐿𝑜𝑎𝑑 =  ∑ 𝑃𝐿 − ∑ 𝑃𝑊𝐺                                   (3.19) 

where 𝑃𝑊𝐺  is the power produced by WPGs, and 𝑃𝐿 is the total system load. 

3.7. Goodness of fit  

The distribution functions’ fit to the measured load and wind speed density is assessed 

using the root mean square error (𝑅𝑀𝑆𝐸) and the mean absolute error (𝑀𝐴𝐸). Also, the 

similarity between the power system’s transient stability results produced using modelled 

and measured load and wind speed is assessed using the 𝑅𝑀𝑆𝐸 and 𝑀𝐴𝐸. The 𝑅𝑀𝑆𝐸 

given in equation (3.20) quantifies the square root of the squared mean error between 

two variables [41, 77], while the 𝑀𝐴𝐸 given in equation (3.21) quantifies the mean of the 

absolute error between two variables [41, 77]. 

 𝑅𝑀𝑆𝐸 =  √
1

𝑁
∑ (𝐹̂𝑖 − 𝐹𝑖)

2𝑁
𝑖=1                                                (3.20) 

 𝑀𝐴𝐸 =
1

𝑁
∑ |𝐹𝑖̂ − 𝐹𝑖|

𝑁
𝑖=1                                                                    (3.21) 

where 𝐹̂𝑖 and 𝐹𝑖 are probabilities of the 𝑖𝑡ℎ independent and dependent variable, and 𝑁 

is the number of samples. 

3.8. Summary   

The research process used in this study was presented in this chapter, and the research 

methods used were discussed. The research process considers the variability of the 

load and power produced by WPGs when assessing power system transient stability. 

The research process entails modelling the power system load and wind speed 

variability using distribution functions. The wind speed is then converted to the variable 

power produced by the WPGs. The impact of the variable load and power produced by 

the WPGs is assessed using the probabilistic method.  
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CHAPTER 4: POWER SYSTEM MODELLING 

4.1. Introduction 

The research methodology was presented in the previous chapter. This chapter 

discusses the power system and wind power generator (WPG) models used in this 

research. The power system equipment modelling discussed is load modelling, line 

modelling, transformer modelling, synchronous generator (SG) modelling, and WPG 

modelling. First, the IEEE 9-bus test system used as a case study in this research is 

introduced. Second, the modelling of the test system’s components is discussed. Last, 

the WPG model and the integration of the WPGs to the test system are discussed. 

4.2. Power system case study 

Figure 4.1 shows the IEEE 9-bus test system single line diagram [78]. The test system 

is used as a case study. Gen 1 is operated as the reference machine, and it controls the 

balance between the load and power produced by the generators in the test system. 

Gen 2 is operated in synchronous condenser operation (SCO) mode to ensure that 

during periods of high wind power generation and low loading, the reference machine 

does not absorb active power because of excess generation. Furthermore, when 

operating in SCO mode, Gen 2 assists with the regulation of voltages in the test system. 

The test system load is located at buses 5, 6 and 8. Also, three WPGs are integrated at 

buses 5, 6 and 8.  

 

Figure 4.1: IEEE 9-bus test system single line diagram 
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4.3. Load modelling 

The IEEE 9-bus test system load’s active and reactive power components are modelled 

as constant power loads. The load’s active and reactive power components are 

modelled using the polynomial load model shown below in equations (4.1) and (4.2), 

respectively [14]. The polynomial load model can model a constant impedance (Z), 

constant current (I), and constant power (P) load. To model a constant power load, the 

polynomial load model’s active power coefficients 𝑝1 and 𝑝2 are set to 0 and 𝑝3 is set to 

1. Also, the polynomial load model’s reactive power coefficients 𝑞1 and 𝑞2 are set to 0 

and 𝑞3 is set to 1. 

 𝑃 = 𝑃𝑜 [𝑝1 Ṽ
2 + 𝑝2Ṽ + 𝑝3 ]                (4.1)  

 𝑄 = 𝑄𝑜 [𝑞1 Ṽ
2 + 𝑞2Ṽ + 𝑞3 ]                                                                                      (4.2) 

where 𝑃𝑜  and 𝑄𝑜 are the load’s constant active and reactive power, 𝑝1 , 𝑝2 and 𝑝3 are the 

active power coefficients, 𝑞1 , 𝑞2 and 𝑞3 are the reactive power coefficients, and Ṽ is the 

load’s voltage dependency factor given by the load’s bus voltage divided by the nominal 

load bus voltage. 

4.4. Line modelling 

The IEEE 9-bus test system’s power lines are modelled using the 𝜋 model shown in 

Figure 4.2 [14, 79]. The line’s inductive reactance (𝑋𝐿) absorbs reactive power, while 

the line’s susceptance (𝐵) generates reactive power. The line’s resistance (𝑅𝐿) causes 

heat losses when current flows.  

 

Figure 4.2: 𝝅 model of a line 
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The line’s inductive reactance and susceptance are given below in equations (4.3) and 

(4.4), respectively. 

𝑋𝐿 = 2𝜋𝑓𝐿                    (4.3) 

𝐵 = 2𝜋𝑓𝐶 =
1

𝑋𝐶
                    (4.4) 

where 𝐿 is the line’s inductance, 𝑋𝐿 is the line’s inductive reactance, 𝑓 is the power 

system frequency, 𝐵 is the line’s susceptance, 𝑋𝐶 is the line’s capacitive reactance, and 

𝐶 is the line’s capacitance.  

 

The reactive power absorbed or generated by the line’s inductive reactance and 

susceptance is given below by equations (4.5) and (4.6), respectively. 

𝑄𝐿 = 𝐼2𝑋𝐿            (4.5) 

𝑄𝐶 = 𝑉2𝐵 =
𝑉2

𝑋𝐶
                    (4.6) 

where 𝑋𝐿 and 𝑋𝐶 are the line’s inductive reactance and capacitive reactance, 

respectively, 𝐵 is the line’s susceptance, 𝐼 is the current flowing across the line, and 𝑉 

is the line’s bus voltage. 

4.5. Transformer modelling 

The IEEE 9-bus test system transformers are modelled as two-winding transformers 

shown in Figure 4.3 [14, 80]. The magnetising reactance (𝑋𝑚𝑙)  models the transformer’s 

saturation [14].  

 

Figure 4.3: Model of a two-winding transformer 
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The transformer’s impedance at each winding is given below in equation (4.7) [14, 80]. 

𝑍𝑖 = 𝑅𝑖 + 𝑗𝑋𝑖           (4.7) 

where 𝑅𝑖 and 𝑋𝑖 are the resistance and inductive reactance, respectively, of the 

transformer’s primary winding (i.e., 𝑖 = 1) or secondary winding (i.e. 𝑖 = 2). 

 

The winding ratio given below in equation (4.8) [14, 80] transfers the transformer’s 

parameters from the primary winding to the secondary winding, and vice versa.  

𝑎 =
𝑛1

𝑛2
                                         (4.8) 

where 𝑛1 and 𝑛2 are the transformer’s primary and secondary side number of windings. 

The voltage at the transformer’s primary (𝑣1) and secondary (𝑣2) side terminals is given 

below in equations (4.19) and (4.10), respectively [14, 80]. 

𝑣1 = 𝑍1𝑖1 + 𝑎𝑣2 − 𝑎𝑍2𝑖2                                  (4.9) 

𝑣2 = 𝑍2𝑖2 +
1

𝑎
𝑣1 −

1

𝑎
𝑍1𝑖1                                       (4.10) 

where 𝑍1 and 𝑍2 are the transformer’s primary and secondary side impedances, 

respectively, 𝑖1 and 𝑖2 are the transformer’s primary and secondary side currents, 

respectively, and 𝑎 is the transformer’s winding ratio. 

