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Abstract:

The power system inertia immediately following small and large system
disturbances was investigated. By understanding factors affecting the system
inertia and primary frequency response behaviour, an online inertia model was
developed. Historical data was extracted from the Eskom Energy Management
System (EMS) and Wide Area Monitoring System (WAMS). The developed
model using Multivariate Analysis (MVA) includes measured and estimated data
from Eskom generators, Renewable Energy Sources (RESs) and the
interconnected Southern African Power Pool (SAPP). Inertia plus Fast Primary
(Frequency) Response (FPR) (as determined by the load behaviour) and system
inertia models were developed from June 2015-December 2016 and validated
with past frequency disturbance events (June 2014-March 2017). From the
comparison between the measured and model results for 355 actual disturbances,
225 disturbances resulted in errors within £5% and 51 events resulted in errors
between 5% and *10%. Eight disturbances caused errors greater than +10%,
which were largely from trips at particular large power stations and HVDC.
During a large disturbance, the multivariate coefficients for Renewable Energy
Sources, HVDC and interconnectors were very small for the pure inertia model
(excluding the load frequency behaviour and the generator damping). In contrast,
the spinning reserve provides significant contribution and is location based. The
location of a disturbance affects the FPR behaviour and the system inertia but not
the Rate of Change of Frequency (RoCoF) with reference to the central power
station. The strong and weak areas with respect of the stiffness of the system
(extent of frequency nadir for particular disturbances) were identified. This can
contribute to future grid planning and real-time operations in managing the system
inertia and primary frequency response. The model is expected to improve with
time, as the accuracy of a statistical approach requires large amounts of data. The
model can be used to determine and monitor the maximum level of RES in real-
time.

Key words — Correlation, Frequency Stability, Inertia, Multivariate Analysis
(MVA), Renewable Energy Sources (RES), System Operator (SO), Swing

Equation, Situational Awareness (SA), Spinning reserve



Dedication

I dedicate this research project to my beloved country, South Africa.



Acknowledgements

I would like to thank the following people for all their effort, motivation, and

support during this study:

First, I would like to thank my late parents for their love and support. Without
their encouragement, I would have never given myself the chance to continue
my education - you are missed;

To my supervisor Dr John Van Coller for his guidance and assistance
throughout this research, and his encouraging words allowing me to complete
these studies;

To my colleagues of the Eskom System Operator, I thank them for their
companionship and for providing a friendly working atmosphere. Special
thanks to Gav Hurford for his continued support and mentorship from the day
I joined System Operator until to-date. You are my role model.

To my father in power system’s operation and control, Riaan Viljoen. Thank
you for believing in me and sharing your life skills and power system
experience.

To my best friend, Kgopotso Mathole, you have been there for me since early
childhood in primary school grade one, through university and until today. No
words can express my sincere gratitude towards your support, advise and
unconditional love; Thanks also for introducing me to Multivariate Analysis.
Lastly, to my wife Kefuoe and my three beautiful girls, Okuhle, Lethukwazi
and Nokukhanya. Thank you for allowing me the time to complete my
studies. I know I neglected you by putting my studies and career at Eskom

first. I promise I will make up for the time lost.



Table of Contents

1. INTRODUCTION ....cciiiiiiiiiiiiiiiici it 1
1.1 General INtroOdUCHION ....cc.vviiiiieiiiie e 1
1.2 GLOSSATY ettt 2
1.3 Background.........cocooiiiiiiiii e 4
1.3.1 Generation dispatch to meet the demand and evolving generation pattern..... 7
1.3.2 REGUIALOT .....teiiiiie ettt ettt e st e s sae e e sabeeenes 8
1.3.3 Sustained lower economic growth ..........coceviiiiiiiiiniinin e, 9
1.3.4 Evolving customers and teChnologies..........cceeerereenireenienineeneseeeseeeens 10
1.3.5 System inertia and load balanCing..........coceeeveeeriieiniiiriniiee e 13
1.4 Problem Statement........c.ceciiriiiiiiiiiiiiiii i 15
1.5 Research QUESHIONS ......vviieiiiieeeiiieee et e et e e e e s e e e s sire e e e s abae e e e nnbaeeesareeas 16
1.6 The research report SIUCLULE. ......c.evveeeirririeeiinrieee et 17
1.7 CONCIUSION .ttt ettt sttt be e bt e s aee e s 18

2. POWER SYSTEM FREQUENCY STABILITY AND SYSTEM INERTIA............. 21
2.1 INtrodUCTION . ...uiiiiiiiii i 21
2.2 GLOSSATY .ttt 21
2.3 Power SyStem StaDIlity ......ccecieiuieiiiiiiiie e 22
2.4  Frequency Staged Response following a generator 0SS .........cceveereeeneeneennnen. 24
2.4.1 Electromagnetic Energy Storage Stage........ccccevveervveeeneeeriieeeneeenireessieeesiveens 25
2.4.2 Inertial RESPONSE.....ccevuiiirieeiiiiieiiie sttt e s e e saree s 25
243 SECONAATY TESPOMSE.....veeurreeireerreiesiteesieesreeesireesbeeesseeesbeeessreesnreesaneeesaneesane 25
2.5  Estimation of the system Inertia Constant, H.........cccoceriiiiiiiinninineicee, 26
2.6 Estimation of the system Inertia Constant using transients ...........c.ccceceeeeeeneen. 27
2.6.1 Swing Equation of a synchronous machine without Damping Torque......... 28
2.6.2 Swing Equation of a synchronous machine with damping torque................ 31
2.6.3 Swing Equation of a synchronous machine with damping torque plus FPR 32
2.7 Offline system inertia calculation tOOIS ..........cceveerierieriiirieeieeseeseesee e 34
2.8 Real-time monitoring of SyStem INErtia ........ccceveereereeriierieeiieeeseesee e 35
2.9 CONCIUSION .titiieiiee ettt ettt ettt et e sttt e st e s bt e e sabeesbeeesateesbeeesareens 37

3. MULTIVARIATE ANALYSIS ..ottt 39
3.1 INEEOAUCTION ...ttt s 39
3.2 First-order linear MOdel ..........coceeiiiiiiiiiiiiiieeeee e 39
3.2.1 Estimating the coefficients for a single independent variable....................... 40



322 Sum of Squared Errors (SEE) .....eoiiiiiiiiiieeee e 41

3.2.3 Standard Error of Estimate (SEE)........cccooviiiiiiiiii e 42
324 ONE-tAI] tESL..uiviiviiiiiiiticie e 43
3.2.5 Coefficient of Determination (R2)......cccccverieerieerieesierireenreeseeseeseeseessseessees 44
3.3 MUItIPle REZIESSION ...veviuviiiiiieeiieeriiee sttt et ettt e site e sbee b e sateesbeeesaree s 45
3.3.1 Multiple Regression Standard Error of ESmate ..........ccecevvrveneneeceneneens 46
332 Testing the slope of a COETfiCIent ........cecveviieeiiriecie e 46
333 F SEAtISHIC LEST.viuiiuriiiiiiiiiiiiicicit st 46
334 MulticOllINEATILY [29] . .ceeiieeiiieiiiieiiie ettt et e e e saree s 47
34  Assessing the model.........ccoociiiiiiiiiiiiii 47
3.5 Regression variables .........coiveeiiirieniieesecee e 48
3.6  Regression summary results table desCTiption .........cocveeereeeenirieerinencenenens 48
. GATHERING, FILTERING AND MEASURING POWER SYSTEM
DISTURBANCES DATA ...ttt 51
4.1 INtrOdUCTION . ..cuiiiiiiiic i 51
4.2 GLOSSATY .uvetiiiieeiie ettt ettt ettt ettt ettt sa e st e bt e et e s be e sabe e sabeeenabeesbeeenes 51
4.3 Data accuracy factors affecting the system inertia..........c.cccecevverceereneecenenens 51
4.4  Frequency incident data collection and StOrage ............ceceevveenueeneeneeneenieeneens 52
4.5 Frequency disturbance by type in ESKOM .......ccccoviiiviiiiiiiiiniiiiicieceiecen 53
4.5.1 0SS Of @ GENETALOT ..ccuviiiiiieeiieesiiee ettt et e s ba e e saeee s 53
452 L08S Of 1arge 10ad.........ooiieeiiiiiiiiiie e 54
453 Loss of a tranSmiSSion CIFCUIL........cevveriueeriierieesiie ettt 54
454 International INCIAENES .......cc.eeriiriiriieiieee e 54

45.5 Demand Side Management (DSM) and Instantaneous Demand Response
(IDR) 54

4.6  Data sSampling rat€ ACCUTACY ...cveerrurrerieeriieeenireeriieeesreesreessteeesseessseessseeessseesnn 56
4.7 Moving Average and Detrended Fluctuation Analysis (DFA) methods........... 57
. MODEL DEVELOPMENT AND DEFINITION OF VARIABLES............ccccceeune.. 61
5.1 INEEOAUCTION ...ttt et 61
5.2 Model development Plan.........ccceceeriiriiniiniieeeee e 61
5.3  Inertia with FPR dependent variables ..........ccccooveinieniiniiiiiiiicecnecneeceeeen 64
5.4  Independent variables .........ccccocieiiiiiiiiiniieieee s 64
54.1 Sum of individual generator moments Of INErtia.........ccoverveerreeereeneeneennenne 65
542 SAPP simplified inertia contribution from tielines ...........cccceeveereereeneennnen. 66
543 Independent Power Producers...........cccvevieiiiiiiiiiniicniceceeeceeeeeeee 68

Vi



544 Stiffness of the SYSeM .....ccoeiiiiiiiiiii e 68

. THE ROCOF MODEL .....ccociiiiiiitiiieiteiete ettt sttt st 73
6.1 INEOAUCTION ....eeiieiiceie e 73
6.2  Disturbance location and frequency measurement POints.........cceecveerveerrueeennne 73

6.3 Relationship between the RoCoF, system inertia and asynchronous generation
sources75

6.4  Measuring the Rate of Change of Frequency (RoCoF) from disturbances....... 76
6.5  The RoCoF model of independent and dependent variable ...........ccoovecverennes 77
6.6  Cumulative system RoCoF factors versus the Coefficient of Determination ... 78
6.7 The Eskom system ROCOF model.........cccoocueeriiiiiniiiniiiiiiienicicesvec e 79
6.8 CONCIUSION ..ottt 80
. THE SYSTEM INERTIA WITHOUT FPR MODEL DEVELOPMENT................... 81
7.1 INEEOAUCTION ...ttt ettt sbe e st as 81
7.2 System inertia dependent variable ...........cccevveeriiieiniieiniee e 81
7.3 System inertia independent Variables..........coocveeviieiriririieeiiieenieesee e 82
7.4  Results for the system inertia using the MVA method ........ccccceeevviiniernneennnee. 82
7.5 CONCIUSION 1.ttt ettt st sttt b e b e b e saeesateeaeean 83

. ESTIMATION OF THE INERTIA WITH FPR AND PREDICTION OF THE
FREQUENCY NADIR FOLLOWING DISTURBANCES USING THE MVA
METHOD ...t e s e 85

8.1 | F g0 a L0115 To) o DURRRRR 85

8.2 Cumulative Inertia with FPR factors vs Coefficient of Determination of the

MeEdUPi MO ....coiiiiiieiii ettt sttt sb e b st enee s 85
8.3 Medupi Inertia with FPR model coefficients..........ccoceevvieeniieiniienieciieenieen, 88
8.3.1 ESKOM AC SYSTRIM ...eiiuiiiiiieeiiieeiiieesite ettt e siee ettt e ssiteesbee s bt e e sareesbeeesaree s 88
8.3.2 International COBTIICIENES. .....eevuiiiiiiiiiiiiiee e 90
8.3.3 RES COBTIICIENES.....ueiiieieieeiieriee et 90
8.34 Model validation for Medupi normal incidences ..........cceeeereereerieeenieenneene. 92
8.3.5 Model validation for IDR @VENLS ........cceevieimiiniiiiinieeieeeeeee e 93
8.4  Overall Inertia with FPR model and model validation ............ccccceeeenieniennens 95
8.5 Inertia with FPR model validation for normal incidences ............cccceeeeeruennnen. 96
. FACTORS AFFECTING ESKOM INERTIA WITH FPR ........ccccoiiiiiiienee. 100
9.1 INETOAUCHION ...ttt st 100
9.2 Eskom generation and [0ad CeNtIes.........ccooueruiriiiiiienienicnieneeeeeeeeieee 101
9.2.1 The LimpOpOo PrOVINCE.....cccueivieiriiiriirierrieieeieesieesiee e et siee e 101

Vii



9.2.2 The KwaZulu-Natal ProVINCe .......coceeeceiriiieiiieiieiieneeneesee e 102

9.23 The Gauteng PrOVINCE ......cccveeviiiriieriieiie ettt 102
9.2.4 The Mpumalanga PrOVINCE .......cceeveerierieriiieniienieeneenee e s esiee e 102
9.2.5 The Western Cape PrOVINCE .....cevuveerveeerireeriiieeniieesieessieeesreessieessiseessseesnsnes 103
9.2.6 The Eastern Cape .....cccveevieeiiiieeniieniie ettt steesire e st esteessireesbaeenanes 103
9.2.7 The Northern Cape ProOVINCE........ccovvereiriiieiiieiiieiienee et 103
9.2.8 The Free State ProVINCE .......cocveviieriiiiiiiieiieeeseeree e 104
9.2.9 The NOTrth WeSt PrOVINCE ...eceuvviiiiieriieeriieesiieeriteesireesieeesreesieessieeesveesnenes 104
9.3 Fast Primary Response (FPR) model coefficients comparison between areas and
POWET STATIONIS .veeuvveeireeritieeiteestee sttt esuteesteeestteessbeesseeesabeesbeeesaseessbeeensseessseesnseeesseens 105
9.3.1 Validation of selected power stations inertia with FPR models.................. 106
9.3.2 AC power station Inertia with FPR model coefficients ..........cccoceevuevrennene. 106
9.3.3 Tie-line Inertia with FPR model coefficients...........cccoouervinieinenneeniiennnnne 108
9.3.4 RES inertia with FPR model coefficients ..........cccccoeerveiriiniiinecnicnicnnenne 108
0.4 CONCIUSION ..ttt 108
9.5 Recommendation for future Work ..........cccoceevevieieinienicnicnenceceeeeeeee 109
TO.CONCLUSIONS ...ttt ettt sttt ettt et e s b e she e sae e st e sbeebeenbeenns 110
TT.REFERENCES ...ttt st s st s 116

Appendix A Inertia plus Fast Primary Response area and power stations model
Appendix B Inertia with FPR Model Validation Results - 2014-2017

Appendix C  SAUPEC 2017 - Eskom Power System Inertia Model - A
Dynamic Multi-Factor Approach to the Management of power system inertia
Appendix D Cigre International Symposium Paper, Paris 2018 - A Dynamic
Multi-Variate Approach to the Management of Power System Inertia

Appendix E Comments and contribution from Eskom Industry Experts

viii



List of Figures

Figure 1-1: The Transmission lines and generation in the Integrated SAPP network. ....... 4
Figure 1-2: Long-term factors affecting the normal operations of the Eskom SO. ............ 6
Figure 1-3: Change in average summer Eskom generation dispatch 2012-2016 vs.
generation dispatch including operational reserves [EMS data downloaded by author]. ... 7
Figure 1-4: Total additional new capacity until 2030 [1], [3] (permission obtained for use

o) e 17 ) OO PP PRR RPN 9
Figure 1-5: Trends from Eskom SCADA data showing the changes in yearly load profiles
between the years 2012 and 2016 [EMS data downloaded by author]. ..........cccoceeeenien. 10
Figure 1-6: Trends of the average winter load profiles from Eskom EMS data between the
years 2012 and 2016 [EMS data downloaded by author]. ..........ccccovvevininienininccnenens 11
Figure 1-7: Trends of average summer load profiles from Eskom EMS data between the
years 2012 and 2016 [EMS data downloaded by author]. .........cccecveevvieiniiieniieinieenieenne 11
Figure 1-8: Profile of Residential Mass Rollout DSM between 2015-2022 adopted from
[3] (permission obtained for use of data). ......cocueeviuiiiiieeniiiiii e 12
Figure 1-9: Modified block diagram showing the balancing of load and generation with
the impact of the varying Inertia Constant (modification from [15]). ..c.ccocevvrercerennenne 14
Figure 2-1: Block diagram showing the hierarchy of different power system stability
classifications adapted from [3] and Others..........c.cceeveeieinieniiiiii i 23
Figure 2-2: PMU data showing system primary response stages [PMU data downloaded
DY QULNOTT. 1eeeiiiie ettt ettt st e bt e e st e at e e st e e sbaeesaree s 25
Figure 2-3: Flow of mechanical and electrical powers in a synchronous generator. ........ 29
Figure 2-4: Estimation of Inertia Constant during the first 300 ms following a disturbance
in the Eskom network [PMU data downloaded by author]...........cccceeveenieniinicniieniiennen. 30
Figure 3-1: Scatter diagram with the regression line. .........c.ccceeceeevieeriiennieeniieessieenieenn 40
Figure 3-2: Calculation of residuals [29]. .....coceiiiiiiiiiiiiieieeec et 42
Figure 3-3: Partitioning the deviation for i=71 [29]. ....ccccoovvveriiiiiiniceeecee 45
Figure 4-1: Frequency incident data cOlleCtion SOUICES. .......c.eeevveierieeriieeenieenieesrireennens 52
Figure 4-2: Filtering of frequency disturbances by type. ......ccccceverveeneeneeneeneenienieeens 53
Figure 4-3: Frequency response following a large disturbance and frequency overshoot
due to IDR [PMU data downloaded by author]. .........cccoceereeniiiniiiiiiiieeeeeeee e 55
Figure 4-4: UFLS response following multiple unit trips at Kendal power station — 06
June 2014 [PMU data downloaded by colleague]........ccoccueerieeriiiiinieeniiiiinieenieeeiee e 55
Figure 4-5: Archived PMU frequency data with 100 ms sample rate [PMU data
downloaded by QUIROT]. ...cccueiiiiiiiiiiiie ettt st e 56

Figure 4-6: RoCoF sampling rate measurements at Tutuka power station following a
disturbance at Apollo-29 November 2013 [PMU data downloaded by a colleague]........ 57
Figure 4-7: Matimba and Kendal power station PMU measurements following a Medupi

unit trip [PMU data downloaded by author] .........ccceeveiiiiiiiniiiiiieeeeeeeeeeeee 58
Figure 5-1: Block diagram showing the balancing of load and generation with the impact

of the varying Inertia CONSIANT..........c.covieiiiiiiriinie et 62
Figure 5-2: MV A model development plan. ........cccceveerierieniiiiiieieieeeneeneesee e 63
Figure 5-3: Model development showing known and unknown independent variables... 65
Figure 5-4: Simplified SAPP diagram. ........c.cccoceeiiiniinieniiiniiccceeeeesee e 66
Figure 5-5: BPC inertia simplified model with reference to the Eskom network............. 67



Figure 5-6: Zesa simplified inertia model with reference to the Eskom network.............. 68