4.6. Synchronous generator modelling 

4.6.1.  Synchronous generator mathematical modelling 

The IEEE 9-bus test system is operated at a nominal frequency of 50 Hz. The SGs’ 

synchronous speed (𝑛) is given by equation (4.11) below [14]. The dynamic operation of 

the SGs is modelled using the GENROU dynamic model, which models the dynamic 

operation of round-rotor SGs. The parameters of the GENROU models for each of the 

IEEE 9-bus test system’s SGs are given in Appendix A. 
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𝑛 =
120𝑓

𝑝
                                   (4.11) 

where 𝑛 is the SGs’ synchronous speed, 𝑓 is the power system frequency , and 𝑝 is the 

SGs’ number of poles.   

 

The SGs are modelled in the d-q axis using Park’s transformation to convert the 

machines’ equations from the abc coordinate system to a d-q coordinate system [14, 

81]. This is done to eliminate inductance variables in the formulation when the machines 

are modelled in the abc axis [14]. Based on the d-q coordinate system, the d-axis 

consists of the damper winding and excitation winding, while the q-axis consists of the 

1q and 2q damper windings, as shown in Figures 4.4 and 4.5, respectively [81, 82]. 

 

Figure 4.4: d-axis circuit of a round-rotor synchronous generator 

 

Figure 4.5: q-axis circuit of a round-rotor synchronous generator 

 

During power system faults, the SGs’ dynamic behaviour is a result of the transient 

behaviour of the stator and rotor. The SGs’ per-unit stator voltages in the d-q axis are 

described below in equations (4.12) to (4.14) [14, 81, 82]. 
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𝑢𝑑 = −𝑟𝑠𝑡𝑟𝑖𝑑 − 𝑛𝜓𝑞 +
1

𝜔𝑛

𝑑𝜓𝑑

𝑑𝑡
                (4.12)

 𝑢𝑞 = −𝑟𝑠𝑡𝑟𝑖𝑞 + 𝑛𝜓𝑑 +
1

𝜔𝑛

𝑑𝜓𝑞

𝑑𝑡
                          (4.13)

 𝑢𝑜 = −𝑟𝑠𝑡𝑟𝑖𝑜 +
1

𝜔𝑛

𝑑𝜓𝑜

𝑑𝑡
                           (4.14) 

where 𝑢𝑑 and 𝑢𝑞 are the d-axis and q-axis stator voltages, respectively, 𝑢𝑜 is the zero-

sequence voltage, 𝑖𝑑 and 𝑖𝑞 are the d-axis and q-axis stator currents, respectively, 𝑖𝑜 is 

the zero-sequence current, 𝜓𝑑 and 𝜓𝑞 are the d-axis and q-axis stator flux linkages, 

respectively, 𝜓𝑜 is the zero sequence stator flux linkage, 𝑛 is the rotor’s synchronous 

speed, 𝜔𝑛 is the rotor’s operating speed, and 𝑟𝑠𝑡𝑟 is the stator resistance. 

 

The SGs’ rotor voltages in the d-axis are described below by equations (4.15) and (4.16) 

[14, 81, 82]. 

𝑣𝑓𝑑 = 𝑟𝑓𝑑𝑖𝑓𝑑 +
1

𝜔𝑛

𝑑𝜓𝑓𝑑

𝑑𝑡
                           (4.15) 

 0 = 𝑟1𝑑𝑖1𝑑 +
1

𝜔𝑛

𝑑𝜓1𝑑

𝑑𝑡
                                      (4.16) 

where 𝑣𝑓𝑑 is the d-axis field voltage, 𝑟𝑓𝑑 is the d-axis field winding resistance, 𝑟1𝑑 is the 

d-axis 1d damper resistance, 𝑖𝑓𝑑 is the d-axis field winding current, 𝜓𝑓𝑑 is the d-axis field 

winding flux linkage, 𝜓1𝑑 is the d-axis 1d damper flux linkage, and 𝜔𝑛 is the rotor’s 

operating speed. 

The SGs’ rotor voltages in the q-axis are described below by equations (4.17) and (4.18) 

[14, 81, 82]. 

0 = 𝑟1𝑞𝑖1𝑞 +
1

𝜔𝑛

𝑑𝜓1𝑞

𝑑𝑡
                               (4.17) 

0 = 𝑟2𝑞𝑖2𝑞 +
1

𝜔𝑛

𝑑𝜓2𝑞

𝑑𝑡
                                      (4.18) 

where 𝑟1𝑞 and 𝑟2𝑞 are the q-axis 1q damper and 2q damper resistances, 𝑖1𝑞 and 𝑖2𝑞 are 

the q-axis 1q damper and 2q damper currents, 𝜓1𝑞 and 𝜓2𝑞 are the q-axis 1q damper 

and 2q damper flux linkages, and 𝜔𝑛 is the rotor’s operating speed. 
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4.6.2.  Excitation system 

The IEEE 9-bus test system’s SGs are equipped with the IEEET1 excitation system to 

regulate their terminal voltages at the setpoints shown in Table 4.1. The parameters of 

the SGs’ IEEET1 excitation systems are given in Appendix A. The SGs’ terminal voltages 

are kept constant at the setpoints to regulate the voltages in the test system [14]. The 

SGs’ terminal voltages are maintained at the setpoints by the excitation systems which 

control the field current, that in turn controls the machine’s field voltage [14, 83].  

Table 4.1: Synchronous generator voltage setpoints 

 

4.6.3.  Governor system 

The IEEE 9-bus test system SGs are equipped with BPA_GG governor system dynamic 

model. The governor system parameters for each of the SGs are given in Appendix A. 

The power produced by the SGs is regulated by controlling the generators mechanical 

torque [83], which in turn is controlled by regulating the steam driving the turbines [83]. 

The governor system measures the turbine’s speed and determines whether it is less or 

greater than the required speed. The feedback from the governor system is used to 

adjust the steam driving the turbine [83].  

4.7. Wind power generator modelling 

4.7.1.  Wind power generator system 

The WPGs integrated into the IEEE 9-bus test system are modelled using the IEC 

61400-27-1 Type 4B generic WPG model, whose structure is shown in Figure 4.6 [84]. 

The model consists of five systems, namely, the control system, the generator system, 

the grid protection system, the electrical equipment, and the mechanical system. The 

control system models the WPGs’ reactive power control (Q control), current limitation, 

reactive power limitation (Q limitation), and power control (P control). The generator 
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system models the dynamics of the generator, while the grid protection system controls 

the conditions under which during power system disturbances, the WPGs should not 

disconnect from the grid. The electrical equipment consists of the WPGs’ buses, 

transformers, and circuit breakers, while the mechanical system models the interactions 

between the turbine and the generator. 

 

Figure 4.6: Type 4B wind power generator model  

4.7.2.  Mechanical model  

The turbine and generator are modelled as a two-mass system shown in Figure 4.7 [84]. 

A spring and damper system models the interactions between the two masses. The two-

mass system accounts for oscillations between the turbine and the generator during 

power system disturbances.  
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Figure 4.7: Wind power generator mechanical model 

4.7.3.  Generator system 

The generator is integrated into the power system via a fully-rated converter [84]. As a 

result, the generator’s dynamics are decoupled from the power system. The parameters 

of the generator are shown in Table 4.2. 

Table 4.2: Generator parameters 

 

4.7.4.  Electrical equipment 

The WPGs’ electrical equipment consists of 0.69/20kV collector system step-up 

transformers. The collector system step-up transformers step-up the power produced by 

the wind turbines. There is a 20/132kV grid integration step-up transformer that 

integrates the WPGs to the 132kV distribution network. Also, the electrical equipment 

consists of 0.69kV, 20kV, and 132kV buses and circuit breakers. 
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4.7.5.  Grid protection model  

The WPGs’ grid protection model is configured so that the plant has voltage ride-through 

characteristics stipulated in the South African grid connection code for renewable power 

plants (RSA RPP Grid Code) [85]. The RSA RPP Grid Code’s voltage ride-through 

requirement for inverter-based generators is shown in Figure 4.8 [85]. Based on the 

voltage ride-through requirements, the WPGs should remain synchronised to the test 

system for as long as the voltages at their point of connection (POC) remain within areas 

A, B, and D [85, 86]. 

 

Figure 4.8: Inverter-based generator voltage ride-through capability 

4.7.6.  Control models  

The control of the wind turbines is performed by different controllers. The controllers 

used in the model are a P-controller, a Q-controller, a Q-limitation controller, and a 

current-limitation controller [84]. The four controllers are integrated as shown in Figure 

4.9 [84]. 
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Figure 4.9: Type 4B wind turbine control model structure 

 

The wind turbines’ active power production is managed by the P-controller [87], which 

reduces the error between the wind turbines’ reference rotational speed and their 

measured rotational speed [87]. The signals produced by the P-controller are fed to the 

wind turbines and the current-limitation controller. The wind turbines’ reactive power 

production is managed by the Q-controller. The wind turbines can operate in power 

factor control, voltage control, reactive power control, open-loop reactive power control, 

and open-loop reactive power factor control modes [84]. In this research, the wind 

turbines are operated in voltage control mode, with a 1.03 pu voltage setpoint. The Q-

limitation controller manages the wind turbines’ low and high reactive power limits [84]. 

The reactive power limits from the Q-limitation controller are fed into the Q-controller. 

The current limitation controller combines the wind turbines’ limits with the other 

controller limits, and produces active and reactive power current limits [84, 87]. The 

signals produced by the current-limitation controller are fed to the wind turbines and the 

P-controller.  
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4.7.7.  Wind power generator integration  

Figure 4.10 shows the WPG models and their integration to the IEEE 9-bus test system. 

Each WPG has a capacity of 10.25 MW, and is modelled by aggregating five 2.05 MW 

fully-rated converter wind turbines. The WPGs are integrated into the test system at 

buses 5, 6, and 8 using 132/230kV transformers. Each WPG integrates to the 132/230kV 

transformers using a single circuit, 40km, 132kV Wolf line, templated at 50o Celsius. 

 

Figure 4.10: Wind power generator diagram 
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4.8. Summary 

In this chapter, the IEEE 9-bus test system and the WPG models used in this research 

were discussed. The test system loads are modelled as constant power loads. The 

GENROU dynamic model is used to model the SGs dynamic performance. The SGs 

excitation systems are modelled using the IEEET1 excitation system dynamic model. 

Furthermore, the SGs are equipped with the BPA_GG governor system dynamic model. 

The WPGs are modelled using the IEC 61400-27-1 Type 4B generic WPG model. The 

WPGs’ generic model consists of a control system, a generator system, a grid protection 

system, electrical equipment, and a mechanical system. The WPGs are operated in 

voltage control mode, with a 1.03 pu voltage setpoint. 
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CHAPTER 5: LOAD VARIABILITY MODELLING 

5.1. Introduction 

In the previous chapter, the modelling of the IEEE 9-bus test system and the wind power 

generators (WPGs) was discussed. In this chapter, measured load is assigned to each 

of the three IEEE 9-bus test system load buses to model power system variability. The 

load is then modelled using seven distribution functions consisting of the parametric 

Gaussian, Rayleigh, Wakeby, Gaussian mixture model (GMM) and Kappa, and the non-

parametric Kernel density estimation (KDE) and Logspline density estimation (LDE). 

Then, the impact of the modelled load on the transient stability of the test system is 

investigated.  

5.2. Power system load variability modelling  

5.2.1.  Measured load data 

Substation loading data from three South African substations supplying residential load 

is used in this study. The load was measured in five-minute intervals from 1 January 

2019 to 31 December 2019. The substation load is assigned to the IEEE 9-bus test 

system load buses. Peak load demand at each of the test system load buses is used to 

normalise the assigned load. Table 5.1 shows the range of the test system load at each 

load bus.   

Table 5.1: IEEE 9-bus test system load range 

 

5.2.2.  Load modelling using distribution functions 

The load is modelled using the parametric Rayleigh, Gaussian, Wakeby, GMM, Kappa 

and the non-parametric LDE and KDE. The fitted Rayleigh, Gaussian, Wakeby, and 

Kappa parameters are shown in Tables 5.2 to 5.5, respectively, while Tables 5.6 to 5.8 

show the fitted GMM’s weight, mean, and standard deviation parameters, respectively. 
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Table 5.2: Rayleigh parameters 

 

Table 5.3: Gaussian parameters 

 

Table 5.4: Wakeby parameters 

 

Table 5.5: Kappa parameters 

 

Table 5.6: GMM’s weight parameters 

 

Table 5.7: GMM’s mean parameters 

 

Table 5.8: GMM’s standard deviation parameters 

 

 

Figure 5.1 shows the density plots of the three IEEE 9-bus test system load buses that 

are modelled using the Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE, and LDE. 

Load bus 5 had a bimodal load density because it had two peaks. The Gaussian, 

Rayleigh, Wakeby, and Kappa do not model load bus 5’s bimodal load density because 
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they only model densities with a single peak. However, the GMM, KDE, and LDE model 

load bus 5’s bimodal load density. The GMM models load bus 5’s bimodal load density 

because the three Gaussian distribution functions that it fitted can model densities with 

two peaks. Also, the KDE and LDE model load bus 5’s bimodal load density because 

they use Gaussian kernels and basis-splines (B-splines), respectively, which can fit 

bimodal densities. The load density at load buses 6 and 8 has a single peak, and the 

seven distribution functions assessed can model unimodal densities. 

 

Figure 5.1: PDF modelled load: (a) bus 5 load, (b) bus 6 load, (c) bus 8 load 

5.2.3.  Load spatial correlation 

Table 5.9 shows the spatial correlation of the three loads in the IEEE 9-bus test system. 

The load’s spatial correlation is evaluated using the Kendall’s tau correlation coefficient. 

The assessment is performed to determine whether the modelled load maintains the 

measured load’s spatial correlation. The spatial correlation between the measured load 

at buses 5 and 6, buses 5 and 8, and buses 6 and 8 is similar to the spatial correlation 

of the load that was modelled when using the seven distribution functions at the same 

buses. These results show that the modelled load preserves the measured load’s spatial 

correlation. 

Table 5.9: Load spatial correlation 
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5.2.4.  Distribution functions fit to load 

Figure 5.2 shows the IEEE 9-bus test system’s measured load empirical cumulative 

distribution functions (ECDFs). Figure 5.2 also shows the cumulative distribution 

functions (CDFs) of the fitted Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE, and 

LDE. The shapes of the fitted distribution functions’ CDFs are similar to the measured 

loads’ ECDFs. However, compared with lower loads, at higher loads the fitted 

distribution functions’ CDFs are closer to the measured loads’ ECDFs. This indicates 

that the fitted distribution functions have a better fit to higher loads than to lower loads. 

 

Figure 5.2: CDF modelled load: (a) bus 5 load, (b) bus 6 load, (c) bus 8 load 

 

Tables 5.10 and 5.11 show the root mean square error (RMSE) and mean absolute error 

(MAE) of the fitted Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE and LDE CDFs. At 

the three IEEE 9-bus test system load buses, the KDE has the best fit to the load, 

followed by the LDE and then the GMM. The Wakeby has the fourth-best fit when 

modelling load at buses 5 and 6, followed by the Kappa, then the Gaussian, and last the 

Rayleigh. The Kappa has the fourth-best fit when modelling load at bus 8, followed by 

the Wakeby, then the Rayleigh, and last the Gaussian.  