Figure 5-7: System equivalence for LFC analysis [6]. .....ccccoeeuereiiriiinienieneeneeneeeeeeenn 70
Figure 5-8: Composite governor and load characteristic [6] ........cccceeveeveeneeneeneniiennens 70
Figure 6-1: PMU data showing system primary reSponse Stages. ........ccoceeeveereervvercveennens 74
Figure 6-2: RoCoF as a function of System iNertia. .........cc.ceeeuervverirerneeneeneeneenee e 75
Figure 6-3: Linear approximation of the RoCoF within the first 300 ms following a
disturbance [PMU data downloaded by author]. ........cccceeveiiiiniiiniiiinieenieccec e 76
Figure 6-4: Cumulative RoCoF factors versus Coefficient of Determination (R?)........... 78
Figure 8-1: Cumulative Inertia with FPR versus Coefficient of Determination of the
Medupi PS MOdEL........ooiiiiiieiiiiieieect ettt et 86
Figure 8-2: Measured vs predicted frequency nadir %errors for all power station models
excluding HVDC and particular pPOWET StAtiONS. .......eeerveeriieernieenieesireenieesiieessireessreesnne 93
Figure 8-3: Overall system inertia with FPR correlation results...........ccocecvevinerccnenneens 96
Figure 8-4: Summary of all power station model validations for 2017 disturbances. ...... 99
Figure 9-1: RoCoF as a function of system inertia but now with FPR...........c...c.....c... 100
Figure 9-2: South Africa’s existing and planned transmission grid, generation and RES.
Adopted from [10] (permission obtained for use of data).........ccccovvrveerinerciniinicnenene 101



List of Tables

Table 2-1: Response following a generator 1SS .......c.cevverieriiriiiiieieeseeseenecsee e 24
Table 3-1: Relationships among standard error of estimate, R* and F statistic ............... 47
Table 3-2: Dependent (y) and independent (x) input variables used in the regression

ANALYSIS TOOL it sbe e e sreeeaee 48
Table 3-3: Microsoft Excel Regression Summary OULPUL .......eevveeereveenieeenieeenieesnieeenneens 49

Table 5-1: Dependent (y) and Independent (x) input variables used in the regression
analysis tool (similar table is used for the Inertia without FPR model and the Inertia with

FPR IMOAEL). ..utvvviiiiieee ettt eeee et e e e e e e ata b e e e e e e e seettbaeaeeseeesesnsssaseeaeeeennnsnnes 63
Table 5-2: Typical Inertia Constant (H) by generation type ........ccccoceeveerervenenerceenennens 66
Table 6-1: Relationship among frequency measurements in Central, Western Cape and
INOTEhEIN ATEAS ...c.viiviiiiiiiiiii it 74
Table 6-2: Detailed system ROCOF model.........coccueiviiiiiiiiniiiiiiiiiieeniceieeniec e 80
Table 7-1: Comparison of the Inertia Constant per Eskom area and independent variable
coefficients (print in colour. Red=poor; yellow=average; green=good)...........cccccervueruen. 82
Table 8-1: Medupi inertia with FPR model ...........ccooceiviiiiniiiiiiiiiiicieeec e 87
Table 8-2: Model validation following a Medupi unit trip (single contingency).............. 92
Table 8-3: Previous IDR events and model estimates of the Inertia with FPR................. 94
Table 8-4: Factors affecting Medupi Inertia with FPR during IDR events.............c.c...... 94
Table 8-5: All Inertia with FPR model predictions vs measured values from Swing

B QUATION 1.ttt sttt st ettt b e s aa et eaee s 97
Table 9-1: Comparison of areas and power station Inertia with FPR models (print in
colour. Red=poor; yellow=average; green=good) .........ccceseueerrrrerrrerieeenieenieesireeennens 106

Xi



List of Symbols

Symbols (power flow dynamics)
Active power change of generator i

Angular velocity

Generator nominal apparent power

Inertial active power dispatch of generator i
Minimum instantaneous frequency

Modified active power of generator i
Moment of inertia of a synchronous machine
Rated angular velocity

Reference/nominal frequency

Rotational frequency of the synchronous
machine
Time at the start of a disturbance

Time until the frequency reaches f,,44ir
Total frequency deviation

Total mechanical power of the generators
Total rated VA of the generators

Total system load of the grid

SYMBOLS (Multivariate analysis)
Coefficient of Determination
Dependent variable
Error variable
Fitted or calculated value of y
Sample coefficient of correlation
Sample mean
Sample slope coefficient
Sample y-intercept coefficient
Slope coefficient
Standard error of by
Standard error of estimate

Std deviation of error variable

Xii

Pi_gispatcn
fraair
P;
J
Wom
fo
fm

tstart

tnadir

MW
((mech)rad/s)
MVA
MW
Hz
MW

Kg.m?
((mech)rad/s
Hz
Hz

Hz
MW
MVA
MwW



y-intercept coefficient Bo

Abbreviation
DEC

DoE

EMS

EPRI
ERCOT
GCSA

GW

HVDC

IDR
PP

IRP
MCR
MW
NERSA
OCGT
PMU
PV
RES
RoCoF
RPM
SAPP
SCADA
SNSP
SO

SSA

Tx
UFLS

Description

Data Energy Centre

South African Department of Energy
Energy Management System

Electric Power Research Institute
Electric Reliability Council of Texas
Grid Code of South Africa

Gigawatt

High Voltage Direct Current

Hertz

Instantaneous Demand Response
Independent Power Producer
Integrated Resource Plan

Maximum Continuous Rating
Megawatt

National Energy Regulator of South Africa
Open Cycle Gas Turbine

Phasor Measurement Unit
Photovoltaic

Renewable Energy Source

Rate of Change of Frequency
Revolutions per minute

Southern African Power Pool
Supervisory Control and Data Acquisition
System Non-Synchronous Penetration
System Operator

Static Security Assessment
Transmission

Under frequency load shedding

xiii



Southern African Power Pool (SAPP) Membership (with permission from
SAPP)

Full Name of Utility Status | Abbreviation | Country
Botswana Power Corporation OP BPC Botswana
Electricidade de Mozambique OP EDM Mozambique
Electricity Supply Corporation of Malawi | NP ESCOM Malawi
Rede Nacional de Transporte de

Electricidade NP RNT Angola
Eskom OP Eskom South Africa
Hidroelectrica de Cahora Bassa IPP HCB Mozambique
Lesotho Electricity Corporation OP LEC Lesotho
Mozambique Transmission Company ITC MOTRACO | Mozambique
Nam Power OP Nam Power Namibia
Societe Nationale d'Electricite oP SNEL DRC
Swaziland Electricity Company OP SEC Swaziland
Tanzania Electricity Supply Company Ltd | NP TANESCO Tanzania
ZESCO Limited OP ZESCO Zambia
Copperbelt Energy Cooperation ITC CEC Zambia
Lunsemfwa Hydro Power Company IPP LHPC Zambia
Zimbabwe Electricity Supply Authority OP ZESA Zimbabwe

IPP = Independent Power Producer

ITC = Independent Transmission Company
NP = Non-Operating Member

OP = Operating Member

Xiv



1. INTRODUCTION

“You can't connect the dots looking forward - you can only connect them looking
backwards. So you have to trust that the dots will somehow connect in your future.
You have to trust in something: your gut, destiny, life, karma, whatever. Because
believing that the dots will connect down the road will give you the confidence to
follow your heart, even when it leads you off the well-worn path.” - Steve Jobs,
Stanford Commencement Address, 2000, US computer engineer & industrialist

(1955 -2011).
1.1 General Introduction

The slow economic growth and worldwide slump in the commodities markets
have led to a reduction in customer demand while at the same time there has been
an increase in asynchronous generation penetration. This has resulted in a power
system with lower inertia supplying the same load levels experienced some years
ago leading to concerns for the dynamic behaviour of the frequency. The growing
concerns for system inertia require more sophisticated and affordable power
system real-time tools to manage the challenges of a modern power system.
Failure could likely lead to widespread blackouts with significant economic and
social impact. As more zero-inertia generators are added to the Eskom power grid,
the traditional synchronous generators, which provide inertia to the system, are
starting to be displaced, put into cold reserve or two shifted and see early
retirement.

This chapter begins with a glossary of terms followed by background, which
provides an overview of the Eskom network. Challenges regarding historical,
present and future power system inertia are then presented. The problem statement
introduces the framework for the work done in the past that comprises the focus of

this research. A guide of different chapters is then presented.



1.2 Glossary

Base load plant refers to power plants that are able to produce power at a
constant, or near constant, rate, i.e. power plants with high capacity
factors [1].

Capacity Reserve refers to the installed power plant that is in excess of that
required to carry peak load.

Curtailed Active Power refers to the amount of active power that the
Renewable Power Plant (RPP) is permitted to generate by the SO, Network
Service Provider or their agent subject to network or system constraints [1],
[2].

Demand Side Management (DSM) refers to interventions to reduce energy
consumption [1].

Deemed Energy means that energy output that would otherwise be available
to the buyer but due to a system event or compensation event, as determined
in accordance with Schedule 6 (Deemed Energy Payment) of the Power
Purchase Agreement (PPA), was not supplied [1], [2].

Distributed Generation is defined as the installation and operation of
electric power generation units connected directly to the distribution
network or connected to the network on the customer side of the meter [1],
[3].

Frequency nadir refers to the minimum instantaneous frequency following a
loss of a generator [4]. In this work, frequency nadir refers to the minimum
frequency reached after a disturbance prior to slow primary response and
secondary response.

Independent Power Producer (IPP) means any undertaking by any person
or entity, in which the government of South Africa does not hold a
controlling ownership interest (whether direct or indirect), of new
generation capacity at a generation facility following a determination made
by the Minister in terms of Section 34(1) of the Act [1].

Instantaneous reserve 1s the generating capacity available to operate
automatically in the event of a sudden trip of a large generating plant or the

HVDC link.
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Integrated Resource Plan 2010 refers to the co-ordinated schedule for
generation expansion and demand-side intervention programmes, taking
into consideration multiple criteria to meet electricity demand [1].

NERSA means the National Energy Regulator of South Africa established in
terms of the National Energy Regulator Act, (Act No. 4 of 2004), or its legal
successor [5].

Regulation reserve refers to the amount of operating reserve that is quick to
respond to Automatic Generation Control.

Reliability 1s the degree to which the performance of the elements of the
power system results in power being delivered to consumers within
accepted standards and in the amount desired. The degree of reliability may
be measured by the frequency, duration and magnitude of adverse effects on
consumer service [6], [7].

Security refers to the degree of risk in a power system’s ability to survive
imminent disturbances (contingencies) without interruption of customer
service. It relates to robustness of the system to imminent disturbances and,
hence, depends on the system operating condition as well as the contingent
probability of disturbances [4].

Spinning reserve is the on-line reserve capacity that is synchronised to the
grid and ready to meet demand within 10 minutes of a dispatch instruction
by the SO. Spinning reserve is needed to maintain system frequency
stability during emergency operating conditions and unforeseen load swings
[51, [6].

South African Grid Code (SAGC) consists of the following documents:
Preamble, Governance Code, Network Code, System Operation Code,
Metering Code, Tariff Code and Information Exchange Code as approved
by NERSA and updated from time to time by the Secretariat.

Stiffness of the system refers to the composite frequency response
characteristic of the system The stiffness of the system depends highly on
load damping, spinning reserve and governor droop (steady state) [6].
System Operator is the legal entity licensed to be responsible for short-term

reliability of the Integrated Power System (IPS), which is in charge of



controlling and operating the Transmission system and dispatching
generation (or balancing the supply and demand) in real-time [2], [5].
19.  Two shifting is starting up and shutting down a plant to meet load demand

during periods of high and low demand.

1.3 Background

The interconnected part of the Southern African Power Pool (SAPP) is made up
of Botswana, Mozambique, South Africa, Lesotho, Namibia, Democratic
Republic of Congo, Swaziland, Zambia and Zimbabwe [8]. The Eskom
transmission network is synchronously connected to the neighbouring Southern
African Development Community (SADC) utilities shown in Figure 1-1.

The Cahora Bassa Hydro Power Station in Mozambique dispatches power through
parallel AC and DC interconnections and is controlled by the Grid Master Power
Controller (GMPC) [9]. The DC power flows directly to the Apollo converter
station in South Africa. The AC power is delivered to Zimbabwe and Botswana
that are interconnected with the South African AC grid via a single 400 kV

transmission interconnector (colloquially called tie-line).
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Figure 1-1: The Transmission lines and generation in the Integrated SAPP
network.



Approximately 90% of SAPP electricity generation is in South Africa. The long
single 400 kV AC circuit outside the Eskom network and asynchronous HVDC
interconnectors are relatively weak compared to the Eskom grid. Therefore,
Eskom must rely on the actions of generators and additional demand services
within the Eskom network to maintain the Eskom system reliability, security and

stability.

Base load plants are mostly coal-fired in the Mpumalanga (North Eastern) and
Lephalale (Northern) parts of the country which amounts to approximately 77%
of the total installed generation capacity [10]. A nuclear power station is located
in the Western Cape (Southwestern) part of South Africa. The peaking plants
consist of hydro pump storage, which are in the Western Cape and East grid
(KwaZulu Natal). Other peaking plants include conventional hydro power stations
and Open Cycle Gas Turbines (OCGTs) in the Western Cape. OCGTs are

currently non-economical to dispatch, as there is excess generation on the grid.

The large number of Renewable Energy Sources (RESs) in the Northern Cape,
Western Cape and Eastern Cape parts of South Africa are mostly embedded in
distribution networks (132 kV and lower). Approximately 95% of RESs are
connected in the distribution network and the remaining 5% are connected
directly to the transmission network. The large number of RESs are connected far
from load centres and are electrically connected to the Interconnected Power
System (IPS) via high impedance distribution lines. Therefore, from the Eskom
IPS perspective, RESs provides only active power (MW) to the power system and

contribute either very little or no power system inertia.

As the concerns towards power system security, stability and safety continue, the
regulators and SOs around the world want to see the more advanced applications
deployed in power system control rooms to address system operational matters at
near real-time. South Africa’s SO would like to know how the system will

respond to load or generator disturbances at near real-time.



It was shown in [4], [11] the traditional assumption that grid inertia is sufficiently
high with only small variations over time is not valid for power systems with high
RES shares. This has implications for frequency dynamics and power system
stability and operation. Frequency dynamics are faster in power systems with low

rotational inertia, making frequency control difficult.

In a real-time operational environment, it is important to make available
information to the SO about the global security margins so that preventive and/or
corrective actions may be decided with sufficient time to avoid dangerous
operational conditions. The information in this work focuses on the system inertia,
Fast Primary Response (FPR) and the Rate of Change of Frequency (RoCoF)

following single contingencies.

The way in which energy is produced, distributed and consumed in the Eskom
network is changing significantly. Figure 1-2 shows some of the factors that
triggered the concerns of the Eskom network. These are and will in future be
impacted by the regulator, evolving customers and technologies, evolving

generation patterns, and sustainable economic growth, system inertia and load

balancing.
Evolving
generation patterns
1
N\ (" Demand Supply
Regulator Sustained growth
J .
Evolving
Customers and
technologies

Figure 1-2: Long-term factors affecting the normal operations of the Eskom SO.



Although these factors are outside real-time operations, they are expected to affect
the traditional way of operating the power system. Amidst all of these changing
network conditions, the System Operator (SO) in South Africa is mandated to
control the operation of and be responsible for the short-term reliability of the IPS

as defined in the South African Grid Code [5].

1.3.1 Generation dispatch to meet the demand and evolving generation pattern

The conventional method of managing system security, stability and reliability of
the Eskom grid is using Capacity Reserves, Base Load plants and Peaking Plants.
The SO dispatches generators based on meeting the evening peak demand with an
allowance of at least 2000 MW of operating reserve a day-ahead and 1000 MW
on the day as required by the South African Grid Code [5]. Figure 1-3 shows the

comparison between 2012 and 2016 winter generation dispatch.
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Figure 1-3: Change in average summer Eskom generation dispatch 2012-2016 vs.
generation dispatch including operational reserves [EMS data downloaded by
author].

From Figure 1-3, the drop of 2000 MW of the Eskom average generation dispatch
translates to less synchronised generation on the grid. It is apparent that the load

has decreased by approximately 2000 MW and the implications of that is that the



system inertia provided by synchronous generators was less in 2016 compared to

in 2012.

1.3.2  Regulator

South Africa is ranked among the world’s top 12 largest carbon dioxide (CO,)
emitters, largely due to dependence on coal for electricity generation and an
energy-intensive industrial and mining sector [12]. In the December 2009
Copenhagen climate change negotiations, South Africa committed to add its own
share to the global greenhouse gas emissions reduction and voluntarily announced
that it would act to reduce domestic emissions by 34 per cent by 2020 and 42 per
cent by 2025 [12]. This was on the condition that it receives adequate financial,
technological and other support from the international community to establish
those goals [12]. Fortunately, South Africa had largely untapped abundance of
renewable energy sources, especially solar and wind energy [12].

In recent years, large-scale deployment of RES, mostly in the form of wind
turbines, concentrated solar power (CSP) and PV units has led to substantial
generation shares of variable RES. The National Development Plan (NDP) of
South Africa has a long-term vision of 5 million Solar Water Heaters (SWHs), 8.4
GW of wind turbines, 1 GW of CSP and 8.4 GW Solar PV by 2030 [1], [13].
Currently, wind IPPs are delivering approximately 1809 MW (including 110 MW
Eskom owned wind generation) followed by 1474 MW of solar PV, 35 MW of
biomass, 91 MW of Hydro and lastly 300 MW of CSP. Figure 1-4 shows the

planned new generation capacity mix for 2030.
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Figure 1-4: Total additional new capacity until 2030 [1], [3] (permission obtained

for use of data).

Most of the current Eskom generators are ageing and will soon be
decommissioned [1], [3]. These plants will be replaced by the new capacity as
shown in Figure 1-4. The Renewable Power Plants (RPPs) are not dispatchable
and, if curtailed by the SO due to excess capacity, unserved energy payments must
be made [1], [2]. Curtailment and/or delta mode production have serious
economic consequences (lost energy production) [1], [3]. As more potential
energy sources are discovered in other parts of South Africa, a mix of generation

technologies and primary fuels is a priority for the Department of Energy (DOE).

1.3.3  Sustained lower economic growth

Following the response to the effects of the global financial crises, countrywide
load-shedding and sustained lower economic growth in 2007/8, Eskom sales only
recovered between 2010 and 2012 to the levels experienced in 2007, but have
been in decline since [12]. The South African economy moved into recession with
the reported decrease of 0,7% in GDP during the first quarter of 2017, following a
0,3% contraction in the fourth quarter of 2016 [14].

According to the Department of Energy and National Development Plan of South
Africa [2] [4], the forecasted peak demand will grow from 38.9 GW to 67.8 GW

(assuming average growth of 2.8% per annum) by 2030. Contrary to the assumed



average growth, Figure 1-5 illustrates a downward trend from Eskom generation
sent-out over the past 5 years. This was due to various reasons including a

negative economic growth, electricity price increase, IPPs and Demand Side

Management (DSM) initiatives (Capacity Constraints).
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Figure 1-5: Trends from Eskom SCADA data showing the changes in yearly load
profiles between the years 2012 and 2016 [EMS data downloaded by author].

As more zero-inertia generators i.e. asynchronous generators, are added to the
Eskom power grid, the traditional synchronous generators, which provide inertia
to the system, are starting to be displaced, put into cold reserve or two shifted and
see early retirement. The slow economic growth with high asynchronous

penetration also translates to less synchronous generation dispatch by the SO. This

could negatively affect system inertia.

1.3.4 Evolving customers and technologies

The introduction of renewable energy adds new challenges to managing the

supply and demand on the power system. The bulk of the Eskom generation fleet
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is thermal mid-merit and base load plant. The demand profiles shown in Figure

1-6 and Figure 1-7 are currently not aligned with the PV production profiles.

Average winter Eskom generation sent-out profiles
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Figure 1-6: Trends of the average winter load profiles from Eskom EMS data
between the years 2012 and 2016 [EMS data downloaded by author].
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Figure 1-7: Trends of average summer load profiles from Eskom EMS data

between the years 2012 and 2016 [EMS data downloaded by author].
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This kind of load profile is very challenging to manage when there is inflexible
excess generation. The Eskom power station fleet is largely base-load coal. Most
of these plants do not have the ability to temporally shut down or reduce output
beyond a narrow operating output once synchronised on the grid. By design, base
load generators do not have the ability to ramp up quickly when demand
increases. The plants need time to synchronise or increase production to support
the ramping-up of generators preparing for evening peak. Some of these plants in
the Eskom network are needed for fault levels, voltage support and network

stability.

During the period of shortage of generation in the Eskom network between the
years 2007 and 2014, the drive to replace the traditional light bulbs with
fluorescent type light bulbs was initiated to save energy [3]. The Integrated
Demand Management Plan rolled out the residential lighting LED program that
commenced in 2015/2016 and continued in 2016/2017 reaching cumulative

savings of 466 MW shown in Figure 1-8 [3].

Residential mass roll-out DSM profile
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Figure 1-8: Profile of Residential Mass Rollout DSM between 2015-2022 adopted
from [3] (permission obtained for use of data).

This effort saw significant success in active power saving from the demand side.
On the one hand there was energy saving which saved costs to Eskom. On the

other hand, the system inertia was compromised because the saved energy

12



displaced the equivalent of a large synchronous generator unit. Therefore, the

system inertia was indirectly reduced.

1.3.5 System inertia and load balancing

During a frequency disturbance, the generation/load power balance is lost. The
system frequency will change at the rate initially determined by the total system
inertia [15]. This kinetic energy, which is stored in the synchronously rotating
masses of the power system, is often called inertial, stored, or rotational
energy [7]. Asynchronous generators, mostly in the form of HVDC, wind turbines
and PV units, use power converters as an interface to the grid, and are therefore

synchronously decoupled from the traditional AC power system [11], [15]-[18].

In Figure 1-9, the outer loop shows the connection and balancing of load and
generation. The load, interconnectors, PV and wind generation are categorised as
self-dispatch or non-dispatchable by the SO. The synchronous generators and
HVDC are categorised as dispatchable by the SO. The strength of the AC power
system is mainly determined by the system inertia, which is mainly provided by
connected synchronous generators and the stiffness of the system [6], [17], [19]
shown in the inner loop of Figure 1-9. The large reduction in supply/load can
trigger protection systems that may result in system separation, loss of
load/generation, blackout and customer outages. Severe system upsets generally
result in large excursions of frequency, power flows, voltage and other system
variables thereby invoking the actions of processes, controls and protections that
are not modelled in conventional transient stability or voltage stability

studies [6],[7].
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Figure 1-9: Modified block diagram showing the balancing of load and generation
with the impact of the varying Inertia Constant (modification from [15]).

As stated in the Grid Code of South Africa [2], [5] the SO shall dispatch
generation and demand-side resources on the IPS subject to the constraints of
safety of personnel and equipment, IPS security, reliability, resource availability,
legislation and the environment [5].

The GCSA requires the SO to keep the frequency above 49.5 Hz following all
credible single contingency losses. The largest loss is currently the loss of a
Koeberg unit at full load, i.e. 930 MW. It is also a requirement on the SO to keep

the frequency above 49.0 Hz after credible multiple contingencies.

With the current integration of the new large Medupi and Kusile power stations,
the units that are relatively similar sizes (720 MW) to the Koeberg units, the
probability of violating the Grid Code is therefore increasing. This could be due to
the following:

1. During commissioning, testing and the initial operation of Kusile and

Medupi, reliability is low while problems are sorted out.
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2. Medupi, Kusile and other base load power stations are coal-fired and load
following. Koeberg is a nuclear unit that does not load follow and is fairly
reliable

3. There are older base-load coal-fired units than the newer mid-merit and
peaking units, so it expected that the base-load would have more trips due to

ageing.

1.4 Problem statement

Sustaining grid security is a fundamental requirement for power grids. Failure
could likely lead to widespread blackouts with significant economic and social
impact. The growing security and stability needs recently experienced by the
Eskom demand require more sophisticated and affordable power system real-time
tools. The present and future challenges include the changing patterns in
consumer electricity usage, increased and ongoing uptake of residential and
commercial rooftop solar PV, withdrawal of traditional generating sources,
demand stagnation, oversupply and integration of Renewable Energy

Sources (RESs).

The South African Grid Code (SAGC) [2], [5] was written prior to the installation
of significant amounts of renewable generation and hence the code does not cover
the system inertia requirements. The SAGC does, however, define the limits of
acceptable frequency response and it is therefore important to understand what
level of non-synchronous generators can be tolerated before the Grid Code

requirements are violated.

Eskom uses a number of different offline simulation tools that have the ability to
calculate the inertia and the Inertial Response of the power system. However,
these are of limited use in the operational environment due to the number of
possible network configurations encountered and the lack of accuracy for certain
critical component models. The theoretical approach has largely been investigated

in the past for Static Security Assessment (SSA) tools, but less for the dynamic
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security tools. Hence, an interesting investigation is how to revise the South

African power system’s defence plan.

While there is nothing that the SO can do to prevent natural disasters or severe
large frequency events, advanced analytics in conjunction with the ability to deal
with large amounts of data, can help to predict or forecast the near future power
system inertia to enable better preparation and faster and more effective disaster
response. By analysing a combination of historical data points combined with
power system equations and applying them to new data, before, during and after
system disturbances occur, the SO can do more in forecasting and managing the

system inertia and primary frequency response.
1.5 Research Questions

The focus of this research is on the behaviour of the power system frequency
immediately following a disturbance in the Eskom network.

A model can be developed using Multivariate Analysis (MVA) to estimate the
power system inertia in real-time and predict the frequency nadir following a large
disturbance. Frequency dynamics can be predicted if factors affecting power

system inertia can be investigated and understood.

This research was guided by a desire to address the following research questions:

e By reducing the contribution of conventional synchronous generators to
accommodate (asynchronous) renewable generation, what would be the
resultant impact on system inertia and frequency stability?

e How can online inertia model tools be utilised in the Eskom National Control
Centre to improve the power system operation?

e Is the assumption that while doing frequency stability analysis the
(aggregated) Inertia Constant, H, is constant for all Swing Equations of a
multi-area system? What is the impact of disturbance location in the accuracy
of H?

e  Are the primary frequency control schemes installed in South Africa’s power
transmission system adequately calibrated for mitigating fault events before a

critical frequency drop can occur?
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e Can the use of under frequency load shedding schemes be linked to the online
variable system inertia to shed the required load at the time of an incident?

e In what way does transient location, spinning reserve, instantaneous reserve,
load types and renewables affect the inertial and primary response of the

power system?
1.6 The research report structure

The research scope (development of a dynamic multivariate power system inertia

model) includes ten chapters, which are organised in the following manner:

Chapter 2 presents background theory into power system stability analysis and
factors affecting system inertia. The purpose in this chapter is to survey previous
studies conducted on calculating, measuring or estimating the power system

inertia, simulation methods and available online models.

Chapter 3 is an introduction to Multivariate Analysis (MVA), which involves
observation and analysis of more than one statistical outcome variable at a time.

This chapter builds on the model development that will follow in Chapter 5.

Chapter 4 gives background of how data was gathered and describes on what type

of data the calculation shall be performed so that the results are reliable.

Chapter 5 introduces the model development and background to the factors that

are expected to affect system inertia, RoOCoF and FPR in Eskom.

In Chapter 6, the disturbance location and frequency measurement points in the
Eskom network are investigated by measuring the Rate of Change of Frequency
(RoCoF) from previous disturbances. MVA is used to develop the RoCoF model
and determine the factors affecting the system RoCoF. This lays a foundation for
developing a model using normal incidences to determine the best reference

centre inertia and frequency.
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Chapter 7 evaluates the impact of disturbance location and the factors affecting
the system inertia during the first 300 ms following the disturbances in the

network and develops a simplified system inertia model without FPR.

In Chapter 8, estimation of the Inertia Constant and the prediction of the
frequency nadir following disturbances using the MV A method are performed and
validated with the past and recent incidences. The Inertia with FPR models are

developed.

Chapter 9 focuses on the short-term frequency stability and understanding the
relationship between system inertia and FPR of the Eskom power system
including but not limited to RES, location of disturbance, stiffness of the system
and the interconnected part of the Southern African Power Pool (SAPP). It begins
by providing a background into the Eskom network, generation, load centres and
typical known challenges. The strong and weak areas with respect of the inertia

and stiffness of the system are identified using the MVA.

Chapter 10 presents the conclusion to the research.

1.7 Conclusion

In this chapter, a brief picture of the SAPP network and some challenges faced by
Eskom such as declining network strength were provided. The decline of the
Eskom average generation dispatch from 2012 to 2016 could translate to less
synchronised generation on the grid. This is attributed to sustained lower
economic growth, increased penetration of RES, evolving customers and
technologies. The strength of the AC power system is mainly determined by the
system inertia, which is mainly provided by connected synchronous generators

and the stiffness of the system.

The Grid Code of South Africa clearly requires the SO to operate the power
system within frequency limits. The only gap is that the Code does not directly
specify the minimum required system inertia and the maximum RoCoF following

a disturbance. The SAGC was written prior to the renewable generation being
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installed and that is why the Grid Code is silent on inertia. It is however, covered
in the frequency response rules and now it becomes important to understand what
level of non-synchronous generators can be tolerated before we violate the Grid
Code requirements. The Grid Code of South Africa requires that a minimum of
10% of instantaneous response from the installed capacity be maintained across
the entire system. The code does not specify the minimum spinning and
instantaneous reserves per area. The following chapter surveys previous studies

conducted on calculating, measuring or estimating the power system inertia.
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2. POWER SYSTEM FREQUENCY STABILITY AND SYSTEM
INERTIA

2.1 Introduction

In the seven-year period spent working at the generation and load balancing
dispatch desk in the Eskom National Control Centre, strange system behaviour
during certain system disturbances was observed. The frequency responds
differently for similar disturbances but different times and different network

configurations.

The purpose of this chapter is to survey previous studies conducted on calculating,
measuring or estimating the power system inertia, simulation methods and
available online models. This chapter begins with a glossary of terms followed by
background theory into power system frequency stability analysis. The different
stages of generator and frequency response following a disturbance are discussed.
The two methods (Inertia Constant and Swing Equation) of estimating the power
system aggregated Inertia Constant (H) are discussed in detail. The real-time
power system inertia monitoring methods used by other utilities are discussed.

The methods are compared and the gaps are then identified.
2.2 Glossary

1. Transient stability/large-disturbance rotor angle stability: is concerned with
the ability of the power system to maintain synchronism when subjected to a
severe disturbance, such as a short circuit. The resulting system response
involves large excursions of generator rotor angles and it is influenced by the
nonlinear power-angle relationship. Transient stability depends on both the
initial operating state of the system and the severity of the disturbance.
Instability is usually in the form of aperiodic angular separation due to
insufficient Synchronising Torque, manifesting as first swing instability. In
large power systems, transient instability may not always occur [6], [7].

2. Large-disturbance voltage stability: refers to the power system’s ability to

maintain steady voltages following large disturbances such as system faults,
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loss of generation or circuit contingencies. This ability is determined by the
system and load characteristics, protection and the interactions of both

continuous and discrete controls [2], [5].

2.3 Power system stability

Power system stability is the ability of an electric power system, for a given initial

operating condition, to regain a state of operating equilibrium after being

subjected to a physical disturbance, with most system variables bounded so that

practically the entire system remains intact [6], [7]. Power System Stability is

classified into three categories, Voltage Stability, Rotor Angle Stability and

Frequency Stability shown in Figure 2-1 [7].

1y

2)

3)

Voltage stability - the ability of a power system to maintain steady acceptable
voltages at all buses in the system under normal operating conditions and
after being subjected to a disturbance [7]. It depends on the ability to
maintain/restore equilibrium between load demand and load supply from the
power system. Instability that may result occurs in the form of a progressive
fall or rise of voltages of some buses. Voltage stability is threatened when a
disturbance increases the reactive power demand beyond the sustainable
capacity of the available reactive power resources [2], [5].

Frequency stability refers to the ability of a power system to maintain steady
frequency following a severe system disturbance resulting in a significant
imbalance between generation and load [7].

Rotor angle stability: refers to the ability of synchronous generators of an IPS
to remain in synchronism after being subjected to a disturbance [7]. It
depends on the ability to maintain/restore equilibrium between
electromagnetic torque and mechanical torque of each synchronous generator
in the system. Instability that may result occurs in the form of increasing
angular swings of some generators leading to their loss of synchronism with

other generators [2], [5].
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Figure 2-1: Block diagram showing the hierarchy of different power system

stability classifications adapted from [3] and others.

During frequency excursions following a disturbance, the characteristic times of

the processes and devices that are activated will range from [6], [20]:

e fractions of a second corresponding to the response of devices such as under-
frequency load shedding and generator controls and protections,

e  several minutes corresponding to the response of devices, such as prime
mover systems and load voltage regulators.

In Figure 2-1, frequency stability may be a short-term phenomenon or a long-term
phenomenon. Short-term frequency instability can result from a network with
insufficient synchronous generation and insufficient under frequency load
shedding such that the frequency decays rapidly causing blackout of the grid
within a few seconds [4]. The Inertial Response of the system is closely related to
the short-term frequency stability. In isolated systems like the Eskom network,
frequency stability could be of concern for any large disturbance caused by

significant loss of load or generation.
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2.4 Frequency Staged Response following a generator loss

Frequency response following a generator loss can be classified into two
categories based on the response time, namely primary and secondary response as

shown in Table 2-1 [4], [6], [21].

Table 2-1: Response following a generator loss

Primary response Secondary response
Stage Electromagnetic | Inertial | Governor | AGC | SO
Energy Storage Response controller
involvement
Approximate Very Fast Slow Slow | Very Slow
reaction time | < 1/3s >1/3s | >2s >20s | 2-10
<12s <20s minutes

From Figure 2-2, the purpose of the primary response is to arrest the frequency
following a disturbance (in the inertial stage). The secondary response is required
to restore the frequency back to within normal operating limits (long term). The
Primary Response category comprises Electromagnetic Energy Storage (EES),
Inertial and governor stages [21]. Figure 2-2 shows the three stages of the primary
response during a loss of a large generator in the Northern parts of the Eskom
network. The measurements were taken from Phasor Measurement Units (PMUs)
at Western Cape (Koeberg), Northern Province (Matimba) and Mpumalanga
(Kendal).
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Figure 2-2: PMU data showing system primary response stages [PMU data
downloaded by author].

2.4.1 Electromagnetic Energy Storage stage

The EES stage responds immediately following a loss of a generator. The
generators that are electrically closest to the point of disturbance respond first and
with the most active power [21]. When a load is suddenly applied to a generator,
its internal impedance reduces sharply and then returns to normal in a few
seconds. This drop in impedance enables the generator to supply more active
power for a short duration. Similar generator responses were also observed from
the KZN and Western Cape areas. This response happens within 100 ms

following the disturbance in the Eskom network as illustrated in Figure 2-2.

2.4.2 Inertial Response

Inertial Response is defined as the power delivered by the rotating mass of
machines synchronously connected to the bulk power system, including both load
and generation [4]. The total inertia of all on-line synchronised generators

determines the transient response of the entire generation system [4].

2.4.3 Secondary response

The secondary response is executed by the Automatic Generation Controller
(AGC) often referred to as the Load Frequency Controller. The AGC system

deploys regulating reserves to restore the frequency closer to the nominal
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frequency. Generally the AGC can take anywhere from seconds to minutes [6].
The governor is normally co-ordinated with AGC after the initial response from
the governors, AGC should deploy regulating reserves so that frequency is
recovered back to 50 Hz [4], [6], [21]. The secondary response (AGC) is not
covered in this work, since the response time is excessively slow compared to the

primary response, where the interest of this work lies.

The aim of the following subsection is to understand the behaviour of the Inertia
Constant, H, and the Rate of Change of Frequency (RoCoF) immediately

following a disturbance in a power system.

2.5 Estimation of the system Inertia Constant, H

From the previous work on the system inertia, it was discovered that there are
many different ways of calculating, measuring or estimating the power system
inertia. The Inertia Constant estimation can be grouped into two general

categories, (1) Inertia Constant Method and (2) Swing Equation Method.

The Inertia Constant Method takes advantage of precise models of a specific
generation technology and uses parameter estimation techniques to find the value
of the Inertia Constant for a specific generation unit as was used by [15], [17],
[22], [23]. The basic application of this method consists of estimating the Inertia
Constant of each generator in the system and then taking the sum of these
estimates. In [24], a model for each power plant to simulate the response of its
generating power to the frequency change was developed. All power plants
including the once-through boiler and the drum boiler and the combustion turbine
in the power system were modelled and the validity of each model was tested with
measured data. In [25], an Inertia Constant estimation was demonstrated in a

single bus simulation environment.
The Inertia Constant H in Equation 2.1 describes the normalised inertia of an

individual generator, measured in seconds. It is the ratio between the Kinetic

Energy (E;,) in joules at rated speed and rated apparent power (Sp4se) In VA [6].
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The Inertia Constant can be interpreted as the time that energy stored in the
rotating parts of a generator is able to supply a load equal to the rated apparent

power of the turbine-generator [2].

base (2 1 )

Where:
] is the Moment of inertia (kg. m?),

Wom 18 the normalised angular velocity (mechanical) (rad/s),

Spase 18 the apparent power (VA base).

The sum of the Inertia Constants and the rated apparent powers of individual
generators can then be used to calculate the Inertia Constant of the entire IPS as

given by Equation 2.2 [6].

Hsys — i“ Si,buseHi

A S (2.2)
Where:
Si pase 18 the rated apparent power of generator i (VA),
H; is the Inertia Constant of generator i (s),

Snpase 18 the sum of the rated apparent powers of all the generators (VA).

The Inertia Constant Method is considered difficult for large power systems [4],
[19]. For the IPS, information on the response of power plants of neighbouring

countries may not be easily obtainable.

2.6 Estimation of the system Inertia Constant using transients

This section contains a derivation and a discussion of the Swing Equation, which
is the mathematical relation describing how the rotor of a synchronous machine
will move (swing) when there is an unbalance between mechanical power fed into

the machine and the electrical power extracted from it [5].
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The analysis of frequency measurements from a single location during a known
disturbance to the system is classified as Inertia Constant Estimation using the

Swing Equation method as was used by [19], [25]-[27].
2.6.1 Swing Equation of a synchronous machine without Damping Torque

The unbalance between the torques acting on the rotor and the net torque causing

acceleration is given by Equation 2.3 [6].

a 7:71 e (2 3)

Where:
T, is the accelerating torque (Nm)
T,y is the mechanical input torque (Nm)

T, is the electromagnetic output torque (Nm)

The Swing Equation governs the motion of the machine rotor in the presence of

an accelerating torque and isgiven by Equation 2.4 [6].

J da)ﬂl =T

dt ‘ 2.4
Where:
] is the combined moment of inertia of the generator and turbine [kg.m?]