Table 5.10: RMSE of distribution functions fitted to the load 

 

Table 5.11: MAE of distribution functions fitted to the load 
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5.2.5.  Load range synthesis 

Table 5.12 shows the load range synthesised by the fitted Gaussian, Rayleigh, Wakeby, 

Kappa, GMM, KDE, and LDE. The load range synthesised by the different distribution 

functions differ due to some of the distribution functions having longer lower and upper 

tails than others. The distribution functions’ lower and upper tails determine the low and 

high load values, respectively, that can be synthesised. A comparison of the measured 

low and high load values in Table 5.1 with the synthesised low and high load values in 

Table 5.12 shows that some of the distribution functions do not synthesise the load range 

at the three test system load buses. The Gaussian synthesises the load range at load 

bus 6, while at load buses 5 and 8, it synthesises maximum load only. Also, at load 

buses 5 and 8, the Gaussian synthesises negative low load, while Table 5.1 shows that 

the measured low load is positive. The Rayleigh synthesises the load range at load bus 

8, but at load buses 5 and 6, it synthesises maximum load only. The Wakeby synthesises 

the load range at load bus 8, however, at load bus 5, the Wakeby synthesises maximum 

load only, and does not synthesise both low and high loads at load bus 6. The Kappa 

synthesises the load range at load bus 8, while at load buses 5 and 6, the Kappa 

synthesises low load only. The GMM synthesises the load range at load buses 5 and 6, 

but at load bus 8, it synthesises maximum load only. Furthermore, at load bus 8, the 

GMM synthesises negative low load, while Table 5.1 shows that the low load should be 

positive. The KDE and the LDE synthesise the load range at the three load buses. The 

distribution functions’ ability to synthesise the load range indicates that their lower and 

upper tails extend to the low and high load values at each load bus. 

Table 5.12: Synthesised load range 
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5.3. Load variability modelling impact on transient stability  

5.3.1.  Load sample size  

Monte-Carlo Simulations are used to randomly sample 2000 load values from each of 

the measured and the modelled load data. Figures 5.3 to 5.5 show the moving means 

of the normalised sampled load of buses 5, 6, and 8, respectively. The required load 

sample size to perform the probabilistic transient stability studies is quantified based on 

the law of large numbers given by equation (3.17). The sample size is based on the 

number of samples required for the load’s moving mean to stabilise. About 768 samples 

are required for buses 5 and 8 loads’ moving mean to stabilise, and about 532 samples 

are required for bus 6 load’s moving mean to stabilise. Therefore, at each load bus, a 

minimum of 768 load samples is required to ensure that the sampled load represents 

the measured load data. In this study, 1000 load samples are used to investigate power 

system transient stability using the probabilistic method. 

 

Figure 5.3: Bus 5 normalised load moving mean 

 

Figure 5.4: Bus 6 normalised load moving mean  
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Figure 5.5: Bus 8 normalised load moving mean 

5.3.2.  Transient stability of power system with variable load 

For each of the 1000 load samples taken for load buses 5, 6, and 8, studies are 

performed to determine the impact of load variability modelling on the IEEE 9-bus test 

system’s transient stability. Figure 5.6 shows Gen 3’s maximum rotor angle deviation 

ECDFs produced when the test system’s load variability is modelled using measured 

and modelled load. When three-phase faults are applied sequentially on line 6-9 and line 

8-9, close to bus 9, Gen 3’s rotor angle deviation ECDFs produced when load variability 

is modelled using the KDE and LDE closely follow those produced when measured load 

is used. However, Gen 3’s rotor angle deviation ECDFs produced when load modelled 

using the Gaussian, Rayleigh, Wakeby, Kappa, and GMM is used do not closely follow 

those produced when measured load is used. Modelling load using the Gaussian and 

GMM produces Gen 3’s maximum rotor angle deviation ECDFs that are located above 

those produced when measured load is used. This indicates that modelling load 

variability using the Gaussian and GMM results in the power system operating with a 

lower risk of transient instability than when measured load is used. In Figure 5.6, it can 

also be seen that compared with when measured load is used, modelling load using the 

Gaussian and GMM results in a larger proportion of Gen 3’s maximum rotor angle 

deviations being located within lower rotor angle deviation values, indicating better 

power system stability. However, modelling load using the Rayleigh, Wakeby, and 

Kappa produces Gen 3’s maximum rotor angle deviation ECDFs located below those 

produced when measured load is used. This indicates that modelling load variability 

using the Rayleigh, Wakeby, and Kappa results in the power system operating with a 
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higher risk of transient instability than when measured load is used. Referring to Figure 

5.6, it can also be seen that compared with when measured load is used, modelling load 

using the Rayleigh, Wakeby, and Kappa results in a larger proportion of Gen 3’s 

maximum rotor angle deviations being located within higher rotor angle values, 

indicating worse power system stability. 

 

Figure 5.6: Gen 3 maximum rotor angle deviation ECDFs owing to load variability when faults 
were applied close to bus 9 on: (a) line 6-9, (b) line 8-9. 

 

Tables 5.13 and 5.14 show the respective RMSE and MAE results that compare Gen 

3’s maximum rotor angle deviation ECDFs obtained when measured and modelled load 

is used. The results show that Gen 3’s maximum rotor angle deviations obtained when 

load is modelled using the KDE, LDE, and GMM have the best, second-best, and third-

best RMSE and MAE, respectively.  

Table 5.13: Gen 3 maximum rotor angle deviation ECDFs RMSE owing to modelled load 

 

Table 5.14: Gen 3 maximum rotor angle deviation ECDFs MAE owing to modelled load 

 



 

 

Page 40 of 81 

5.4. Discussion of results 

In section 5.2, the density of the IEEE 9-bus test system load is modelled using the 

Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE, and LDE. In Table 5.9, the results 

show that the load modelled by the distribution functions preserves the measured load’s 

spatial correlation at the three test system load buses. Also, Tables 5.10 and 5.11 show 

that based on fit, the distribution functions that do not rely on parameters to determine 

their shape (i.e., KDE and LDE) fit the load density better than those that rely on 

parameters (i.e., Gaussian, Rayleigh, Wakeby, Kappa, and GMM). This is because 

distribution functions with parameters have defined shapes they can model, and so are 

limited in the shapes of load densities they model. In Table 5.12, when considering the 

distribution functions load range modelling ability, it is found that only the KDE and the 

LDE model the load range at the three test system load buses. These findings show that 

not all of the distribution functions can model the load range. As a result, it is important 

that when assessing the distribution functions’ ability to model load density, in addition 

to their fit, they should also be assessed to determine whether they model the load 

range. Distribution functions’ ability to model the load range ensures that they synthesise 

low and high power system loading conditions. 

 

In section 5.3, the impact of load variability modelling on the IEEE 9-bus test system’s 

transient stability is assessed. Tables 5.13 and 5.14 show that load modelled using 

distribution functions that do not have parameters (i.e., KDE and LDE) produces power 

system transient stability results similar to those produced when measured load is used. 

The power system transient stability results produced using load modelled by distribution 

functions whose shapes depend on parameters (i.e., Gaussian, Rayleigh, Wakeby, 

Kappa, and GMM) are less similar to those produced when measured load is used. This 

is because the KDE and the LDE fit the load density better than the Gaussian, Rayleigh, 

Wakeby, Kappa, and GMM. These findings show that the KDE and LDE are good 

candidates for modelling power system load variability. 
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5.5. Summary  

In this chapter, seven distribution functions, namely, the Gaussian, Rayleigh, Wakeby, 

Kappa, GMM, KDE, and LDE were used to model the IEEE 9-bus test system’s load 

variability. The distribution functions were assessed on the basis of their fit and their 

ability to synthesise the load range. Furthermore, the impact of the modelled load on the 

transient stability of the test system was investigated. It was found that of the seven 

distribution functions that were assessed, the KDE and the LDE had the best fit to load 

density at the test system load buses. It was also found that some of the distribution 

functions did not model the load range. Furthermore, it was found that load modelled 

using the KDE and the LDE resulted in the test system having transient stability results 

similar to those produced when measured load was used. 
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CHAPTER 6: WIND SPEED VARIABILITY MODELLING 

6.1. Introduction 

In the previous chapter, load variability from three South African substations supplying 

residential load was modelled using seven distribution functions. Furthermore, the 

impact of the variable load on the IEEE 9-bus test system’s transient stability was 

assessed. In this chapter, wind speed is modelled using seven distribution functions 

consisting of the parametric Rayleigh, Weibull, Wakeby, Gumbel and Kappa, and the 

non-parametric Logspline density estimation (LDE) and Kernel density estimation (KDE). 

The variable power produced by wind power generators (WPGs) that are integrated to 

the IEEE 9-bus test system is developed using the wind speed. An investigation is then 

performed to assess the impact of the integrated WPGs on power system transient 

stability.  

6.2. Wind speed modelling  

6.2.1.  Measured wind speed data  

Five-minute interval wind speed, measured at a height of 10 m at three sites in South 

Africa from 1 January 2019 to 31 December 2019, is used in this study. To develop the 

power produced by WPGs with wind turbines that have a 100 m hub height, the wind 

speed is converted to a height of 100 m using the power exponent formula shown below 

in equation (6.1). Table 6.1 shows the measured wind speed range at a height of 100 

m. 

𝑣2 = 𝑣1 (
ℎ2

ℎ1
)

𝛼

                    (6.1) 

where 𝑣1 is height ℎ1 wind speed, 𝑣2 is height ℎ2 wind speed, and the wind speed shear 

exponent is 𝛼.  
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Table 6.1: Wind speed range 

 

6.2.2.  Wind speed modelling using distribution functions 

The parametric Gumbel, Weibull, Wakeby, Rayleigh, Kappa, and the non-parametric 

LDE and KDE are used to model the wind speed. The fitted Gumbel, Weibull, Wakeby, 

Rayleigh, and Kappa parameters are shown in Tables 6.2 to 6.6, respectively. 

Table 6.2: Gumbel parameters 

 

Table 6.3: Weibull parameters 

 

Table 6.4: Wakeby parameters 

 

Table 6.5: Rayleigh parameters 

 

Table 6.6: Kappa parameters 

 

 

Figure 6.1 shows the three sites’ wind speed density plots fitted with the distribution 

functions. The three sites have a unimodal wind speed density because it has a single 

peak. The Gumbel, Weibull, Wakeby, Rayleigh, and Kappa model the unimodal wind 
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speed density because they have a single peak. Also, the KDE and the LDE model the 

unimodal wind speed density because they use Gaussian kernels and basis-splines (B-

splines), respectively, which can fit densities with a single peak. 

 

Figure 6.1: PDF modelled wind speed: (a) site 1, (b) site 2, (c) site 3 

6.2.3.  Wind speed spatial correlation 

Table 6.7 shows the three sites Kendall’s tau correlation coefficients. The wind speed’s 

spatial correlation is assessed to determine whether the modelled wind speed maintains 

the measured wind speed’s spatial dependency. The spatial correlation of the measured 

and modelled wind speed between sites 1 and 2, sites 1 and 3, and sites 2 and 3 is 

similar. This shows that the modelled wind speed maintains the measured wind speed’s 

spatial dependency. 

Table 6.7: Wind speed spatial correlation 

 

6.2.4.  Distribution functions fit to wind speed 

Figure 6.2 shows the empirical cumulative distribution functions (ECDFs) of the 

measured wind speed as well as the fitted Gumbel, Weibull, Wakeby, Rayleigh, Kappa, 

KDE, and LDE cumulative distribution functions (CDFs). The measured and modelled 
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wind speed ECDFs and CDFs, respectively, at the three sites have similar shapes. 

However, the fitted distribution functions CDFs are closer to the measured wind speeds’ 

ECDFs at higher wind speeds than they are at lower wind speeds. This indicates that 

the distribution functions fit higher wind speeds better than they do lower wind speeds.  

 

Figure 6.2: CDF modelled wind speed: (a) site 1, (b) site 2, (c) site 3 

 

Tables 6.8 and 6.9 show the root mean square error (RMSE) and the mean absolute 

error (MAE) of the distribution functions fitted to the wind speed data, respectively. The 

results show that the KDE, followed by the LDE, has the best fit when modelling the wind 

speed at the three sites. The Wakeby and Kappa have the third-best and fourth-best fit, 

respectively, when modelling wind speed at sites 1 and 3. However, the Kappa and the 

Wakeby have the third-best and fourth-best fit, respectively, when modelling wind speed 

at site 2. The Gumbel, Weibull, and Rayleigh have the fifth-best to seventh-best fit, 

respectively, to wind speed at site 1. At site 2, the Gumbel, Rayleigh, and Weibull have 

the fifth-best to seventh-best fit, respectively, to wind speed. However, at site 3, the 

Rayleigh, Gumbel, and Weibull have the fifth-best to seventh-best fit, respectively, to 

wind speed.  

Table 6.8: RMSE of distribution functions fitted to wind speed 

 

Table 6.9: MAE of distribution functions fitted to wind speed 
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6.2.5.  Wind speed range synthesis 

Table 6.10 shows the wind speed range synthesised by the fitted Gumbel, Weibull, 

Wakeby, Rayleigh, Kappa, KDE, and LDE. At each site, the distribution functions 

synthesise different low and high wind speed values. This is because the distribution 

functions have different lower and upper tails that limit the low and high synthesised wind 

speed values. In Tables 6.1 and 6.10, comparing the low and high wind speeds from the 

measured and synthesised data, respectively, indicates that some of the distribution 

functions do not sythesise the three sites’ wind speed range. At the three sites, only the 

Weibull and the KDE synthesise low and high wind speeds. At site 2, the Rayleigh 

synthesises only maximum wind speed because its upper tail extends to the site’s 

maximum wind speed. However, the Rayleigh synthesises negative low wind speed at 

the three sites. The Gumbel synthesises maximum wind speed at the three sites, 

however, it also synthesises negative low wind speed. The synthesis of negative wind 

speed by the Rayleigh and the Gumbel indicates that they do not model low wind speed 

at the three sites because the low wind speed should be positive, as shown in Table 6.1. 

The Wakeby synthesises low wind speed at sites 1 and 2, while at site 3 it synthesises 

maximum wind speed only. The Kappa synthesises the wind speed range at site 3, while 

it does not synthesise both low and high wind speed at site 1, and at site 2 it synthesises 

low wind speed only. The LDE synthesises the wind speed range at sites 2 and 3, and 

at site 1 it synthesises low wind speed only. The ability of the distribution functions to 

synthesise the wind speed range is due to their lower and upper tails extending to low 

and high wind speed values at the three sites.  

Table 6.10: Synthesised wind speed ranges 

 



 

 

Page 47 of 81 

6.3. Wind power generation impact on transient stability 

6.3.1  Power produced by wind power generators 

Three WPGs are integrated into the IEEE 9-bus test system at buses 5, 6, and 8, as 

shown in Figure 4.1. The variable power produced by the WPGs at buses 5, 6, and 8 is 

developed using the sites 1, 2, and 3 wind speed, respectively. The wind speed is 

converted to the power produced by the WPGs using the Enercon E-82 E2, 2.05 MW 

wind turbine power curve shown in Figure 6.3. The Weibull CDF is used to model the 

shape of the Enercon wind turbine power curve. The fitted Weibull CDF has a shape 

and scale parameter of 4.081 and 9.097, respectively. The variable power produced by 

each of the three WPGs is modelled by converting the measured and modelled variable 

wind speed at the WPGs’ locations to power using the fitted Weibull CDF. 

 

Figure 6.3: Wind turbine power curve modelling 

6.3.2.  Wind power generation production sample size  

Monte-Carlo Simulations is used to randomly sample 5000 samples from each of the 

WPGs’ active power values developed using measured and modelled wind speed. 