W, 1s the angular velocity of the rotor ((mech)rad/s)

By rearranging Equation 2.1, the moment of inertia J in terms of H is given by

_2HS

base
2

@, 2.5)

J

Substituting 2.5 into Equation 2.4 gives

2H dw, _T

—2 base 5. a
a)Om dt (2 6)
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Rearranging Equation 2.6 gives

ZHi[&)zzHi(a)_): T, =T,
dt a)Om base (2 7)

Where:
Tyase = Spase/®Wom 18 the base torque (Nm)
Wy = Wiy /Wom 18 the per unit speed ((mech)rad/s) (2.8)

T, = T,/ Tpase is the per unit acceleration torque ((mech)rad/s)

The equation of motion in per unit form is given by Equation 2.9

21 42

=T,

dt (2.9)
In this work, it is convenient to represent the swing equation in terms of change in
active power and electrical frequency. Figure 2-3 shows the relationship between
the torque, speed and flow of mechanical and electrical power in a synchronous

machine [6]. The machine windage, friction and iron-loss torque are ignored.

T
\
Bn—= Generator [~ Fe

T “hn

Figure 2-3: Flow of mechanical and electrical powers in a synchronous generator.

Equation 2.9 can be converted into its more convenient power form by assuming

the rotor speed to remain constant at the synchronous speed (wg,,) [6].

m a

1L (a,)=F,
di (2. 10)
Where:
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P, is the fractional power change (pu)

The Inertia Constant of the power system can also be estimated using the Swing
Equation and post-disturbance frequency measurement data from a single location
during a known disturbance [8]-[10]. This method was considered valid for a
highly meshed grid by [11], in which all units can be assumed to be connected to

the same grid bus, representing the centre of inertia of the given grid.

The Swing Equation Method derived in this section can be used to calculate H
(pure inertia or RoCoF) and uses the data for the first 300 ms following a loss of a

generator in the Interconnected Power System (IPS) as shown in Figure 2-4.

Estimation of Inertia constant following a loss of a generator
(first 300 ms)

... generator
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Figure 2-4: Estimation of Inertia Constant during the first 300 ms following a
disturbance in the Eskom network [PMU data downloaded by author].

The behaviour of the system frequency following a loss of a generator is

approximately represented using Equation 2.11 [6].

df AP

fStaFf
dt 2H 2.1
Where:

df / dt: is the Rate of Change of Frequency (RoCoF) (Hz/s)
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AP =(Pstart — P300ms)/Pstart 18 the fractional power change (pu)
Pstart 18 the Generation/Load prior to Generator/Load loss (MW)
P300ms 18 the Generation/Load after Generation/Load loss (MW)
fstart 18 the Frequency at the start of the disturbance (Hz)

H is the Inertia Constant on system base (s)

The Swing Equation Method used to calculate H (pure Inertia Constant and
RoCoF) uses the data for the first 300 ms. In contrast, when data is used up to the
frequency nadir, this gives information on the inertia with Fast Primary Response

(FPR).
2.6.2 Swing Equation of a synchronous machine with damping torque

The behaviour of the frequency deviation following a loss of a large generator is
approximately represented using Equation 2.10 [21]-[23]. The equation uses the
average system frequency and does not consider inter-machine oscillations due to
synchronising power and transmission performance. According to [6], [21], the
assumption of lossless machine and ignoring the torque of damper windings leads
to pessimistic results in transient stability analysis damping helps to stabilise the

system. Damping must be considered in a dynamic stability study.

In Equation 2.8,

a, =

I

_a)”/pf:a)r

a)m
@y, (00/ P, 4

(2.12)
Where:

w, 1s the angular velocity of the rotor in ((elec)(rad/s)

Wy 1s the nominal value of w,-((elec)rad/s))

py is the number of field pole pairs of the synchronous machine

The angular position of the rotor with respect to a synchronous rotating reference

is given by [5]
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O=wt—ap+0, 2.13)

Where:
0 is the angular position of the rotor in ((elec) radians)

O is the value of d at =0 ((elec) radians)
Taking the first and the second derivative gives

d’6 _do, _d(Aw)
e’  dt dt (2. 14)

Substituting Equation 2.12 in Equation 2.14 results in

d’s do, d(Aw,)
5 = a)o = a)o
dt dt dt (2. 15)

By substituting Equation 2.15 in Equation 2.9 gives

2
2Hd§:Ta

@, dt’ (2. 16)

The complete Swing Equation can be represented by adding the Damping Torque,
which is proportional to the speed deviation. It follows that the Swing Equation is
a non-linear second-order differential equation given by Equation 2.17.
2H d°6 - _
o =T -K,Aw,

a

@, dr 2.17)

Where:
Kp is the damping coefficient of a synchronous machine

2.6.3 Swing Equation of a synchronous machine with damping torque plus FPR

A procedure different from the Inertia Constant Method for estimating the Inertia

Constant of a power system and total on-line capacity of spinning-reserve
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generators, using the measured transients of the frequency, is first presented
in [19]. This estimates the dynamic behaviour of the system frequency for loss of
generation or load. The Coefficient of Determination between the Inertia Constant
and the power/frequency characteristic was calculated and yielded positive
results [19]. However, the standard deviation of the coefficient was so big that the
authors gave up the statistical evaluation. The study in this literature was done in
the mid 1990s where the measurement sample rates were lower when compared to
the latest PMU data which samples at a much faster rate. A polynomial
approximation with respect to time was fitted to the waveform of the transients
when estimating the Inertia Constant. The small number of frequency disturbances
was a reason for the large standard deviation. The gap in this work is that the
authors attempted to validate the model by only considering the standard error.
According to [29], the value of the standard error, s, is judged by comparing it to
the values of the dependent variable. However, because there is no predefined
upper limit on sg, it is often too difficult to assess the model in this way. In
general, the standard error of estimate cannot be used as an absolute measure of
the model’s validity. This method may be applicable to Eskom given the available

number of generator disturbances.

In [26], a similar approach to [19] was followed by Western Electricity
Coordinating Council (WECC) to estimate system inertia using observed
frequency transients. The difference was that WECC did not consider the stiffness
of the system in their calculations. The advantage of the WECC study was that
they had a large number of generator trips. The data collected by WECC was
taken at ten samples per second. The rate was higher than in [19]. From 388
events, WECC successfully validated 167 events. For the remaining events 221
events had insufficient data to compute an Inertia Constant correctly at the time.
Errors were reported to be due to data accuracy and the search algorithm which
was not able to obtain a frequency profile. In addition, the study excluded events
that did not result in a frequency below 59.95 Hz (60 Hz network). When the
Inertia Constant was compared to system load, a linear fit was obtained and the
standard error of 4.15 was achieved. It was also suggested that the other factors

other than system load, such as seasonal variation and generator dispatch
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scheduling, might contribute to variation of the Inertia Constant. The effects of
measurement, disturbance locations, asynchronous generation and system
damping were not studied.

In [30], inertia estimation of the Great Britain (GB) power system using synchro-
phasor measurements was developed. This method proposed to first detect a
suitable event for analysis and then filter the measured transients to obtain a
reliable estimate of inertia for a given region of the GB network. Large frequency
deviations because of instantaneous in-feed losses are a rare occurrence on the GB

system.
2.7 Offline system inertia calculation tools

The common simulation packages used in Eskom to estimate system inertia are
DiGSILENT and Power System Simulation for Engineers (PSSE) offline
simulation tools. These tools are stand-alone and offered by different service
providers. They are presently not synchronised with the operational online tool,
Energy Management System (EMS).

In the DiGSILENT model, power balance is established by all generators and the
contribution of each is according to the inertia and it is proportional to the

acceleration time constant [31]. This relationship is described in Equation 2.18:

P=P

i i—dispatch

+AF 2. 18)

Where:
P; is the modified active power of generator i (MW),
Pi_gispatcn 18 the inertial active power dispatch of generator i (MW),

AP; is the active power change of generator i (MW).

The theoretical approach has largely been investigated in the past in Eskom - for
the static security tools, but less for the dynamic security tools. The offline studies
are inaccurate and unrealistic in the Eskom operational environment because the
network scenarios change rapidly and an extensive set of simulations are required

to achieve close to realistic results. The simulation package is good for long term
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planning and in determining the steady state power system inertia hard limits.

However, the offline simulation software is difficult to rely on, since:

e Equivalent models/networks are used to simplify the large distribution
networks.

e Not all the critical parameters are known, i.e. Inertia Constant (H). The users
often use the manufacturer specification data, which could gradually change
as generators are refurbished, upgraded or degraded with time [32].

e The load modelling can be very difficult due to the lack of data, from its
stochastic nature in time and its geographically distributed nature [17].

e International tielines are over-simplified given the unavailability of
neighbouring data.

e The tool assumes that the contribution of each individual generator towards
the total additional power required is proportional to its Inertia Constant, i.e.
the generator acceleration time constants must be known. In Eskom not all the
generators are capable of providing instantaneous reserves due to various
reasons, including ageing/deterioration and design capability.

e The Inertia Constant is a parameter of rotating electrical machinery often
required from suppliers by customers as guaranteed data. It is commonly used
by power system analysts who use it as input data for simulation

programs [32].
2.8 Real-time monitoring of system inertia

The system inertia of the Nordic power system was calculated in [17] using the
Inertia Constant Method. Efforts were made to analyse the historical frequency
disturbances and to estimate the consequences of reduced inertia on the frequency
disturbances. The model that was developed used only the relation between power
imbalance and kinetic energy. Other factors affecting system inertia were not
considered due to unavailability of data and information from neighbouring
countries. Although this method provided good results for certain areas of the
network, it did not fully give a clear insight to the overall power system inertia,

given that the system inertia varies depending on the dependent variables.
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EIRGRID has developed a real-time tool, namely System Non-Synchronous
Penetration (SNSP) [33]. SNSP is a single, easily computed, parameter, which
gives an indication of the ability of the system to maintain adequate frequency

response to events on the grid. SNSP is given by Equation 2.19.

RES,
SNSP: generation
System _ demand — exports (2.19)

+imports

The following requirements have been identified for the Irish system:

e Inertia of £22,600 MW.s (MJ)
e Maximum RoCoF of 0.5 Hz/s

These requirements translate to a maximum SNSP of 60%. In order for Ireland to
meet increasing European Union targets of reducing the CO, emissions, it is
envisaged that SNSP will have to increase to at least 75%, at which levels

EIRGRID envisages problems relating to frequency control.

The Inertial Frequency Response Estimator Tool (IFRET) was developed by [4]
137 historical frequency disturbance events in the ERCOT interconnection were
used as an input to back-cast the Inertial Response. Inertial Response was
correlated with system load, total on-line conventional generation capacity,
spinning reserves and ratio of wind generation to total generation. The estimated
Inertial Responses for the historical frequency disturbances were compared to the
actual recorded data and the average error for estimated Inertial Response was
5.92% with 3.5% standard deviation of error. The Coefficient of Correlation (R)
between system load and Inertial Response was found to be closer to one, which
implied that the relationship between loss of active power and change in

frequency was highly correlated and varied linearly with system inertia.
This work demonstrated that previous frequency events could be used through

correlating the Inertial Response with system load, total on-line conventional

generation capacity, spinning reserves and ratio of wind generation to total
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generation. However, the impact of disturbance location and stiffness of the
system was not covered. The model was validated using only the Coefficient of
Determination and the Standard Deviation of Error. Other statistical model

validations were not demonstrated.

2.9 Conclusion

There is a lot of literature available, which presents the system inertia and primary
frequency response for utilities worldwide. However, the power system networks
differ in size and characteristics. The Eskom network, compared to other
interconnected utilities, is viewed as an “Isolated Grid” since the tielines
connected to the neighbouring utilities are too weak (with respect to primary
response) to assist in case of large disturbances. The load pattern, generation

location and dispatch patterns are also different.

In this chapter, two methods of estimating the Inertia Constant were discussed.
The Inertia Constant Method requires knowledge of the frequency, mechanical
power and electrical power of every generator synchronised on the system and it
is applicable to a meshed network. Post-disturbance analysis of frequency
measurements from a single location during a known disturbance in the system is
classified as inertia estimation using the Swing Equation Method. None of the
methods reviewed in this chapter are perfectly suitable for the Eskom network to

meet the South African Grid Code (SAGC) requirements.
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3. MULTIVARIATE ANALYSIS
3.1 Introduction

Regression Analysis is used to predict the value of one variable based on another
variable. The technique involves developing a mathematical equation that
describes the relationship between the variable to be forecast, which is called the

dependent variable and the independent variables [29].

The techniques applicable to this work are Analysis of Variance (ANOVA) and
Multivariate Analysis of Variance (MANOVA). MVA examines the relationship
between several categorical independent variables and two or more metric
dependent variables [29].

This chapter is a build up to Chapters 5 to Chapter 9, which cover the model
development for the Rate of Change of Frequency (RoCoF) and Inertia with Fast
Primary Response (FPR) for the Eskom power system. The chapter starts with the
basics of determining regression lines. The chapter ends with a discussion of the

four important indicators of a good or poor model.
3.2 First-order linear model

In the first order linear model or the simple linear regression model, the

relationship between x and y is given by Equation 3.1 [29].

y=Bo+B1x+¢ 3.1

Where:
y is the dependent variable
Bo is the value of y where the true line intercepts the y axis (x=0)
B1is the slope of the true line
x is the independent variable

€ 1S an error variable

39



Regression analysis assumes that the two variables, x and y are linearly related

and correlated. Figure 3-1 shows the scatter diagram with the regression line.

o
v

Figure 3-1: Scatter diagram with the regression line.

3.2.1 Estimating the coefficients for a single independent variable

The least squares or regression line method aims to produce a straight line that
minimises the sum of the squared differences between the sample values of y and

the line. Equation 3.2 represents the regression line [29].

§ = bo +byx (3.2)
Where:

y is the value of y obtained from the regression line,

by is the regression line intersection with the y-axis (x=0),

b, is the slope of the regression line.

The coefficients by and b, are derived so that the sum of the squared deviations

> (yi — 9;)?% is minimised.
Where:

y; 1s the ith sample of y

¥ is the ith value of y obtained from the regression line

The least squares coefficients; b; and b, are given by Equation 3.3 and 3.4

respectively [29].

40



Where:

=|

<

n—1
(5~ %)
R
3,
=
5
=

(3.3)

(3.4)

The least squares method produces the best straight line. However, there may in

fact be no relationship or perhaps a nonlinear relationship between the two

variables [29]. To evaluate the model, two statistics and one test model procedure

were used. All these methods are based on the sum of squared errors.

3.2.2  Sum of Squared Errors (SEE)

The deviations between the actual data points and the line are called residuals and

are given by Equation 3.5 [29]. The residuals are observations of the error

variable shown in Figure 3-2.

Where

& =Yi— Vi
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y; is the i'th sample of y,
¥; is the i'th sample of y obtained from the regression line.

A
14

12

Figure 3-2: Calculation of residuals [29].

The Sum of Squared Errors (SSE) is given by Equation 3.6 [29]

2

SSE:Z()’;‘ _)A’i)z =(n-1) Si _S_Xzy
% (3.6)

Where 552, is the sample variance of the dependent variable.

Note that the §; is computed by substituting x; into the formula of the regression
line [29]. The residuals are the differences between the observed values of y; and

the fitted or predicted values of ;.

3.2.3 Standard Error of Estimate (SEE)

The Standard Error of Estimate, also called the Standard Error of Regression
Slope, measures the average distance that the observed values deviate from the

regression line [29]. It is the measure of the accuracy of prediction. The smaller

the value of Sg, the closer are the values to the regression line.
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The standard deviation of the error variable, 6., measures the suitability of using a
linear model. According to [29], the o, is a population parameter and is unknown.
However, the o, can be estimated from the data that is based on the outcome of
the Standard Error of Estimate (SSE). The unbiased estimator of the variance of

the error variable o2 is given by Equation 3.7 [29].

=— (3.7

The square root of o2 is called the Standard Error of Estimate (SEE) given by
Equation 3.8 [29].

y)
SEE=s_ = &

n—-2 (3.8)

The value of s, is judged by comparing it to the values of the dependent variable y
or more specifically the sample mean y [29]. However, because there is no
predefined upper limit on s, it is often too difficult to assess the model in this
way. In general, the Standard Error of Estimate, SEE, cannot be used as an

absolute measure of the model’s validity [29].

3.2.4  One-tail test

The sampling distribution of the ¢-statistic or the test statistic for §; ( the true
slope) is expressed by Equation 3.9 [29]. The Confidence Interval Estimator of 34
is given by Equation 3.10 [29].

t=(by—P1)/sp, v=n—2 (3.9)
by £ ta/Sp, V=1 —2 (3.10)
Where v is the number of degree of freedom.

In order to test for positive or negative linear relationships, a one-tail test is

conducted. This method starts with a null hypothesis, which indicates that there is
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no linear relationship, meaning that the slope is zero. The hypothesis is specified

by [29]:

HO: Bl=0
Hl: Bl<0

The case of P-value would be the two-tail P-value divided by two. If the
hypothesis is true, it does not necessarily mean no relationship exists. If the
alternative hypothesis is true, it may be that the linear relationship exists or that a

nonlinear relationship exists [29].

3.2.5 Coefficient of Determination (R?%)

The Coefficient of Determination is the key output of regression analysis. It
measures the proportion of the variance in the dependent variable that is
predictable from the independent variable [29]. The test of Slope coefficient; 3,
addresses only the question of whether there is enough evidence to infer that a
linear relationship exists [29]. In many cases, however, it is useful to measure the
strength of that linear relationship, particularly in this work where several
different models require comparison. The statistic that performs such a function is

called the Coefficient of Determination, defined in Equation 3.11 [29].

(3.11)

SSE measures the amount of variation in y that remains unexplained. By
incorporating this analysis into the definition of R?, R? can therefore by expressed

by Equation 3.12.

SSE _ X(yi-¥)?—SSE __ Explained variation

2 = - — —
RT=1 2(yi—y)? X(yi—y)? Variation iny

(3.17)

It follows that R? measures the proportion of the variation in y that is explained by

the variation in x shown in Figure 3-3.
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Figure 3-3: Partitioning the deviation for i=n [29].

3.3 Multiple Regression

Multivariate Analysis (MVA) is based on the statistical principle of multivariate
statistics, which involves observation and analysis of more than one statistical
variable outcome at a time [29]. This section assumes that k independent variables
are potentially related to the dependent variable. It follows that the model can be

represented by Equation 3.13 [29].

Yy = PBo+ Bix1 + Paxy + -+ Prxy t € (3.13)

Where:
y is the dependent variable
X1X5 ... X}, are the independent variables
B1B> .- Bi are the true coefficients

€ is the error variable

The sample regression equation is expressed similar to the simple regression

given by Equation 3.14.

y = bz + ble + b2x2 + -+ bkxk (314)
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3.3.1 Multiple Regression Standard Error of Estimate

In multiple regression, the Standard Error of Estimate, s., is given by
Equation 3.15.

(3.15)

Where:

n is the sample size
k is the number of independent variables in the model

3.3.2  Testing the slope of a coefficient

One or two tail tests of 3; can be conducted. In most cases, a two-tail test method
is used to determine whether there is sufficient evidence to infer that a linear
relationship exists [29]. If the alternative hypothesis is true, it may be that a linear
relationship exists or that a nonlinear relationship exists but that the relationship
can be approximated by a straight line. The estimated standard error of b, is given

by Equation 3.16 [29].

Sg

Sp, = ——
! /(n—l)s,z(
Where:

S¢ 1s the standard error of estimate,

(3.16)

s2 is the variance of the samples of the independent variable.