Figures 6.4 to 6.6 show the sampled WPGs 1, 2 and 3 normalised turbine power 
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production moving means, respectively. The law of large numbers given by equation 

(3.17) is used to determine the required sample size, which is quantified based on the 

number of samples required for the normalised turbine power production moving mean 

to stabilise. About 2787 samples are required for the normalised turbine power 

production moving means of WPGs 1 and 2 to stabilise, while about 4180 samples are 

required for WPG 3’s normalised turbine power production moving mean to stabilise. A 

minimum of about 4180 samples is required to ensure that each of the WPGs’ 

normalised turbine power production moving means stabilise. In this study, the 

probabilistic method is used to assess power system transient stability using 5000 

samples of the power produced by the three WPGs.  

 

Figure 6.4: WPG 1 normalised power production moving mean 

 

Figure 6.5: WPG 2 normalised power production moving mean 
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Figure 6.6: WPG 3 normalised power production moving mean 

6.3.3.  Wind power generation impact on transient stability  

For each of the 5000 power production samples for WPGs 1, 2, and 3, probabilistic 

studies are performed to investigate their impact on the IEEE 9-bus test system’s 

transient stability. The test system’s transient stability is investigated by applying three-

phase faults sequentially on line 6-9 and line 8-9, close to bus 9. During the analysis, 

Gen 3’s rotor angle deviations are monitored. Figure 6.7 shows Gen 3’s maximum rotor 

angle deviation ECDFs. The results show that developing the power produced by the 

WPGs using the measured and modelled wind speed produces Gen 3’s maximum rotor 

angle ECDFs with similar shapes. 

 

Figure 6.7: Gen 3 maximum rotor angle deviation ECDFs owing to wind power generation 
variability when faults were applied close to bus 9 on: (a) line 6-9, (b) line 8-9 
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Tables 6.11 and 6.12 show the respective RMSE and MAE results that compare Gen 

3’s maximum rotor angle deviation ECDFs obtained using measured and modelled wind 

speed. The results show that wind speed modelled by the KDE, LDE and Kappa results 

in Gen 3’s maximum rotor angle deviation ECDFs with the best, second-best, and third-

best RMSE and MAE, respectively.  

Table 6.11: Gen 3 maximum rotor angle deviation ECDFs RMSE owing to modelled power 

 

Table 6.12: Gen 3 maximum rotor angle deviation ECDFs MAE owing to modelled power 

 

 

Figures 6.8 to 6.10 show the reactive power injected by the WPGs during system faults 

when the power they produce is developed using measured wind speed and wind speed 

modelled by the KDE and LDE, respectively. The diagrams of the reactive power injected 

by the WPGs when the power they produce is modelled using the Gumbel, Weibull, 

Wakeby, Rayleigh, and Kappa are shown in Appendix B. It can be seen that during the 

faults, the WPGs inject reactive power to support the test system’s voltages. Once the 

applied faults are isolated, the WPGs reduce the reactive power they inject into the test 

system. 
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Figure 6.8: WPGs’ reactive power injection with power production developed using measured 
wind speed: (a) WPG1 reactive power with the fault applied on line 6-9, (b) WPG1 reactive power 
with the fault applied on line 8-9, (c) WPG2 reactive power with the fault applied on line 6-9, (d) 
WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 reactive power with the fault 

applied on line 6-9, and (f) WPG3 reactive power with the fault applied on line 8-9 
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Figure 6.9: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the KDE distribution function: (a) WPG1 reactive power with the fault applied on line 
6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with the 

fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 
reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 

applied on line 8-9 
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Figure 6.10: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the LDE distribution function: (a) WPG1 reactive power with the fault applied on line 
6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with the 

fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 
reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 

applied on line 8-9 

6.4. Discussion of results 

In section 6.2, wind speed from three South Africa measurements sites is modelled using 

the Gumbel, Weibull, Wakeby, Rayleigh, Kappa, LDE and KDE. The results in Table 6.7 

show that modelling the wind speed using the distribution functions preserves the spatial 

correlation of the measured wind speed at the three sites. The results in Tables 6.8 and 

6.9 show that distribution functions such as the KDE and the LDE, whose shapes are 

not defined by parameters, fit wind speed density better than distribution functions such 

as the Gumbel, Weibull, Wakeby, Rayleigh, and Kappa, whose shapes are defined by 

parameters. Unlike distributions functions that have parameters, those without 

parameters do not have a limitation on the wind speed density shapes they can model. 
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A comparison of Tables 6.1 and 6.10 shows that only the KDE and Weibull model the 

wind speed range at the three sites. The Gumbel, Wakeby, Rayleigh, Kappa, and LDE 

do not synthesise low and high wind speed values at all the sites. These findings 

highlight the importance of assessing the distribution functions’ wind speed range 

modelling ability. As a result, selecting distribution functions based on their fit only does 

not ensure that they also synthesise the wind speed range.  

 

In section 6.3, the impact of the variable power produced by WPGs on the IEEE 9-bus 

test system’s transient stability is assessed. The variable power produced by the WPGs 

is developed using the measured and modelled wind speed. The results in Tables 6.11 

and 6.12 show that wind speed modelled by distribution functions such as the KDE and 

the LDE cause the power system to have similar transient stability to that observed when 

measured wind speed is used. However, distribution functions such as the Gumbel, 

Weibull, Wakeby, Rayleigh, and Kappa result in the power system transient stability 

being dissimilar to that observed when measured wind speed is used. This is because 

the KDE and the LDE fit the wind speed density better than the Gumbel, Weibull, 

Wakeby, Rayleigh, and Kappa. This shows that the KDE and the LDE are good 

candidates for modelling wind speed density. 

6.5. Summary  

In this chapter, wind speed variability from three sites was modelled using seven 

distribution functions consisting of the Gumbel, Weibull, Wakeby, Rayleigh, Kappa, KDE, 

and LDE. The distribution functions were assessed on the basis of their fit and wind 

speed range modelling ability at each site. The wind speed was converted to the power 

produced by three WPGs located in the IEEE 9-bus test system. The Enercon E-82 E2, 

2.05 MW wind turbine power curve was used to convert the wind speed to power 

produced by the WPGs. It was found that the KDE and the LDE have the best fit to wind 

speed. It was also found that some of the distribution functions such as the Gumbel, 

Wakeby, Rayleigh, Kappa, and LDE, did not synthesise low and high wind speed values 

at all the sites. Investigating the impact of the variable power produced by the WPGs on 

the transient stability of the IEEE 9-bus test system showed that wind speed modelled 

using the KDE and the LDE caused the system to have similar transient stability as those 

produced when measured wind speed was used. 
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CHAPTER 7: TRANSIENT STABILITY ASSESSMENT USING 

THE DETERMINISTIC AND PROBABILISTIC METHODS   

7.1. Introduction 

In the previous chapter, wind speed variability from three South African wind speed 

measurement sites was modelled using seven distribution functions. The wind speed 

was then used to develop the variable power produced by three wind power generators 

(WPGs) integrated into the IEEE 9-bus test system. Furthermore, the impact of the 

power produced by the WPGs on the test system’s transient stability was then assessed. 

In this chapter, power system transient stability is assessed using the deterministic and 

probabilistic methods. The two methods are used to investigate the impact of increasing 

the load and varying the power produced by WPGs on the transient stability of the IEEE 

9-bus test system. 

7.2. Deterministic power system transient stability 

7.2.1  Deterministic method power system scenarios 

The deterministic analysis of transient stability entails developing a few power system 

operating conditions which are then used to assess stability. The deterministic 

assessment of the IEEE 9-bus test system’s transient stability is performed using the 

scenarios shown in Table 7.1. Overall, nine scenarios are developed for the study. 

Scenarios 1 to 3, 4 to 6, and 7 to 9 represent the low, moderate, and peak system loading 

conditions, respectively. During the low, moderate, and peak system loading conditions, 

the total system load is set to 20%, 60%, and 100%, respectively, of peak system 

demand. During each of the three system loading conditions developed, the power 

produced by the three WPGs is also set to 20%, 60%, and 100%, of their peak 

generation capacity. This is done to develop power system operating conditions with 

different wind power generation penetration levels and system net-loading conditions. 