3.3.3 F statistic test

An F statistic is a value in a regression analysis that determines if the means
between two populations are significantly different. The F-test indicates if a group
of variables are jointly significant [29]. A large value of F' indicates that most of
the variation in y is explained by the regression equation and that the model is
valid. A small value of F indicates that most of the variation in y is unexplained.

The F statistic is the ratio between the MSR and MSE shown in Equation 3.17. A large
value of F indicates that most of the variation in y is explained by the regression

equation and that the model is valid.
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_ MSR

F= 10 (3.17)
Where:
SSR  SSR
MSR = AdR- 1
Where dfR = a number referred to as its degrees of freedom, which is always 1.
MSE = ff—fs = % (3.18)

Where dfE = a number referred to as its degrees of freedom, which is n-2.

The significance of F indicates that most of the studied variables are jointly significant.

3.3.4  Multicollinearity [29]

Multicollinearity is a condition wherein the independent variables are highly
correlated. Multicollinearity distorts the f-fests of the coefficients of the
independent variables. There are two consequences of multicollinearity. First,
because the variability of the coefficient is larger, the sample coefficient may be
far from the actual population parameter, including the possibility that the statistic
and the parameter may have opposite signs. Secondly when the coefficients are
tested, the t statistics will be small, which leads to the inference that there is no
linear relationship between the affected independent variable. The

multicollinearity does not affect the F test of the analysis of variance [29].
3.4 Assessing the model

The assessment of the model can be summarised in Table 3-1 [29]. The model is
perfect if SSE and s, are zero, R? is one and the F statistic is infinite. The model

is poor if SSE and s, are large, R? is zero and the F statistic is small.

Table 3-1: Relationships among standard error of estimate, R* and F statistic

SSE Se R? F statistic | Assessment of Model
0 0 1 oo Perfect

Small Small Close to 1 | Large Good

Large Large Close to 0 | Small Poor
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3.5 Regression variables

MVA requires sets of inputs of y range (dependent variable) and x range

(independent variables) as shown in Table 3-2.

Table 3-2: Dependent (y) and independent (x) input variables used in the
regression analysis tool

Observations Inputy range Input x range
1 N X1 X12 X13 X14 X1n
2 Y2 Xy %22 X23 X24 Xon
3 Y3 X31 X32 X33 X34 X3n
n Yn Xn1 Xn2 Xn3 Xna Xnn

3.6 Regression summary results table description

Table 3-3 shows the standard regression results output in Microsoft Excel. This
format was used throughout this work in the following chapters to present the

results.

This work focuses on the Coefficient of Determination (R?) and the Standard
Error of Estimate, which are reported on the second and fourth lines of the
Regression Statistics, respectively. The number of observations is shown on the

fifth line of Table 3-3.

The results of the analysis of variance are reported in an analysis of variance
(ANOVA) table. The ANOVA contains three rows, ‘“Regression”, “Residual” and
“Total”. The sum of squares (“SS”) column gives the SSR, SSE and SS Total.
This work focuses on the value of SSE indicated in row 3 of Table 3-3. The F
statistic 1s given in column five and the significance of F is given by the P-value

in column six, row seven.
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Table 3-3: Microsoft Excel Regression summary output

1 2 3 4 5 6
SUMMARY OUTPUT

Regression Statistics
1 Multiple R SSE | s, " F Assessment of Model

2 RSquare B 0 0 1 © Perfect

3 Adjusted R Squa% Small Small Closeto ] |Large Good
4 Standard Error Large Large Closeto 0 [Small Poor

5 Observations

ANOVA
1 df s MS £/ Significance F
2 Regression 1 SSR \[ MSR=SSR/dfR F=MSR/MSE P-value
3 Residual n-2 SSE MSE=SSE/dfE
4 Total n-1 SStotal
5
6 Coefficients  Standard Error = tStat P-value
7 Intercept — by & [t Py
8§ X417 by ] & t P, .5
9 Xy & b, & t P, 3 g
0 X3 ,35 bs & 5 P, E £
11 Xy § b4 P N t4 P4 L JD_L g
n % £ bs 5 & e Ps é .
13 e m e I 3 Ps g2
u 1 |84 b |8% & t P, =
15 xg § g b "9 g tg Py
16 N b, €9 _tn 2 J

fitted or predicted value of § = by + x1by + xpby + -+ + X, b, + €

The values of SSE, s, R? and F statistics were discussed in this chapter and are

used in the following chapters as a basis of the model development and validation.
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4. GATHERING, FILTERING AND MEASURING POWER SYSTEM
DISTURBANCES DATA

4.1 Introduction

This chapter gives background on the data collection that was used for this work.
Attempts to calculate the inertia of a system from frequency measurements in the
past have resulted in widely varying results. The inertia estimates were very
sensitive to the frequency data used and to the calculation method. The aim of this
work was to define how and with what type of data the calculation shall be

performed so that the results are accurate and realistic.
4.2 Glossary

1. Frequency nadir refers to the minimum instantaneous frequency
following a loss of a generator [4]. In this work, the frequency nadir refers
to the minimum frequency reached after a disturbance prior to slow

primary and secondary responses.

2. Instantaneous Reserve from Demand Response (IDR) is consumer load

contracted to respond to a drop in frequency [34].

3. The moving average for a time period is the arithmetic mean of the values

in that time period [29].
4.3 Data accuracy factors affecting the system inertia

The ability to estimate the inertia of the system through the Inertia Constant
Method and Swing Equation Method is dependent on the accuracy of the
measured data. In [17], [30] the data accuracy factors affecting system inertia

were summarised as follows:

* Precise data on the size of the generator loss;
* Online plant inertias (for estimate of the residual contribution);
e Identification of event start time;

* Accuracy of frequency measurement;
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* Method of system inertia calculation;

* Location of measurement point relative to the generator loss.

The PMU extracts the magnitude, phase angle, frequency and Rate of Change of
Frequency (RoCoF) from the signals appearing at its input terminals. These
signals may be corrupted by harmonics, noise and changes in state caused by

system loads and control and protective actions [35].

4.4 Frequency incident data collection and storage

The Eskom SO stores real-time data on Data Energy Centre (DEC) servers. The
data ranges from one second to hourly data. The data remains on the servers for a
certain period and is then archived. This data includes and is not limited to the
generator sent-out, spinning reserves, installed capacity, Area Control Error
(ACE), Automatic Generator Control (AGC) status, frequency, generation load
losses, instantaneous reserves, time error and 1 to 15-minute system snap shots of

the state of the transmission network. Figure 4-1 shows the data sources.

Frequency incident data collection sources

| | | | | . | | | |

PMU International
Phoenix DEC IDR
(20-100ms) (4 sec)

Frequency (1s)
Sent-out (1-4s)

=1 Snapshots
= IPP
] RPP

Figure 4-1: Frequency incident data collection sources.

This section describes the process used to collect the data. Frequency incident data

for the period of June 2014-March 2017 was collected from the Eskom EMS/DEC
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and Wide Area Monitoring System (WAMS). The method of extracting data,
storing and calculation of required data was developed and partly automated. The
data is correlated with system snapshots at the time of incidents, which comprises
Eskom generator sent-outs, generation load losses, spinning reserve, renewable

generation output, tie-line flows, IPP outputs and IDR data.

This data was analysed in the next chapters where the power system Inertia
Constant is calculated for different system conditions. Microsoft Excel was used
to collect and store the recovered frequency incidents in a database and to perform

MVA calculations.

4.5 Frequency disturbance by type in Eskom

Frequency instability in the Eskom network can be caused by the loss of
generation, load or transmission equipment resulting in either loss of generation or
load or both. Figure 4-2 shows the typical examples of different disturbance types
that may result in frequency disturbances in the Eskom network. Transmission
equipment refers to various components such as transformers, transmission lines,

Static Var Compensators (SVC), shunt reactors and capacitors.

Filtering of disturbance by type

Equipment
(transformer, Tx
line, HVDC bridge)

International

Loss of Generator Loss of large Load S
incidents

Figure 4-2: Filtering of frequency disturbances by type.

4.5.1 Loss of a generator

This research is focused on studying the Eskom system inertia using historical
frequency disturbances. There are a number of available generation incidences -
approximately 2000 events in the past three years that made it possible to continue

with this study.
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4.5.2 Loss of large load

The loss of large loads such as smelters is not covered in this research due to
confidentiality clauses signed between Eskom and customers. However, the data
is available and will be studied in future, as high frequencies caused by loss of

large loads can be of great concern.

4.5.3 Loss of a transmission circuit

The loss of a transmission circuit is not covered in this work due to the small
number that lead to frequency disturbances. However, loss of the Cahora Bassa
(HVDC) infeed is covered since these events are considered as a credible multiple

unit trip by the Grid Code of South Africa.

4.5.4 International incidents

The loss of cross-border generators is not covered in this research since relevant

data was difficult to gather.

4.5.5 Demand Side Management (DSM) and Instantaneous Demand Response
(IDR)

The purpose of the Instantaneous Reserve is to arrest the frequency at an
acceptable limit following a contingency, for example a generator trip. If
available, it responds to a frequency incident within 10 seconds and is sustained
for at least 10 minutes [34]. A frequency lower than 49.65 Hz (with a certain time
delay), will trigger the first load block of the Instantaneous Demand Response
(IDR). A frequency lower than 49.60 Hz, will trigger of the second load block.
Figure 4-3 shows the successful IDR response following a loss of a large unit.
Furthermore, the response resulted in a frequency overshoot, which was above the

nominal frequency of 50 Hz.
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Frequency response following a large disturbance and IDR overshoot

503

50179493

502

)

=

5003204

Fregquency (Hz)
L o
B il
e D

== Fridquency
493
406G AU S9TIES

495 -
15:09:259 25362506 2hodda5ad 2601261 16:18:2618 260362636 MRcH3:2653

Time(mm:ss:ms]

Figure 4-3: Frequency response following a large disturbance and frequency
overshoot due to IDR [PMU data downloaded by author].

The Under Frequency Load Shedding (UFLS) scheme is also consumer load
mandated to respond to a drop in frequency. UFLS is designed to trip blocks of
load from the system in a period faster than any human controller can respond. A
frequency lower than 49.20 Hz, will trigger approximately 3.3% of peak load.
Figure 4-4 shows the UFLS response following a multiple unit trip.

Kendal multiple unit trip - 06 June 2014
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Figure 4-4: UFLS response following multiple unit trips at Kendal power station —
06 June 2014 [PMU data downloaded by colleague].

Calculating or measuring the RoCoF resulting from multiple unit trip incidents

was beyond the scope of this work as the frequency nadir was not fixed per trip

55



(e.g. the breakers do not normally open at the same time). Therefore, future work

will look into how the model adapts for multiple unit trips.
4.6 Data sampling rate accuracy

Figure 4-6 shows the RoCoF measurements taken at Tutuka power station. The
current SCADA sampling rate is one second and the PMU data-sampling rate is

20 ms and averaged to 100 ms after 6 months when archived. An example of an

archived frequency incident data is shown in Figure 4-5.

Frequency plot in 100 ms averaged PMU data

49.85

49.8 —\_I
4975

49.7 ‘_\_L
49.65

49.6 L‘_‘_\_‘__ﬁ_‘%

49.55

Frequency (Hz)

49.5
Time(in 100 ms interval)

Figure 4-5: Archived PMU frequency data with 100 ms sample rate [PMU data
downloaded by author].

The output data of the Rate of Change of Frequency (RoCoF) from PMUs was not
easy to use in the studies. It can be observed from Figure 4-6that the higher the
sampling rate the more accurate the RoCoF. The method of averaging or filtering

of PMU noise is discussed in the next section.
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Rate of Change of Frequency - Tutuka Frequency
Measurement
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Figure 4-6: RoCoF sampling rate measurements at Tutuka power station
following a disturbance at Apollo-29 November 2013 [PMU data downloaded by
a colleague].

4.7 Moving Average and Detrended Fluctuation Analysis (DFA) methods

Electromechanical oscillation is an inherent property of an AC transmission
system and cannot be eliminated. The change in electromagnetic torque of a
synchronous generator following a disturbance is divided into two components;
synchronising torque component (in phase with rotor angle deviation) and
damping Torque component (in phase with the speed deviation) [7], [20]. Figure
4-7 shows the actual PMU frequency measurements from two power stations

following a unit trip at Medupi power station.
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Matimba vs Kendal PMU measurements following Medupi
unit trip
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Figure 4-7: Matimba and Kendal power station PMU measurements following a
Medupi unit trip [PMU data downloaded by author]

The Electromagnetic Torque Oscillation Stage can be observed from the Matimba
power station PMU a few ms following the disturbance. The moving average
methods were used to filter out the Electromagnetic Torque Oscillations and noise

from the PMU data.

The Detrended Fluctuation Analysis (DFA) algorithm is used to remove extrinsic
fluctuations present in a signal in order to allow the analysis of the background
variability [36]. The first step to implementing the DFA algorithm is to remove
any DC offset by using Equation 4.1.

y(k)= 3 [x()-7]

4.1
Where:
y(k) is the running sum of the samples from the first sample up to the k’th
sample where the average value of all the samples has been subtracted out
from each sample value.
x(1) is the i'th sample of the actual signal

X 1s the average value of all the samples in the actual signal
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The running sum of the samples y(k) is then divided into segments of width n
samples. A least-squares first-order linear (straight-line) approximation of the
running sum is calculated for each segment. The individual segment running sum
of the samples, y,(k), can be considered a (straight-line) approximation of the

running sum of the actual samples y, (k).

The next step is to de-trend the running sum of the actual samples, y(k), by

removing the segment (straight line) running sum of the samples.

y' (k) = y(k) = yn(k) (4.2)

y'(k) is now the de-trended running sum of the actual samples. A root-mean-

square fluctuation of y'(k) is then calculated by using Equation 5.3

F(n)=\/li[y<k>—yn<k>]z

= (4.3)

This process of de-trending followed by the fluctuation calculation is repeated
over a range of different segment width, n, and a graph of log[F (n)] versus log(n)
is plotted. The least-square straight-line fit to the above graph is defined as having

a slope a.

Where:
a < 0.5 indicates negative correlation
o = 0.5 indicates white noise (no correlation)

a > indicates positive correlation

For the PMU frequency disturbance data extracted from WAMS, the five-period
moving average was used to average the frequency data before and after a
disturbance. The starting frequency and the corresponding time were obtained.
Similarly, the moving average method was used to determine the minimum

frequency or frequency nadir following a disturbance.
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S. MODEL DEVELOPMENT AND DEFINITION OF VARIABLES

5.1 Introduction

This chapter presents the model development methodology. It introduces the
background to the different stages of the frequency response following a
disturbance and factors affecting system inertia in Eskom. In chapter two, the
estimating the system inertia calculation and estimates methods from the literature
were presented. The MV A concepts developed in chapter three are used in this
chapter. In [4], [6], [17], [27], the factors affecting system primary response were

summarised as follows:

e Kinetic energy and inertia of individual generators and motor;
e Stiffness of the system;

e Generation dispatch;

e  Transient or fault location;

e Load types;

e Renewable energy sources;

e Distributed or Centre of Frequency;

e  Size of loss;

e  Method of the Inertia Constant and primary response calculation.

5.2 Model development plan

In Figure 5-1, the outer loop shows the connection and balancing of load and
generation. The load, interconnectors, PV and wind generation are categorised as
self-dispatch or non-dispatchable by the SO. The synchronous generators and
Apollo HVDC are categorised as dispatchable by the SO. The strength of the AC
power system is mainly determined by the system inertia, which is mainly
provided by connected synchronous generators and the stiffness of the system [6],

[17], [19] shown in the inner loop of Figure 5-1.
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Figure 5-1: Block diagram showing the balancing of load and generation with the
impact of the varying Inertia Constant.

The model was developed by equating the Swing Equation Method and the Inertia
Constant Method from historic power system frequency disturbance data.
Multivariate Analysis was used to determine the behaviour, contribution and
relationship between the independent and dependant parameters. The multiple
regression models will be determined in the following chapter and used to design
the RoCoF, the inertia without Fast Primary Response (FPR) and inertia with FPR

online models. The MV A development plan is shown in Figure 5-2.
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Swing equationmethod | Use both Inertia Constant Method and
Swing Equation Method

Input:
PMU/SCADA

AP, Af, fextrem Excludes Instantaneous Demand Response
and small frequency deviation

/ Output:
M(2H)

Correlate using multivariate analysis

Recognise the impact
of transient location

Figure 5-2: MV A model development plan.

MVA requires a certain minimum set of data (observations) for the regression to
solve and produce accurate results. The approximately 2000 frequency
disturbances in the past three years made it possible to perform this study. MVA
involves observation and analysis of more than one statistical outcome variable at
a time [29]. MVA requires sets of inputs of y range (dependent variable) and x

range (independent variables) as shown in Table 5-1.

Table 5-1: Dependent (y) and Independent (x) input variables used in the
regression analysis tool (similar table is used for the Inertia without FPR model
and the Inertia with FPR model).

Observations Inputy range Input x range
1 N X11 X12 X13 X14 X1n
2 Y2 X1  X22 X23 X24 X2n
3 Y3 X31 X32 X33 X34 X3n
n Yn Xn1 Xn2 Xn3 Xn4 Xnn
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The Coefficient of Determination (R*) measures the proportion of the variation in
y that is explained by the variation in the independent variable x. The Sum of
Squared Error (SSE) measures the amount of variation in y that remains
unexplained and the Sum of Squared Residuals (SSR) measures the amount of

variation in y that is explained by the variation in the independent variable.
5.3 Inertia with FPR dependent variables

The Inertia with FPR dependent variable is derived by rearranging Equation 2.13
to calculate the Inertia Constant using the power change AP (sourced from EMS
SCADA data) and frequency at the start time of the disturbance (sourced from
Eskom PMU data). The Inertia Constant (H) is defined as the Inertia with FPR
dependent variable (y,,) given by Equation 5.1.

P.. —P.
( ( Sl(mf) vl ) (tstarl - ZLrwzdir )]
H+FPR = art

2 ( f‘staﬂ — f nadir j
f:vlart

GS. 1

Where:
H+FPR is the Inertia Constant with FPR (s)
Psiqrt 18 the system generation prior to loss of generation (MW)

Py qair: 18 the system generation at the frequency nadir (MW)
fstare 18 the frequency at the start of a disturbance (Hz)
frnaair 1 the nadir frequency (Hz)

tsrarels the time at the start of a disturbance (s)

thaair 18 the time at frequency nadir (s)

5.4 Independent variables

The factors that are expected to contribute to Inertial Response of the Eskom
power system are summarised in Figure 5-3. Known variables can be defined as
variables that can be measured directly from PMU and SCADA/EMS data

without manipulation. Unknown variables can be defined as variables that are
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approximated by solving an equation or developing a simplified model from

measured SCADA/EMS data.

Eskom Gens )
(Fossil, Nuclear, OCGTs, [—> X Jgen(eskom) =X
GTs & Hydro)
HvVDC H 02 Jpc,apott = Xog
I i — Fairly Known
I Spinning Reserve I__> Sync gen, eskom = %g variables
I Load losses H Sync gen,eskom = X4
IPP Gens ]
(Sasol, Steenbras, [ X Jgentirrs) = Xg Unknown variables
Kelvin) (can be estimated
— (I " from schedules,
ie line (International) | - =X [~ forecast and actual
(BPC, Nampower, Zesa Z]gen(tle line) 758 importS/ExportS)
Renewables . _
Tl derae e OZ}TM +Active P =x56 |
Unknown variables
Stiffness, Damping Z]loads +B = X2 (Can be estimated)

Figure 5-3: Model development showing known and unknown independent
variables.