The developed power system operating conditions are used to assess the impact of wind 

power generation penetration levels and system net-loading on power system transient 

stability. 
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Table 7.1: Study scenarios 

 

 

Figure 7.1 shows the resulting wind power generation penetration levels and system net-

load for each of the nine scenarios developed. The wind power generation penetration 

level and the system net-load for each scenario are quantified using equations (3.18) 

and (3.19), respectively. The wind power generation penetration level is maximum when 

the total system load is low, while the power produced by the WPGs is high. The inverse 

is true for the low wind power generation penetration level. Scenario 3 has the highest 

wind power generation penetration level (48.81%) because the total system load is at 

20% of peak demand, while the power produced by the WPGs is at 100% of their 

generation capacity. On the other hand, scenario 7 has the lowest wind power 

generation penetration level (1.95%) because the total system load is at 100% of its 

peak demand, while the power produced by the WPGs is at 20% of their generation 

capacity. Scenarios 1, 5, and 9 each have a wind power generation penetration level of 

9.76%. This indicates that different power system operating conditions with different 

loading conditions and wind power generation power production conditions can produce 

similar wind power generation penetration levels. This is because the penetration level, 

as seen in equation (3.18), is based on the ratio between the total system load and the 

total power produced by WPGs in a power system. 

 

It can also be seen in Figure 7.1 that Scenario 3, which has the highest wind power 

generation penetration level (48.81%), results in a system net-load of 32 MW. On the 

other hand, scenario 7, which has the lowest wind power generation penetration level 

(1.95%) has a system net-load of 309 MW. This shows that the system net-load reduces 

when the wind power generation penetration level increases. This is because a larger 
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proportion of the system load is supplied by the WPGs when the power they produce 

increases.  

 

Figure 7.1: Wind power generation penetration level and system net-load 

7.2.2  Deterministic power system transient stability results 

The IEEE 9-bus test system’s transient stability is assessed by applying three-phase 

faults sequentially on line 6-9 and on line 8-9, close to bus 9. Table 7.2 shows the study’s 

results. During low (scenarios 1 to 3), moderate (scenarios 4 to 6) and maximum 

(scenarios 7 to 9) system loading conditions, increasing the power produced by the 

WPGs increases the wind power generation penetration level and reduces the system 

net-load. In scenarios 1 to 3, the wind power generation penetration level increases from 

9.76% to 48.81%, while the system net-load reduces from 57 MW to 32 MW. In scenarios 

4 to 6, the wind power generation penetration level increases from 3.25% to 16.27%, 

while the system net-load reduces from 183 MW to 158 MW. Also, in scenarios 7 to 9, 

the wind power generation penetration level increases from 1.95% to 9.76%, while the 

system net-load reduces from 309 MW to 284 MW. The reduction in the system net-load 

results in Gen 3’s maximum rotor angle deviations increasing, thereby reducing the 

system’s transient stability. 
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Table 7.2: WPGs penetration levels, system net-load, and Gen 3 maximum rotor angle deviations  

 

 

Referring to Table 7.2, it can also be seen that reducing the system load, while 

maintaining the power produced by the WPGs constant (scenarios 7, 4, and 1, scenarios 

8, 5, and 2, and scenarios 9, 6, and 3), results in Gen 3’s maximum rotor angle deviations 

increasing. In scenarios 7, 4, and 1, the wind power generation penetration level 

increases from 1.95% to 9.76%, and the system net-load reduces from 309 MW to 57 

MW. In scenarios 8, 5, and 2, the wind power generation penetration level increases 

from 5.86% to 29.29%, and the system net-load reduces from 297 MW to 45 MW. Also, 

in scenarios 9, 6, and 3, the wind power generation penetration level increases from 

9.76% to 48.81%, and the system net-load reduces from 284 MW to 32 MW. These 

results show that increasing the wind power generation penetration level reduces the 

system’s net-load, resulting in reduced transient stability. 

 

In Table 7.2, scenarios 1, 5, and 9 have a wind power generation penetration level of 

9.76%. However, the same scenarios have system net-loads of 57 MW, 171 MW, and 

284 MW, respectively. Also, among the three scenarios, scenario 9 has the lowest Gen 

3 maximum rotor angle deviations, followed by scenario 5 and then scenario 1. These 

results show that power system operating conditions with similar wind power generation 

penetration levels can result in different transient stability. The results also show that the 

reduction in the power system’s net-load results in reduced power system transient 

stability. 
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7.3. Probabilistic power system transient stability 

7.3.1  Probabilistic method power system scenarios 

The probabilistic assessment of power system transient stability is conducted using 

numerous samples of power produced by the three WPGs integrated into the IEEE 9-

bus test system. The system load, like in section 7.2 where the deterministic method is 

used, is maintained at 20%, 60%, and 100% of peak demand to model low, moderate, 

and peak loading conditions, respectively. The 5000 samples of power developed for 

the three WPGs from measured wind speed in Chapter 6 are used in this investigation. 

The numerous power system operating conditions are developed to create system 

operating conditions with various wind power generation penetration levels and system 

net-loading. They are used to assess the impact of varying levels of wind power 

generation penetration and varying system net-loading on transient stability. For each of 

the three loading conditions and the 5000 samples of power produced by the WPGs, 

probabilistic studies are performed to assess the IEEE 9-bus test system’s transient 

stability. Three-phase faults are applied sequentially on line 6-9 and line 8-9, close to 

bus 9, and Gen 3’s maximum rotor angle deviations are monitored. 

7.3.2  Probabilistic power system transient stability results 

Figures 7.2 and 7.3 show scatter plots of the wind power generation penetration level 

against Gen 3’s maximum rotor angle deviations when faults are applied on line 6-9 and 

line 8-9, respectively, during low, moderate, and peak system loading conditions. The 

wind power generation penetration level is quantified using equation (3.18). When faults 

are applied on line 6-9, Gen 3’s maximum rotor angle deviations range between 86.520 

and 95.770 during low system loading conditions. During moderate system loading 

conditions, Gen 3’s maximum rotor angle deviations range between 41.610 and 50.950, 

and they range between 2.820 and 9.910 during peak system loading conditions. When 

faults are applied on line 8-9, Gen 3’s maximum rotor angle deviations range between 

82.610 and 90.600 during low system loading conditions. During moderate system 

loading conditions, Gen 3’s maximum rotor angle deviations range between 44.270 and 

51.900, and they range between 16.750 and 21.300 during peak system loading 
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conditions. These results show that increasing the system load reduces Gen 3’s 

maximum rotor angular deviations, thereby improving the power system’s transient 

stability. Also, in Figures 7.2 and 7.3 there is a directly proportional relationship between 

the wind power penetration level and Gen 3’s maximum rotor angle deviations. These 

results show that increasing the penetration level of WPGs in a power system reduces 

the system’s transient stability. 

 

Figure 7.2: Scatter plots of the penetration level of WPGs against Gen 3 maximum rotor angle 
deviations when faults were applied on line 6-9: (a) low system loading, (b) moderate system 

loading, (c) peak system loading 

 

Figure 7.3: Scatter plots of the penetration level of WPGs against Gen 3 maximum rotor angle 
deviations when faults were applied on line 8-9: (a) low system loading, (b) moderate system 

loading, (c) peak system loading 
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Figures 7.4 and 7.5 show scatter plots of the system’s net-load against Gen 3’s 

maximum rotor angle deviations when faults are applied on line 6-9 and line 8-9, 

respectively, during low, moderate, and peak system loading conditions. Equation (3.19) 

is used to quantify the system net-load. When the system load increases from low to 

peak loading conditions, the system’s net-load also increases. It can also be seen that 

there is an inversely proportional relationship between the system net-load and Gen 3’s 

maximum rotor angle deviations. These results show that the power system’s transient 

stability reduces because of the reduction in the system’s net-load caused by the 

increased power produced by the WPGs.  