5.4.1 Sum of individual generator moments of inertia

The Inertia Constant of individual generators is measured in seconds. The model
will use actual frequency measurement at the start of the disturbance (before any

FPR has any effect). The first dependent variable is derived from Equation 2.1.

H = l Ja)Om
2 Sbase (5 2)

Where:
] is the moment of inertia (kg.m?)
Wom 18 the synchronous speed (rad (mech)/s)
Spase 18 the apparent power rating of the generator (VA)

Since the system frequency is highly variable, it is convenient to express the

second dependent variable as the sum of all the synchronous masses and moments

of inertia in Equation 5.3 by rearranging Equation 2.2.
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Not all the Inertia Constant s in Eskom are known. The unknown Inertia Constant

are estimated from Table 5-2 [6] [13].

X, = J _ - 2HSbase
| eskom ,gens

2
a)Om

Table 5-2: Typical Inertia Constant (H) by generation type

Generation type

H(s)

Turbine generator (1800 rpm)

6-9

Turbine generator (3000 rpm) condensing 4-7

Turbine generator (3000 rpm) non-condensing | 3-4

Water wheel generator (>200rpm) 2-4
Water wheel generator (<200rpm) 2-3
Synchronous Condenser (Large) 1.25
Synchronous Condenser(small) 1.00

It must also be noted that hydro pump storage has different modes of operation,
generation, pumping, Synchronous Condenser (SCO) and standstill modes. The
Inertia Constant for these modes was taken into consideration during frequency

disturbance studies.

5.4.2 SAPP simplified inertia contribution from tielines

Due to the relatively small size and unavailability of data in other utilities, only

BPC, ZESA and Songo were considered. Figure 5-4 shows a simplified SAPP

diagram.

Nampower

Figure 5-4: Simplified SAPP diagram.
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A simplified model to estimate the inertia contribution by BPC is shown in Figure
5-5. The y-axis is the moment of inertia contribution from the BPC network. The
x-axis is the power flow difference between the Matimba-Phokoje and Phokoje-

Insukamini 400 kV lines.

/]
R
b
V| N | MW = (Matimba-Phokoje) ~ (Phokoje-Insukamini)
™,
\If Matimba-Phokoje = 0, J =0
\
—
MW

Figure 5-5: BPC inertia simplified model with reference to the Eskom network.

The BPC simplified model shows that the higher the power difference between
the Matimba-Phokoje 400 kV and Insukamini-Phokoje 400 kV lines, the fewer
units are committed by BPC. If the Matimba-Phokoje 400 kV line is out of
service, then the moment of inertia contribution from BPC and Zesa is zero since
both utilities would be disconnected from the Eskom network. These conditions

are valid for normal system conditions in BPC.

A simplified model for estimating the inertia contribution by Zesa is shown in
Figure 5-6. The y-axis is the moment of inertia contribution from the Zesa
network and the x-axis is the power import from Zesa via the Insukamini-Phokoje

400 kV line.
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|J| If (Insukamini-Phokoje) =0, J =0

Insukamini-Phokoje (MW)

Figure 5-6: Zesa simplified inertia model with reference to the Eskom network.

The higher the power import through the Insukamini-Phokoje 400 kV line, the
higher the inertia contribution from Zesa. If the Insukamini-Phokoje 400 kV line
is out of service then the moment of inertia contribution to Eskom from Zesa is

Z€10.

5.4.3 Independent Power Producers

The inertia contributions from synchronous Independent Power Producers (IPPs),
(e.g. Sasol, Kelvin) were estimated from the known dispatch schedules and actual
power flows. These IPPs were lumped with Eskom’s sum of individual generator

moments of inertia.

5.4.4  Stiffness of the system

Load modelling is very difficult due to the lack of data, its stochastic nature in
time and its geographical distributed nature [23]. Load behaviour immediately
after the onset of the disturbance was studied in [17] looking at every combination
of simulation case and fault. The change in load is dependent on the operational
scenario, power imbalance and location of the disturbance. The main finding was
that immediately following a disturbance the change in system load is mainly

caused by voltage dependent loads.

The stiffness of the system depends highly on load damping, spinning reserve and
governor droop (steady state) [6]. Motor loads are dependent on the power system
frequency. If the frequency declines, the connected motor load will decline [6].
Most of the residential loads in South Africa are voltage dependent. If the voltage

declines, the connected load magnitude will also decline depending on the
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reactive power reserves provided by the local synchronous generators and Var
Compensators i.e. Static Var Compensators (SVCs). The load damping in the
Eskom network changes with time and is dependent on the area. Eskom adopted
the NERC standards, which states that when frequency drops 1%, the motors slow
down, and the active power consumption drops by 3%. The non-motor (resistive)
load generally remains constant when the frequency drops. The net of these is the
general rule of thumb that a 1% change in frequency causes a 2% change in
load [21]. This rule of thumb was used as a starting point for the model

development.

The analysis of the Load Frequency Characteristics (LFC) is described as the
collective performance of all generators in the system [6]. The inter-machine
oscillations and transmission system performance are normally ignored. For a
system with n generators and a composite load-damping constant of D, the steady-
state frequency deviation following a load change AP is given by

Equation 5.4 [6].

A = —AP,
" (/R +1/R,+...+1/R)+D (5. 4)
__TAR
(1/R,)+D (5.5)
Where:
N 1 _A%
R, resddionTep )  , : e
100 generationcontributing toregulation( MW) (5. 6)

The composite frequency response characteristic of the system, 3, is sometimes

referred to as the stiffness of the system and is expressed by Equation 5.7 [6].

poAR_ L)

Af&\\‘ Req ( 5 X 7 )
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The composite regulating characteristic of the system is equal to 1/8 [6] The
coherent response of all generators to changes in system load is assumed and
represented by an equivalent generator. Figure 5-7 shows the system equivalence

for LFC analysis [6].

_\ff\ L

)

A_PmZ + L Mqs + D Af = dor
APy,

AP,
Figure 5-7: System equivalence for LFC analysis [6].

AP

The equivalent generator has an Inertia Constant, Hyy, equal to the sum of the

eqs
Inertia Constant s of all generating units and is driven by the combined
mechanical outputs of the individual turbines [6]. Similarly, the effects of system
loads are lumped into a single damping constant D. The speed of the equivalent
generator represents the system frequency 2nAf = Aw,. [6] Thus, it follows that
the composite power/frequency characteristics of a power system depends on the

combined effects of the droops of all generator speed governors [6]. It also

depends on the frequency characteristics of all the loads in the system.

1
APG = - Af

—

AP, = AP, — APD=(- . P D) Af

AP,

Af = ———F—
! 1/Req + D

Figure 5-8: Composite governor and load characteristic [6]
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An increase of system load by AP, (at nominal frequency) results in a total
generation increase of AP; due to governor action and a total system load
reduction of APy due to its frequency characteristic [6].

The units which were committed for instantaneous reserves, were used to
calculate the spinning reserves per generator at the times of the actual frequency
disturbances. In the time scale considered, governors do not have time to respond

so that the damping present is due to the load response (FPR).
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6. THE ROCOF MODEL
6.1 Introduction

The aim of this chapter is to study the system RoCoF following small and large
disturbances. This chapter proposes a possible way of estimating the maximum
instantaneous system RoCoF. The model estimates the RoCoF from the change in
power (worst possible contingency or multiple unit trip), fstqr¢, Online sum of
moments of inertia (J), RES, generation load losses and spinning reserve from
past disturbances and finds a relation between these factors. These can be used in
conjunction with under frequency trip settings and response times to evaluate

online whether the limits would be violated.
6.2 Disturbance location and frequency measurement points

The frequency is not the same throughout the whole IPS. During a disturbance a
measurement location in the system plays a role due to a propagation of the
frequency wave [17]. However, it has been shown in [27] that the placement of a
PMU with respect to a system event can greatly affect the post-fault frequency
measurement and any corresponding analysis of that event. In addition, the
standard for synchrophasor measurements (IEEE C37.118.1-2011) leaves both the
method of frequency measurement and the device performance under transient
conditions unspecified [27], [35], meaning that under such conditions devices

from different manufactures could produce different results.

Figure 6-1 shows the three stages of the primary response during a loss of a large
generator in the Northern part of the Eskom network. The measurements were
taken from Phasor Measurement Units (PMUs) at Western Cape (Koeberg),
Northern (Matimba) and Mpumalanga (Kendal) power stations.
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System primary response stages following a loss of a generator in
Lephalale area
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Figure 6-1: PMU data showing system primary response stages.

The centre of system frequency/inertia and impact of disturbance location were
studied using the past frequency disturbances which were randomly selected
across the Eskom areas. The sub-transient behaviour of generators i.e. within 20
ms following a disturbance were largely identified in the disturbances in the
Northern (Matimaba), Western Cape (Koeberg) and Eastern (Kendal) areas as
opposed/compared to the power stations in the Mpumalanga area. Table 6-1
shows a summary of regression results following a single generator disturbance in
the central area.

Table 6-1: Relationship among frequency measurements in Central, Western Cape
and Northern areas

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.9999
R Square 0.9999
Adjusted R Square 0.9999
Standard Error 0.0014
Observations 750
ANOVA

df SS MS F Significance F
Regression 2 14.59 7.29 3714393.36 (0]
Residual 747 0.0015 1.9639E-06
Total 749 14.5907

Coefficients Standard Error t Stat P-value

Intercept -0.0497 0.0184 -2.6997 0.00710
W_KOEBG_01_400 0.6437 0.0098 65.5676 (]
N_MATMB_01_400 0.3573 0.0098 36.2777 6.0E-167
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In Table 6-1, R? is equal to 0.999 and the standard error is equal to 0.0014. This
indicates that 99.99% of the variation in the frequency deviation in the Central
part of the Eskom network during a disturbance is explained by the variation in
frequency deviation reading at Koeberg (approx. 1500km away from Kendal) and
Matimba (approx. S00km from Kendal). There is overwhelming evidence to infer
that a linear relationship exists between all three locations following a single
generator disturbance since the values of the test statistics are large (t = 65.56 for
Koeberg and 36.27 for Matimba) and with P-value of zero for both power
stations. Therefore, a linear relationship exists between the PMUs in the Eskom
regions, which provides confidence in the dependency of measurements points

based on locations.

6.3 Relationship between the RoCoF, system inertia and asynchronous

generation sources

It was shown in [15] that the maximum Rate of Change of Frequency (RoCoF)
following a loss of generation is independent of the asynchronous generation
sources. Because of differing inertia, the RoCoF will increase when asynchronous
generation displaces conventional generation. Figure 6-2 illustrates the

relationship between RoCoF for high (3), medium (2) and low (1) system inertia.
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Figure 6-2: RoCoF as a function of system inertia.
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The characteristic times of the Inertial Response will be of the order of fractions
of a second [5],[24]. In this short time-frame, it is impossible for the slow
primary response and the secondary response to react. Therefore, this period
requires adequate stored energy provided mainly by synchronous generator inertia

to reduce the RoCoF [19],[23], [27].

6.4 Measuring the Rate of Change of Frequency (RoCoF) from

disturbances

This section evaluates the impact of disturbance location and the factors affecting
the system inertia during the first 300 ms. The moving average [29] and
Detrended Fluctuation Analysis (DFA) [36] methods were used to filter out the
Electromagnetic Torque Oscillations and PMU measurement noise following
large disturbances. Figure 6-3 shows the linear approximation for the first 300 ms

following a disturbance.
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Figure 6-3: Linear approximation of the RoCoF within the first 300 ms following
a disturbance [PMU data downloaded by author].

The RoCoF is calculated directly from the slope of the frequency change. The
start and end times together with the corresponding frequency were recorded. A
linear approximation was used to calculate the Coefficient of Determination (R?).
The data that contained correlations below 99% were adjusting the moving

average period.
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6.5 The RoCoF model of independent and dependent variable

The System RoCoF derived from section 6.3 is defined as the dependent variable

)

The first independent variable x; iS fsqrt-

The second independent variable x, is the sum of all the synchronous moments of

inertia (generators) in term of H given by Equation 2.2.

The third independent variable x; is the stiffness of the system given by

Equation 5.8

The fourth independent variable is the drop in power (AP) x,

The fifth independent variable x5 is the system load, which is equivalent to

generation sent-out.

The sixth independent variable was chosen to be the total spinning reserve (X¢) on
its own and is the unloaded generation which is synchronised and ready to be used

(with or without governor action).

The seventh independent variable is the generation load losses (x;) and was
chosen to be the units that are synchronised on the grid but unable to output
Maximum Continuous Rating (MCR) (limited ability to provide spinning

reserves).

The simplified models to estimate the contribution from two international
interconnectors, Botswana Power Corporation (BPC) load (xg) and Zimbabwe
Electricity Supply Authority (ZESA) load (xg9) were developed from the line

flows and interconnector schedules.
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Power generated at the Cahora Bassa hydro power station in Mozambique and
which is imported into the Eskom network via long HVDC lines was measured at
the injection substation, Apollo. HVDC (x,,) is asynchronous, thus it does not

contribute to the Inertia Constant.

The Renewable Energy Sources (RES) are wind (x;4) (may or may not contribute
to the moment of inertia depending on the technology) and PhotoVoltaic (PV)

(x12) (does not contribute to the moment of inertia).

6.6 Cumulative system RoCoF factors versus the Coefficient of

Determination

The study was performed to determine the contribution of every factor that is
expected to influence the RoCoF such as System Inertia Constant (H), the drop in
power (AP), Spinning reserve, the generation load losses, the HVDC and the
renewables (Wind and PV). Figure 6-4 shows the cumulative RoCoF factors

measured against the Coefficient of Determination (R%).

Cummulative RoCoF vs Coefficient of Determination and Independent variables
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Figure 6-4: Cumulative RoCoF factors versus Coefficient of Determination (R?).
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The system RoCoF with reference to Kendal power station resulted in an R? of
0.96, standard error of 0.0015, F statistic of 25, SSE close to zero and significance
of F close to zero.

The main contributing factors of the RoCoF were starting frequency, sum of
moments of inertia, drop in AP (lost generation) and system stiffness.

The moment of inertia makes a large contribution to the RoCoF. The stiffness of
the system also makes a large contribution to the RoCoF. The amount of generator
drop in AP (lost generation) makes a larger contribution. The amount of the sum
of generation online (system sent-out) makes a smaller contribution.

The spinning reserve, BPC load, Apollo HVDC, wind and PV do not contribute to
the RoCoF, but are considered multicollinearity factors. During large
disturbances, the coefficients of RES, spinning reserve, HVDC and load losses are
very small and distort the #-test of the coefficients of the RoCoF. Example would
be during low load and/or excess generation capacity conditions when the SO is
forced to take synchronous generation off the grid, which affects the system

inertia.
6.7 The Eskom system RoCoF model

From the previous section, 96% of the variation in the frequency deviation in any
part of the Eskom network during the incidences could be explained by the
variation in frequency deviation reading at Kendal power station. It follows that
Kendal power station can be used as a reference centre of frequency for any
disturbance in the network. Table 6-2 shows a detailed summary of results and

validation of the system RoCoF model.
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Table 6-2: Detailed system RoCoF model

SUMMARY OUTPUT
Regression Statistics
Multiple R 0.9806
R Square 0.9617
Adjusted R Square 0.9233
Standard Error 0.0015
Observations 25
ANOVA
df SS MS F Significance F

Regression 12 0.00067 5.58E-05 25.08 0.00
Residual 12 3E-05 2.22E-06
Total 24 0.00070

Coefficients Standard Error  tStat  P-value  Lower 95% Upper 95%
Intercept 0.4914 0.3973 1.237 0.240 -0.3742 1.3570
fo(pmu) (x1) -0.0110 0.0081 -1.366 0.197 -0.0286 0.0066
System total J (x2) 0.0045 0.0035 1.283 0.224 -0.0032 0.0122
Stiffness (x3) -0.0002 0.0047  -0.051 0.960 -0.0106 0.0101
Unit tripped from (x4) -2E-05 6E-06 -3.922  0.002 -4E-05 -1E-05
System sent-out (x5) 8E-07 3E-07 2.797 0.016 2E-07 2E-06
Spinning reserve (x¢) 1E-06 4E-07 2.529 0.026 1E-07 2E-06
Genix Load losses (x;) 2E-06 1E-06 1652 0124 -6E-07 5E-06
Apollo DC (xg) -2E-06 1E-06  -1.698 0.115 -5E-06 7E-07
BPC load (x9) -5E-07 2E-06  -0.279 0.785 -4E-06 3E-06
Zesa (x10) 8E-06 5806 1723 0111 -2E-06 2E-05
Wind (x11) 6E-06 2E-06 3.135 0.009 2E-06 1E-05
PV (x12) 5E-06 1E-06 3.471 0.005 2E-06 7E-06

The first order RoCoF model for the overall Eskom IPS is estimated by model (a):

System RoCoF = 0.4914 + [—110.43x, + 45.33x, — 2.42x5 — 0.2326x, +
0.0085x5 + 0.01x4 + 0.0198x, — 0.023xg — 0.005x9 + 0.0079x4( +
0.057x;, + 0.046x,,]/(1.0E —5) (a)

6.8 Conclusion

It is clear from the results that the Fast Primary Response factors may be too slow
to react to large disturbances during light loading conditions. Therefore, kinetic
energy, stiffness of the system and the amount of generator loading prior to
tripping determine the RoCoF. All the power stations and area Fast Primary
Response models (to be developed in Chapter 7, 8 and 9), can be referenced to the
Kendal power station PMU. The bulk of the Eskom generation is in the Northeast
area; therefore it is expected that the centre of system inertia is in this area.
Furthermore, Kendal power station has more PMU historic data when compared
to other PMUs installed in other Eskom network locations

80



7. THE SYSTEM INERTIA WITHOUT FPR MODEL DEVELOPMENT
7.1 Introduction

The aim of this chapter is to study the large disturbances and propose a possible
way of estimating the system inertia without FPR using the MV A. The first part is
the choice of dependent and independent variables. The second part evaluates the
impact of disturbance location and the factors affecting the system inertia during
the first 300 ms following the disturbances in the network and develops a
simplified model. Discussion of the results and conclusions are then made at the

end of the chapter.
7.2 System inertia dependent variable

The inertia dependent variable is derived by rearranging Equation 2.13 to
calculate the Inertia Constant without FPR using the RoCoF (sourced from PMU
data), fstart> f300mss tstarts t300ms. (sourced from PMU data), power loss AP
(sourced from EMS data) in system VA base and frequency at the start time of the
disturbance. System damping and stiffness are assumed zero. The Inertia Constant

(H) is defined as the inertia dependent variable (y,,) given by Equation 7.1.

( (PStart — Pz;oomg) (tstart - tnadir )j
H =

start

2 ( f‘sturt — f nadir ]
fvtart

(7.1)

Where:

fa00ms, and tzgoms apply 300 ms after the start of the disturbance (Hz)
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7.3 System inertia independent variables

The first independent variable x; is the system load, which is equivalent to

generation sent-out.

The second independent variable x, is the starting frequency in Hz.

The third independent variable x5 is the sum of all the synchronous generator

moments of inertia (J)..

7.4 Results for the system inertia using the MVA method

Table 7-1 shows the Inertia Constant models for the selected Eskom areas
(Mpumalanga and North) and Majuba power station (East). The first part of the
table comprises the observations, the s, the R?, the SSE, the F statistic and the
significance of F. The second part of the table shows the independent variables
and coefficient values obtained from the MVA.

Table 7-1: Comparison of the Inertia Constant per Eskom area and independent
variable coefficients (print in colour. Red=poor; yellow=average; green=good)

Model All PS North-East [North Majuba Majuba 123
Observations 27 10 8 9 6
5 R Square @ o.18[ o.66[ ) 0.69| 0.61|@ 0.96
'@ Standard Error @ 0.39|@ 0.09|@ 0.09|> 0.51| 0.25
g SSE @ 3.48|@ 0.04|/@ o.04|_ 1.28|@ 0.12
g F statistic D  1.65|D 3.93|@ 2.99|D» 2.59|@ 15.24
Significance of F @ o.21|@ 0.07|» o.16|> 0.17|@ 0.06
Intercept 61.51 -57.47 -16.98 294.43 505.82
g % g Load (gen sent-out) (¥1) | -0.19229 0.00002| 0.01658 0.00018 0.00037
8 O |startingfrequency (*2) ~1.21 1.13 0.33 -6.02 -10.38
£ § ‘8 System total J (x3) | 0.000042| 0.309691| 0.000063| 0.696460 0.940421

The correlation of the combined past disturbances for the entire system was poor.
The Coefficient of Determination (R?) was found to be 0,18. By breaking down
the data into North East and Lephalale areas, the R? improved to 0,66 and 0,69
respectively. The R? of all units in Majuba power station model was 0,61. Since
the units at Majuba power station have different sizes and ratings, the station was

divided into two stations. The Majuba 123 R? improved to 0,96 and good standard

82




error, small SSE, large F statistic and small significance of F. This signifies that
the model yields better results at a power station level and with units of similar
type.
Using Majuba 123 model, the Eskom system Inertia Constant without stiffness,
can be estimated by model (b):

S H=xb +x,b, +x,b, +b, (b)
=0.00037x, —10.38x, +0.9404x, +505.82

Where:
S — Zn: JOma)gm
" — 2H,

This method was also extended to other power stations and area models with an
increased number of observations and high level of accuracy.

7.5 Conclusion

In this chapter, the estimation of system inertia without FPR considered the
contribution of synchronous generators to system inertia. The other factors were
excluded and a linear Swing Equation was assumed. Efforts were made to use this
method to predict the actual and measured Inertia Constant and frequency nadir
and resulted in large errors. The following chapter investigates the impact of

disturbance location and the stiffness (inertia with FPR) of the system.

83



84



8. ESTIMATION OF THE INERTIA WITH FPR AND PREDICTION OF
THE FREQUENCY NADIR FOLLOWING DISTURBANCES USING THE
MVA METHOD

8.1 Introduction

This chapter is divided into three sections. The introduction is followed by
section 8.2, which analyses how various factors behave during small disturbances.
The study was performed to determine the contribution of every factor that is
expected to contribute to the Inertia with FPR. This was performed by
cumulatively adding each factor in order to determine the contribution and

effectiveness during the single frequency disturbances.

The disturbances in the Lephalale area, which includes the Matimba and Medupi
power stations, are used as an example in this work. Other models are found in
Appendix A. The second reason is that Lephalale is connected to neighbouring
countries Botswana and Zimbabwe. The strength of the neighbouring countries

during disturbances is also of interest.

The validations of the Lephalale area models are in Section 8.3.4 and 8.3.5. The
predicted model Inertia with FPR frequency nadir was validated against the actual
calculated H and measured frequency using PMU data. The correlation can then
be used to make an estimation of the maximum instantaneous frequency deviation
and time it would take to reach the frequency nadir. The summary of other area
model results (predicted vs. actual frequency nadir) are presented in section 8.4

and 8.5.

8.2 Cumulative Inertia with FPR factors vs Coefficient of Determination of

the Medupi model

Small disturbances can be defined as frequency disturbances where IDR does not
operate during an incident. The aim is to validate the use of the Inertia with FPR
model using known parameters and measurements. The study was performed to

determine the contribution of identified factors that are expected to contribute to
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the frequency response. R? measures the proportion of the variation in Inertia with
FPR that is explained by the variation in the factors that are expected to contribute
to the Inertia with FPR. The factors are system total moment of inertia (J),

stiffness of the system, spinning reserve, generation load losses, international tie-

lines (BPC load and Zesa), Apollo HVDC and renewables (wind and PV).

In this section, techniques that allow the determination of the relationship between
Inertia with FPR and multiple variables are presented. Figure 8-1 shows the
cumulative factors measured against the Coefficient of Determination (R?) of the

Medupi power station. The positive and negative coefficients are also highlighted.

Cumulative Inertia with FPR factors vs. Coefficient
of determination of Medupi model
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Figure 8-1: Cumulative Inertia with FPR versus Coefficient of Determination of
the Medupi PS model.

The correlation between the dependent variable Inertia with FPR and the
independent variable (total moment of inertia) is poor (only for the Medupi
model). This is explained by the generation dispatch pattern, which is
predominately-base-load for Eskom.

Additional stiffness shows a small correlation improvement in this model. The
stiffness of the system relies heavily on the instantaneous reserves and the load-
damping factor. Following a disturbance, the governors are too slow to react

during the Inertial Response.
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Spinning reserves increase the correlation, meaning that the instantaneous
reserves contribute greatly to the variation in the Inertia with FPR. The higher the

spinning reserve the higher the Inertia with FPR.

BPC and ZESA generation was small during the study period and the cumulative
delta change was 0%. The two utilities are small compared to the Eskom network
and are not expected to assist frequency response following a disturbance in the
Eskom network. The electrical impedance connecting Eskom and neighbouring
countries was also high. This could also be because of long generation outages
and the drought experienced by the SADC region in the past two years where

Eskom was exporting power to the north most of the time.

Table 8-1 shows a detailed summary of results and validation of the Medupi

model.

Table 8-1: Medupi inertia with FPR model

Regression Statistics
Multiple R 0.930
[R square 0.865)
Adjusted R Square 0.804
|Standard Error O.895|
Observations 30
ANOVA
df SS MS |F Significance F
Regression 9 102.8 11.4 14.3 0.0
Residual 20 16.0 0.8
Total 29 118.8

CoefficientsStandard Error  tStat  P-value  Lower 95%  Upper 95%

Intercept 9.0444, 4470 2024  0.057 -0.279 18.368
System total MOI (J) 0.0547 0.880 0.062 0.951 -1.780 1.890

< Stiffness 3.9226, 0925 4239 0.000 1.993 5.853
E § Spinning reserve 0.0001 0.000 0902 0378 0.000 0.000
é % Genix Load losses -0.0009 0.000 -2.583 0.018 -0.002 0.000
., |BPCload 0.0011 0.001 1240 0.229 -0.001 0.003
E Zesa -0.0017 0.002 -1.071  0.297 -0.005 0.002
i“:) Apollo DC -0.0030 0.001 -4.683 0.000 -0.004 -0.002
- Wind 0.0035 0.001  4.476  0.000 0.002 0.005
= [PV -0.0016 0.001 -2.477  0.022 -0.003 0.000
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Referring to Table 3-1, the model is good because s; is small, R? is close to one,
the F statistic is large and the significance of F is zero. This statistic shows that
86.5% of the variation in the power system Inertia with FPR during all 30
transient events is explained by the variation in the number of the Eskom
generators on the network, stiffness, spinning reserve, generator load losses,
international interconnectors and renewables. The remaining 13.5% is
unexplained. This is a relatively good fit compared to other models in

Appendix A.
8.3 Medupi Inertia with FPR model coefficients

The first order Inertia with FPR model for Medupi power station is estimated by

model (c):

y = {9.04 + 0.054x; +3.92x, + [0.07 15 - 0.87x,+1.05x5 - 1.67x, - 2.96x, +
3.53x5 - 1.55x41/1000+ £}/(2%10) (©)

8.3.1 Eskom AC system

From the Table 8-1 Eskom AC system section, each factor is explained by
describing what its coefficient b,, indicates in terms of its weight and influence on
the dependent variable Inertia with FPR and whether it is linearly or non-linearly

or multicollinearly related.

The intercept for the Medupi Inertia with FPR model is by = % . This is the

average Eskom power system moment of inertia (J) when all of the other

independent variables are zero.
The coefficient b; = 0.054 indicates that for an additional moment of inertia
Jesk,gen that is added by synchronous generators and turbines to the power system,

5.
the Eskom power system Inertia with FPR increases by ﬁ% if the other

independent variables in this model are held constant. The values of the test

statistics t = 0.062 and P-value = 0.951 are evidence that the moment of inertia of
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the Eskom generators and the Eskom power system Inertia with FPR are non-

linearly related.

The coefficient b, = 3.92 indicates that for an additional stiffness of the system

that is added by governor valves and load composite factor (steady state increase
in frequency), the Eskom power system Inertia with FPR increases by % higher

if the other independent variables in this model are held constant. The values of
the test statistics: t = 4.2 and P-value = zero are evidence that the stiffness of the

system and Inertia with FPR in this model are linearly related.

The coefficient b; = 7.E-05 indicates that for an additional spinning reserve of
1000 MW, the Inertia Constant increases by % %. The values of the test

statistics # = 0.9 and P-value = 0.378 imply that the Inertia with FPR and spinning

reserve for this model are non-linearly related.

The coefficient b, = 9.E-04 indicates that for an additional generation load loss
of 1000 MW, the Inertia with FPR decreases by 2Z—'lgo%.The values of the test

statistics ¢ = -2.58 and P-value = 0.01. There is evidence to infer that generation
load losses and Inertia with FPR in this model are linearly related. The impact of
generator load losses is large for the Eskom network primary response. In most
cases, when load losses are high, other generators in the system are picked up to
their Maximum Continuous Rating (MCR) to replace the lost planned generation,
which impacts negatively on spinning reserve and the stiffness of the system. This

is classified as the multicollinearity factor.

The percentage point increase of spinning reserve and stiffness of the system in
Medupi, Matimba and Lephalale is small. The load composite factor is expected
to be low since the voltage dependent type loads in the Lephalale area are small.
Matimba and Medupi power stations are high in the economic dispatch merit
order and are normally operated at full output. The units in this area are normally

not scheduled for instantaneous reserves. Therefore, the spinning reserves close to
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Medupi power station are expected to be low and rely on the assistance of the fast

Mpumalanga and Eastern region generators.

8.3.2 International coefficients

From the Table 8-1 tie-lines section, each factor is explained by describing what
its coefficient b,, indicates in terms of its weight and influence on the independent
variable Inertia with FPR and whether it is linearly or non-linearly or

multicollinearly related.

The coefficient bg= 0.0011 indicates that for an additional 1000 MW that is

added by BPC load to the power system, the IPS Inertia with FPR increases by

0.11
2%10

% if the other independent variables in this model are held constant.

The coefficient bg = 0.0017 indicates that for each additional 1000 MW that is

0.17
%.
2*10

exported to the Zesa network, the Inertia with FPR decreases by

The coefficient by = —0.0016 indicates that for an additional 1000 MW that is

0.16
2%10

added by the Apollo HVDC line, the Inertia with FPR decreases by %. The

values of the test statistics for the ¢ and P-values, indicate that there is evidence of

a linear relationship between the above coefficient and the Inertia with FPR.

The contributions of ZESA and BPC load were too low. Most probably, this was
as the result of the draught experienced by the Southern African region in the
period of study (years 2014-2016) where there was less hydro generation in the
northern parts of the SAPP. This resulted in Eskom exporting energy up north.

8.3.3 RES coefficients

From the Table 8-1 RES section, each factor is explained by describing what its
coefficient b,, indicates in terms of its weight and influence on the dependent
variable Inertia with FPR and whether it is linearly or non-linearly or

multicollinearly related.
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The relationship between Eskom power system Inertia with FPR (Medupi) and
wind energy is described by bg = 0.0035 From this number in this model, for an

additional 1000 MW of wind energy in the Eskom network, the system primary
response increases by %. % The values of the test statistics t = 4.4 and P-

value = zero indicate the existence of a linear relationship between the wind
energy and the Inertia with FPR. The current wind penetration does not show any
negative impact on the Inertia with FPR with respect to the Medupi model. This is
due to the stochastic nature of the wind pattern in South Africa. A time series

model will have to be applied to get the realistic impact of wind generation.

The relationship between Eskom power system Inertia with FPR (Medupi) and
PV is described by by = —0.0016 From this number in this model, for an

additional 1000 MW of PV in the Eskom network, Inertia with FPR decreases by

0.16
2%10

%. The values of the test statistics t = -2.4 and p value = 0.02 is evidence of

the existence of a linear relationship between the PV eand the Eskom power

system Inertia with FPR.

PV shows some negative impact on the Inertia with FPR model. Contrary to the
wind generation, the PV generation is deterministic. The output of the model is
fully determined by the parameter values. However, more PV could force the SO
to take some of the synchronous generators off the grid. Currently hydro pump
storage generators are affected. These generators are peaking plants and fast to
ramp up or down to generate during the day and pump at night. If more PV is
installed and all other factors remain the same, the SO will be forced to take off
some of the base-load synchronous generators, which will impact negatively on
the system inertia. Currently generators in the Lephalale area are inexpensive
compared to other generators in the Eskom network, therefore during low load
conditions, the SO will take off the next expensive power station, which

negatively affects the Inertia with FPR.
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8.3.4 Model validation for Medupi normal incidences

Table 8-2 shows the Medupi, Matimba and Lephalale model results following
Medupi unit trips. The table compares the measured Inertia with FPR from PMU
data and the Medupi, Matimba and Lephalale models.

Table 8-2: Model validation following a Medupi unit trip (single contingency).
Incident Date/time Actual Inertia

and System Constant (H) vs | measured frequency nadir | Actual frequency nadir vs
response Medupi model vs Medupi model models %error in the North
Actual | Model
AP Swing | model | tstart| fradid fradir
date/time MW) | Eq.(s)| (s) (Hz) (Hz) (Hz) |Medupi [Matimba [Lephalale

17/02/17 1303 | 0.72 0.701 50.16 | 50.04 | 50.05 | 7.4% 2.2% 2.2%
01:41

17/03/12 98.3 0.47 0.470 | 4993 | 49.80 | 49.80 | -2.6% | 162% 16.0%
11:29
17/03/12 230 0.75 0.807 | 4996 | 49.77 | 49.78 | 7.9% -5.5% 4.8%
23:50
17/03/13 118.2 | 0.62 0.461 4999 | 49.83 | 49.83 | 2.4% 1.8% 11.4%
13:38

The above results show that the errors between the actual measurements are below
a £10% error margin. The Medupi model is thus validated for single disturbances.
The possible reason for large errors outside 5% is accuracy of reported or
recorded data and measurement errors. The Inertia with FPR model can be
improved by further investigating the non-linear independent variables and

upgrading a linear model to a polynomial model.

Figure 8-2 shows the overall results of the entire FPR predicted frequency nadir
following single disturbances. From 355 disturbances, 225 events were within
+5% error. 51 events resulted in errors between +10% and #5%. The errors
greater than 10% were largely from Arnot, Duvha units 4, 5 and 6 and HVDC
trips. The poor errors account for 8% of the sampled data. The power stations
which had no or poor models, were predicted by electrically closer models. Note
that the model was developed using previous year disturbances (June 2015- Dec
2016) and the results shown occurred in the period June 2014 to March 2017.

Thus, the model is also valid for the period outside the study period.
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—— Actual vs predicted frequency nadir following a disturbance

Medupi (31)
Matla (21)
Matimba (23)
Maijuba (35)
Lethaho (15)
Kusile (5)
Koeberg (1)
Kendal (16)
Hendrina (5)
Grootvlei (11)
Duvha (43)
Camden (4)

# generator trips per Power Station

-15 -10 5 0 5 10
% error margin

Figure 8-2: Measured vs predicted frequency nadir %errors for all power station
models excluding HVDC and particular power stations.

8.3.5 Model validation for IDR events

Instantaneous Demand Response (IDR) is consumer load contracted to respond to
a drop in frequency and is included in the Instantaneous Reserve of the power
system. The purpose of the Instantaneous Reserve is to arrest the frequency at
acceptable limits following a contingency, for example a generator trip.

A sample of past IDR events that were excluded from the Medupi model were
studied. The main aim was to establish whether the model can correctly predict
the Inertia with FPR and frequency nadir, assuming the unavailability of other
primary and demand responses. The three incidents are discussed using data

shown in Table 8-3 and Table 8-4.
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Table 8-3: Previous IDR events and model estimates of the Inertia with FPR

change in Event H(pmu) |Medupi
system duration [measured [model H [Medupi |[fstart |[f extrem |Model f
date/time (MW) IDR |dt(s) (s) (s) Herror |(Hz) (Hz) Nadir (Hz)
15/08/19 12:17 714| 406 0.4 0.60 0.63 6%| 49.88 49.57 49.17
16/02/09 13:13 517| 379 0.5 0.53 0.52 -2% 49.94 49.59 49.42
16/04/17 00:16 449 328 0.6 0.68 0.75 10%| 50.06 49.62 49.61

Table 8-4: Factors affecting Medupi Inertia with FPR during IDR events

Genix
Eskom |Spinning [Steady state (Load
sentout |[reserve |[increasein [losses BPC load|Wind

# [((MwW)  |[(Mw)  [f(H2) (MW)  [(Mw) |(Mw)  |pv(Mw) |dfdt
1| 26012 3406 0.85 2741 178 77 1466| -0.3688
2| 28298 1945 0.67 232 513 235 836 -0.3444
3] 21355 9146 0.74 1800 123 278 0[-0.3827

(1) From the first incident, Medupi 6 tripped from an output of 714 MW. The
Eskom system sent-out was 26012 MW, spinning reserve was 3406 MW,
generation load losses were 2741 MW, PV output was 1466 MW. Most of the
generators that provide instantaneous reserve were at maximum output. Two
OCGTs were on load due to shortage of generation.

Following an incident, IDR operated and arrested the frequency at 49.57 Hz
within 800 ms (At). The measured Inertia with FPR with reference to the PMU at
Kendal power station was 0.595 s. The model error margin was 6%, which is
within the £10% target.

The model shows that if IDR and other under frequency schemes were
unavailable, the frequency would have triggered UFLS operation, which was set

at 49.20 Hz.

(2) From the second incident, Medupi 6 tripped from an output of 517 MW. The
Eskom system sent-out was 28298 MW, spinning reserve was 1945 MW,
generation (load) losses were 2232 MW, PV output was 836 MW. Following an
incident, IDR operated and arrested the frequency at 49.59 Hz within one second

(At). The measured Inertia with FPR with reference to the PMU at Kendal power
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station was 0.522 s. The model error margin was -2%, which was within the 10

percentage target.

The model shows that if IDR were unavailable, the frequency would have reached
49.42 Hz. Prior to an incident above, the generation load losses and PV were very

high thereby reducing the amount of spinning reserve.

(3) From the third incident, Medupi 6 tripped from an output of 449 MW. The
Eskom system sent-out was 21355 MW, spinning reserve was 9146 MW,
generation (load) losses were 1800 MW, PV output was 0 MW.

Following an incident, IDR operated and arrested the frequency at 49.62 Hz
within 0.6 s. The measured Inertia with FPR with reference to the PMU at Kendal
power station was 0.681 s. The model error margin was 10%, which was within
the £10% target. The model shows that if IDR were unavailable, the frequency
would have reached 49.61 Hz. Prior to an incident above, the generation load

losses and RES were relatively low and the spinning reserve was high.

For all three events, the model correctly estimated the Inertia with FPR within
+10% margin of error. Thus, the model is also valid for IDR events that were

excluded from the model.