 

Figure 7.4: Scatter plot of the system net-load against Gen 3’s maximum rotor angle deviations 
when faults were applied on line 6-9 during: (a) low system loading, (b) moderate system 

loading, (c) peak system loading 

 

Figure 7.5: Scatter plot of the system net-load against Gen 3’s maximum rotor angle deviations 
when faults were applied on line 8-9 during: (a) low system loading, (b) moderate system 

loading, (c) peak system loading 
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7.4. Discussion of results  

In section 7.2, the transient stability of the IEEE 9-bus test system is assessed using the 

deterministic method. The power system’s stability is assessed using nine scenarios of 

load and power produced by the WPGs. In section 7.3, the probabilistic method is used 

to assess the transient stability of the IEEE 9-bus test system. The power system’s 

transient stability is assessed using three system loading conditions and 5000 scenarios 

of power produced by the WPGs.  

 

Table 7.2, and Figures 7.2 and 7.3 show that when using the deterministic and 

probabilistic methods, respectively, when the load is increased, Gen 3’s maximum rotor 

angle deviations reduce when faults are applied. This indicates that increasing the 

system load improves power system transient stability. These results show that when 

assessing the transient stability of a power system with integrated WPGs, the system’s 

low loading conditions should be used as they result in the worst system operating 

conditions for transient stability. It can also be seen in Table 7.2, and Figures 7.2 and 

7.3 that increasing the wind power generation penetration level increases Gen 3’s 

maximum rotor angle deviations. These results indicate that the power system’s 

transient stability reduces when the wind power generation penetration level increases. 

 

Table 7.2, and Figures 7.4 and 7.5 show that when using the deterministic and 

probabilistic methods, respectively, reducing the system’s net-load results in increasing 

Gen 3’s maximum rotor angle deviations, thus reducing the power system’s transient 

stability. The system’s net-load reduces when the power produced by the WPGs 

increases. Increasing the power produced by the WPGs results in a larger proportion of 

the system load being supplied by the WPGs, causing the system’s net-load to reduce. 

These results show that when assessing the transient stability of a power system 

integrating WPGs, scenarios in which the system net-load is low should be used since 

they result in the worst system operating conditions for transient stability. 

 



 

 

Page 63 of 81 

7.5. Summary 

In this chapter, the impact of the variable power produced by WPGs on the transient 

stability of the IEEE 9-bus test system was assessed using the deterministic and 

probabilistic methods. When using the deterministic and probabilistic methods, three 

system loading conditions were assessed, namely, low, moderate, and peak loading. 

Also, when using the deterministic method, three wind power generation scenarios were 

investigated, and 5000 wind power generation scenarios were investigated when using 

the probabilistic method. When using both methods, it was found that increasing the 

system load improved power system transient stability. It was also found that increasing 

the penetration level of WPGs reduced the system’s net-load, causing the power system 

to operate closer to transient instability. 
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CHAPTER 8: CONCLUSION  

8.1. Research conclusion 

In this research, load and wind speed variability modelling using distribution functions 

has been presented. The distribution functions were selected based on their fit and their 

ability to model the data range. Also, the transient stability of a power system integrating 

fully-rated converter wind power generators (WPGs) was investigated using 

deterministic and probabilistic methods. The load and wind speed variability were 

modelled using seven distribution functions each. The load was modelled using the 

parametric Gaussian, Rayleigh, Wakeby, Kappa and Gaussian Mixture Model (GMM), 

and the non-parametric Kernel density estimation (KDE) and Logspline density 

estimation (LDE). While the wind speed was modelled using the parametric Rayleigh, 

Weibull, Wakeby, Gumbel and Kappa, and the non-parametric KDE and LDE. It was 

found that only the KDE and LDE had a good fit and modelled the load range for all the 

loads. It was also found that only the Weibull and KDE modelled the wind speed range 

at all the sites. However, only the KDE and LDE had a good fit to the wind speed at all 

the sites. These findings show that not all distribution functions can synthesise the range 

of the data they are modelling. Based on these findings, distribution functions should be 

selected based on their fit and their ability to model the data range to ensure that they 

can synthesise both low and high values. In this research, the distribution functions’ 

ability to synthesise the data range ensures that the load they synthesise can model low 

and high power system loading conditions. It also ensures that the wind speed they 

synthesise when converted to the power produced by WPGs can model low and high 

power production conditions.   

 

In addition to selecting distribution functions for modelling purposes, the impact of the 

modelled load and wind speed on the IEEE 9-bus test system’s transient stability was 

assessed. The power produced by WPGs integrated into the test system was developed 

using the wind speed. It was found that the load modelled using the KDE and the LDE 

produced transient stability results that were similar to those produced when measured 

load was used. It was also found that wind speed modelled using the KDE and LDE 

resulted in the WPGs producing power that caused the test system to have similar 
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transient stability results to those produced when measured wind speed was used. 

These results show that the KDE and the LDE can be used to model load and wind 

speed variability in power systems integrating WPGs. This finding highlight that when 

modelling load and wind speed variability, in addition to the commonly used distribution 

functions, the KDE and LDE should also be considered because the data they 

synthesise can result in similar power system transient stability results as those 

produced when measured load and wind speed are used.  

 

Furthermore, the deterministic and probabilistic methods were used to investigate the 

impact of the variable power produced by fully-rated converter WPGs on the transient 

stability of the IEEE 9-bus test system. Using both methods, it was found that when the 

system load increased, the power system’s transient stability improved. An increase in 

power system load improves transient stability because synchronous generation 

operates with a larger margin to instability than when system load reduces. It was also 

found that when the power produced by WPGs increased, the power system’s net-load 

reduced, and this resulted in the power system’s transient stability also reducing. A low 

system net-load reduces transient stability because synchronous generation operates 

with a reduced margin to instability than when the system net-load is larger. These 

findings highlight the fact that the transient stability of power systems integrating WPGs 

should be studied using scenarios in which the power produced by WPGs is high, during 

periods when the system load is low. These scenarios can result in low system net-

loading, causing synchronous generators to operate closer to transient instability, 

thereby increasing the risk the power system becomes transiently unstable should faults 

occur in the system. 

8.2. Future research 

It is recommended that future research investigate why a power system operates closer 

to transient instability when its net-load reduces because of the increased power 

produced by WPGs.  Also, it is recommended that future research investigates system 

loading and wind power generation conditions that increase the risk of power system 

small-signal, voltage, and frequency instability. 
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APPENDIX A: IEEE 9-BUS TEST SYSTEM PARAMETERS 

Table A.1: IEEE 9-bus test system synchronous generator GENROU dynamic model data 

 

Table A.2: IEEE 9-bus test system synchronous generator IEEET1 exciter model data 
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Table A.3: IEEE 9-bus test system synchronous generator BPA_GG governor system model data 
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APPENDIX B: WIND POWER GENERATORS’ REACTIVE 

POWER RESPONSE DURING SYSTEM FAULTS 

 

Figure B1: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the Weibull distribution function: (a) WPG1 reactive power with the fault applied on 
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with 
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 
applied on line 8-9 
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Figure B2: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the Rayleigh distribution function: (a) WPG1 reactive power with the fault applied on 
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with 
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 
applied on line 8-9 
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Figure B3: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the Gumbel distribution function: (a) WPG1 reactive power with the fault applied on 
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with 
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 
applied on line 8-9 
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Figure B4: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the Wakeby distribution function: (a) WPG1 reactive power with the fault applied on 
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with 
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 
applied on line 8-9 
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Figure B5: WPGs’ reactive power injection with power production developed using wind speed 
modelled by the Kappa distribution function: (a) WPG1 reactive power with the fault applied on 

line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with 
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault 
applied on line 8-9 

 

 

 

 

 

 

 