8.4 Overall Inertia with FPR model and model validation

The purpose of the study was to determine the impact of disturbance location on
the inertia with FPR model. A number of selected large power stations were
studied and the results are presented in Figure 8-3. The overall system Inertia with
FPR yielded a poor correlation of 12%. Breaking down the overall FPR into
areas/grids resulted in better correlation averaging 60%. By further breaking down
into individual power stations, the correlation became even better. From these
results, the location of disturbances affects the Inertia with FPR. System FPR was
studied per area/power station and models were developed in order to acquire the

best results.
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Overall System RZ *12% (poor correlation)

e Central (60)

e North East(72)
Area RZ (%) e Lephalale (64)

«KZN(53)

e Western Cape(N/A)

*Medupi(87) Majuba(100,78)
e Matimba(71) Arnot(91)
. o *Matla (87,99) Kendal(79)
Power Statlon( A)) elethabo(97) Duvha(77)
e Tutuka(78) Koeberg(N/A)
e Kriel(70) Apollo (68)

Figure 8-3: Overall system inertia with FPR correlation results.

Note that some power station models had to be split into two due to network
connection points, since the combined correlation resulted in large errors, i.e.
correlation of Matla (all units) resulted in 48%,. By splitting the model into two,
Matla units 1234 (connected to 275 kV) resulted in 87% correlation and Matla
units 5 6 (connected to 400 kV) resulted in 99%. Similarly, Arnot, Majuba
(different H between units 123 and 456) and Duvha (different droop setting
between units 123 and 456).

8.5 Inertia with FPR model validation for normal incidences

In this section, the FPR model was validated against the previous incidents. Table
8-5 shows the overall results of the entire Inertia with FPR predictions following
single disturbances. Note that the model was developed using the previous year
disturbances (June 2015-December 2016) and the results shown are 2014 and
2017 incidents. The units with no and/or poor/bad R? models were best predicted

by other developed models.
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Table 8-5: All Inertia with FPR model predictions vs measured values from Swing
Equation

Grootvlei 6
Kendal 3
Duvha 1
Majuba 5
Duvha 4
Kendal 5
Kriel 5
Duvha 1
Matimba 1
Kiriel 2
Matla 5
Matla 4
Tutuka 6
Matla 6
Matimba 4
Majuba 5
Majuba 4
Majuba 4
Tutuka 2
Matimba 6
Lethabo 4
Tutuka 1
Majuba 5
Majuba 1
Majuba 6
Grootvlei 4

Majuba 3

1.66%
2.89%
-0.54%
-2.30%
4.31%
3.32%
4.33%
7.97%
-4.31%
4.40%
-3.20%
-1.24%
1.04%
-0.77%
-7.60%
-3.91%
2.14%
-5.67%
0.28%
-1.77%
-1.56%
-1.93%
0.42%

-11.60%

0.73%
-0.31%
1.37%

Arnot
Majuba 123
Apollo
Apollo
Kriel
Apollo
Lephalale
Duvha
Majuba 123
Apollo
Kriel
Central
Kiriel
Majuba 123
Majuba 456
Majuba 456
Kiriel
Apollo
Majuba 123
Apollo
Lephalale
Tutuka
Majuba 456
Majuba 456
KTriel
Apollo

Central
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Matla 1 -0.20%  Tutuka
Duvha 2 3.21% Arnot
Duvha 5 5.23% Majuba 123
Kriel 4 -2.72%  Majuba 123
Majuba 6 5.51% Duvha
Majuba 6 0.30% Lephalale
Majuba 6 0.75% Kriel
Hendrina 1 -3.28%  Apollo
Kriel 1 1.34% Majuba 123
Matla 2 -0.87%  Majuba 123
Kriel 1 1.68% Apollo
Kriel 6 2.14% Matimba

The results show that the majority of the 2014 incidences were poorly predicted
by the corresponding power station models. This can be attributed to the low
PMU sample rate resolution (100 ms). Therefore, it is important for the SO to
archive the disturbances at high sample rates (20 ms) for future and further
studies. Figure 8-4 shows the 2017 summary results of other power stations

models with high PMU sample rate.
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Actual vs. Model predicted frequency Nadir following a
disturbance
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Figure 8-4: Summary of all power station model validations for 2017
disturbances.

The above results show that the comparison between the measured and model
frequency nadir are close. The full results of the inertia with FPR models are

included in Appendix A.
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9. FACTORS AFFECTING ESKOM INERTIA WITH FPR
9.1 Introduction

This chapter focuses on the short-term frequency stability and understanding the
relationship between system Inertia with FPR of the Eskom power system
including but not limited to RES, location of disturbance, stiffness of the system
and the interconnected parts of the Southern African Power Pool (SAPP). By
understanding factors affecting the system inertia, an online (real-time) inertia
with Fast Primary Response (FPR) model can be developed. There is a significant
body of literature available which documents the factors affecting system inertia
in utilities worldwide [4], [6], [17], [27]. However, it must be noted that power
system networks are different in sizes and characteristics. Figure 9-1 illustrates the
relationship between RoCoF changes following the loss of a generator against

relatively high, medium and low system Inertia with FPR.

Loss of gen
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Figure 9-1: RoCoF as a function of system inertia but now with FPR.
This chapter begins by providing a background of the Eskom network, generation,

load centres and typical known challenges. Although a Koeberg unit in the

Western Cape is the largest unit in the Eskom network, it caused fewer frequency
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incidents between the years 2014-2016 than large coal-fired units in the
Mpumalanga and Limpopo provinces. For this reason, the incidences in the
Western Cape province are not covered in this study. The areas considered in this
study are Lephalale (Medupi and Matimba), KwaZulu Natal (Majuba), North East
(Kendal, Tutuka, Matla and Kriel) and Central (Duvha, Lethabo and Apollo
HVDC). The results of the factors affecting the Eskom system FPR are presented.
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Figure 9-2: South Africa’s existing and planned transmission grid, generation and
RES. Adopted from [10] (permission obtained for use of data).

9.2 [Eskom generation and load centres

This section reviews the Eskom generation and load centres. Topics addressed per
centre or province include the average peak load, type of customers, existing and

new generation and general challenges affecting the grid stability.

9.2.1 The Limpopo province

Approximately 2.8 GW of Eskom’s total load is in the northern part of the
country. The major customers are the re-distributors, residential customers,
industrial factories, agricultural customers, commercial customers and the

international interconnector (Botswana) [10]. The local generation bulk supply is
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Matimba power station, the newly built Medupi power station and a few IPPs.
These power stations are in the Lephalale area of the Limpopo province. The main
grid challenges are transient stability during outages. It must be noted that power
generated in this province must be evacuated to other areas over long lines.
Lephalale is a developing area with relatively small local load demand compared

to other large load centres [10].

9.2.2 The KwaZulu-Natal province

The KwaZulu-Natal province is situated on the eastern seaboard of South Africa.
The economic activity in the KwaZulu-Natal province comprises about 7 GW of
load and the major customers are the re-distributors, residential customers,
agricultural customers, traction customers and commercial customers. The
generation bulk supply is mainly from the Mpumalanga province, Drakensberg
and Ingula pump storage schemes and diesel fired OCGTs. The closest large
source of power is Majuba power station at the northeast border between the

KwaZulu-Natal province and Mpumalanga province [10].

9.2.3 The Gauteng province

Geographically, Gauteng is the smallest province in South Africa. Approximately
one third of electricity consumption in the country is in this province. The
economic activity in the Central grid comprises about 13 GW and the major
customers are re-distributors, residential customers and large commercial
customers. The generation bulk supply is mainly from Mpumalanga, Free State,
Lephalale and HVDC (from Mozambique). There are only two IPPs, both small
coal-fired power stations, owned and operated by the municipalities in Gauteng.
The current challenges are equipment/lines/cable overloading due to limited
servitudes for expansions/strengthening and high residential load during peak

hours [10].

9.2.4 The Mpumalanga province

Approximately 4 GW of Eskom’s total load is in the north-eastern parts of the
country. The Mpumalanga province houses about 12 power stations, 22 GW of

installed capacity and the newly constructed Kusile coal-fired power station with
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the total capacity of 4.8 GW on completion. Current load characteristics in the

province are comprised of mining, commercial, industrial and residential [10].

9.2.5 The Western Cape province

Approximately 4 GW of Eskom’s total load is in the Western Cape province. The
major customers are re-distributors, residential customers, agricultural customers,
industrial customers, mining customers and commercial customers. The
generation bulk supply is mainly from the local Palmiet pump storage scheme and
Koeberg nuclear power stations. The deficit between Koeberg and the greater
Cape load is offset by the generation pool in the Mpumalanga province via the
Cape Corridor network. Ankerlig and Gourikwa OCGTs are mainly utilised for
general shortage of plant or management of Cape transfer limits [10]. Koeberg
and Palmiet units in the Western Cape network, caused fewer frequency incidents
in the past three years than large coal-fired units in the Mpumalanga and Limpopo
provinces. For this reason the incidences in the Western Cape province are not
covered in this work, as there is not enough data from the Eskom EMS and

WAMS.

9.2.6 The Eastern Cape

Approximately 1.5 GW of Eskom’s total load is in the south-eastern part of the
country. The major customers are tourism, residential customers, agricultural
customers and industrial customers. The generation bulk supply is mainly from
the local renewable wind parks. The deficit is offset by the generation pool in the
Mpumalanga province via the Cape Corridor and KwaZulu-Natal. Port Rex gas
turbines and a diesel fired (IPP) OCGT are mainly utilised for general shortage of
plant, management of local transfer limits and voltage control. Major grid
challenges are that adding more embedded renewable generation will require

adequate network integration plans [10].

9.2.7 The Northern Cape province

Geographically, The Northern Cape province is the biggest province in South
Africa. The economic activity in the Northern grid comprises about 0.7 GW load

and the major customers are commercial customers, mining customers and
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agricultural customers. The generation bulk supply is mainly from the
Mpumalanga province and local PV plants. Van Der Kloof and Gariep hydro
power stations are mainly utilised as peaking power stations in conjunction with
the Department of Water and Sanitation. The main grid challenges are low fault
levels and radial networks impacting reliability and Quality of Supply during
outages [10].

9.2.8 The Free State province

Approximately 2.4 GW of Eskom’s total load is in the middle part of the country.
The major customers are the re-distributers, mining customers, residential
customers, agricultural customers, traction customers and industrial types of load.
The generation bulk supply is mainly from the Mpumalanga power pool. The
local Renewable Energy Sources includes wind and PV parks. Major grid
challenges are that adding more embedded renewable generation will require

adequate network integration plans and suffer low fault levels [10].

9.2.9 The North West province

Approximately 2.4 GW of Eskom’s total load is in the north-western part of the
country. The major customers are mining customers, re-distributers, residential
customers, agricultural customers and industrial types of load. There are no power
stations in this province. The generation bulk supply is mainly from the Limpopo

and Mpumalanga power pool [10].

The first four provinces, Limpopo (Lephalale), Central, Mpumalanga and
kwaZulu-Natal will be used to study the FPR since there are enough large
synchronous generator frequency events from these provinces. Koeberg and
Palmiet power stations were excluded from this work because of the small number
of frequency incidents. The last four provinces, Eastern Cape, Northern Cape,
Free State and North-West were excluded in the next sub-section, because there

are only a few or no synchronous generators in these provinces.
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9.3 Fast Primary Response (FPR) model coefficients comparison between

areas and power stations

This section determines the Inertia with FPR area and power station models. The
aim is to compare the performance of all the Inertia with FPR models with Kendal

power station as the reference of Eskom’s centre of inertia and frequency.

The models were built using normal incidences where the starting frequencies
prior to a unit trip were within the normal operating frequency dead-band, i.e.
between 49.85-50.15 Hz. It was observed in Chapter 4.5.5 from frequency
incident data that the IDR acts like a very fast governor and restricts the system
natural frequency nadir (minimum frequency reached after a disturbance). Such

incidents in this chapter were excluded.

Comparing the models fairly, the regression analysis for each power station in this
section was normalised to zero constant intercept in Excel. Table 9-1 summarises
the coefficients of selected power stations models in different areas. It is divided
into four sections, namely, model validation, Eskom AC system coefficients,
international tielines and RES. Each section will be discussed separately in the

following subsections.
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Table 9-1: Comparison of areas and power station Inertia with FPR models (print
in colour. Red=poor; yellow=average; green=good)

Area Lephalale KIN North East Central
Model Medupi  [Matimba |Maj123 |Majd56 |Tutuka |Matla3456 [Kendal [Arot [Kriel ~|Duvha  |Lethabo |Apollo
Observations 9 v I . - i T O I 18 1
RSquare RO 090 080 1000 0970 0%0  097@ 098D 09D 090 090 090 09
- Standard Error S 10 1070 100 o0 1810 260 1800 1360 1650 030 0% 093D 36
gé Fstatistic 0 =0 70 w0 20 ©00 30 20 10 10 0 wd 7
=z Significance of F 0 0@ o00@ o000 00D 00o[@ 000 oo[@ 000[@ 000@ 000[@ 000[D 003

Coef.  Independent variable

by |systemtotal MOI() Mo 230 0 250 030 6@ o9® 0@ 540 0@ o0g® 320 -89
o | b stiffness pu/Hy) [0 950 450 300 690 40 230 630 050 w40 070 sgd 563
gg by Spinning reserve (x1GW) WO 020 030 140 120 o06@ 020 010 060 0dd 00 11 o4
Eg by Genix Load losses (xi6W)  (4[@ 120 020 030 260 070 180 060 040 020 050 230 -21
b5 lapcload (19 040 290 490 30 090 <0 10 720 050 020 S4® a8
5: b fresa (1@ o05@ 090 B0 140 5710 530 06@ 620 140 070 6D 203
EE b Apollo DC M9 240 110 110 010 6@ sd@ o5 780 050 1@ SO 457
% by |wing (@ 390 320 1420 u49@ os@ 5@ 280 2100 120 0@ 21@ 15
= I (0 170 1140 310 <@ 420 100 30 00 040 10 0 44

9.3.1 Validation of selected power stations inertia with FPR models

Referring to Table 3-1, except for Majuba power station two (units 4, 5 and 6) and
Apollo HVDC converter station, all the models in Table 9-1 are good since R? is
close to 1 the F statistic is large and the significance of F is zero. This is an
indication that most of the variation in Inertia with FPR is explained by the

regression model and that the models are good.

The worst performing model is that for the Apollo HVDC converter station. This
could be in line with Nordic [17] findings that when a generator or importing
HVDC connection trips, the estimated inertia value is always higher than the
actual inertia value. The inaccuracy could be due to the voltage dependency of the
loads in the Central 275 kV network and the strength of the 275 kV network in the
Central grid close to the HVDC infeed.

9.3.2 AC power station Inertia with FPR model coefficients

This part of Table 9-1comprises the total system moment of inertia, stiffness of

the system, spinning reserve and generation load losses. The coefficient b; of all
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the models shows that for an additional moment of inertia Josx gen that is added by
synchronous generators and turbines to the power system, the Inertia with FPR
increases (as expected). The Apollo HVDC converter station is asynchronous;

therefore, HVDC imports do not contribute to the system Inertia with FPR.

The power stations in the north-east and Eastern areas of the network, which are
connected to the 400 kV system, have larger stiffness coefficients, b,, compared
to other power stations in remote areas (Lephalale and Arnot). This can be
interpreted as during disturbances around the 400 kV network in the Central and
Mpumalanga areas, the generators closer to the disturbance are fast to react to the

loss of generation in that particular area.

Lethabo power station in the Central area, is connected to the 275 kV network and
connected to other power stations via 275/400 kV step-up transformers which
have high impedance, making Lethabo electrically remote to other power stations.
This power station has a smaller stiffness coefficient, b3. This can be interpreted
as the power stations in the Mpumalanga area which are connected to the 400 kV

system, contribute less FPR during disturbances at Lethabo power station.

Spinning reserve is highly related to the stiffness of the system. The coefficient b,
shows that for an additional generation load loss of 1000 MW, the Inertia with
FPR generally decreases. The negative impact of generator load losses is large for
the network’s FPR. In most cases, when load losses are high, the output of the
other generators in the system is increased close to their Maximum Continuous
Rating (MCR) to replace the lost generation, which impacts negatively on
spinning reserve and the stiffness of the system. The interdependency between the
independent variables is classified as the multicollinearity factor. This means that
some of the independent variables such as spinning reserve and stiffness are either
non-linearly or highly correlated with one another. This indicates that spinning

reserve should be managed locally, i.e. per area by the SO.
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9.3.3 Tie-line Inertia with FPR model coefficients

The BPC (bs) and Zesa (bg) utilities are relatively small compared to the Eskom
network and are not expected to assist significantly with the frequency response
following a large disturbance in the Eskom network. The electrical impedance
connecting Eskom and neighbouring countries is also high due to the weak tie-
lines between these countries. Apollo HVDC (b) is consistently negative for all

the power station Inertia with FPR models.

9.3.4 RES inertia with FPR model coefficients

This part of a table comprises wind (bg) and PV (by). The large negative impact
of wind energy is in the eastern area where no wind generation is installed. When
there is an excess of wind energy during low demand, the SO is forced to take off
some of the base load synchronous generators. Previously units at Majuba power
station in the Eastern area were being regularly taken off the grid over periods of
low load to accommodate the wind generation. This weakens the system, the
stiffness of the KZN province and the Inertia with FPR. Other areas are not highly

impacted.
9.4 Conclusion

In this chapter, the load and generation centres in the Eskom network were
discussed. The four areas, Lephalale, Central, KwaZulu-Natal and Mpumalanga
were selected for FPR model development. The remaining other provinces were

excluded based on the small number of generator frequency events.

The models were developed using normal incidences using Kendal power station
as the reference of Eskom’s centre inertia and frequency. All the model results,
except for Majuba power station (units 4, 5 and 6) and Apollo converter station

were good based on the small s, , R? close to 1 and large F statistic.

The strong and weak areas with respect of the stiffness of the system were
identified. This can contribute to future grid planning and real-time operations in

managing the system inertia and primary response.
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9.5 Recommendation for future work

The primary frequency control schemes installed in South Africa’s power
transmission system were designed for steady state settings with hard limits.
Based on the evidence that the frequency dynamics are faster, the schemes should
be revised to mitigate fault events before a critical frequency drop can occur and

to shed close-to-required load at the time of an incident.

The Inertia with FPR model can be improved by further investigating the non-

linear independent variables and upgrading a linear model to a polynomial model.

More PMU installations in different key substations and power stations are

required in the SAPP network for better network visibility and awareness.
Network expansion should consider operational challenges in planning stages.

The impact of two-shifting the units due to excess generation must be further
studied. This is more likely to reduce generator life in future, as the load profile

continues to change.

The models can be used in the control centre to monitor the stability limits and
make informed decisions given the rapidly changing demand patterns and

generation types.

The worst performing model was that for the Apollo HVDC converter station.
This could be that when a generator or importing HVDC connection trips, the
inaccuracy was because of the voltage dependency of the loads in the Central 275
kV network and the strength of the 275 kV network in the Central grid close to the
HVDC infeed. Possible mitigation is to install an inter-tripping scheme at the
Apollo 275 kV capacitors. The HVDC line and convertor station bridge incident
data should be separated and studied in isolation. The installation of PMUs at
Apollo and Songo will give a better insight into the dynamics of this part of a

network.
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10. CONCLUSIONS

In this work, an inertia model of the Eskom power system to determine the
relationship between factors affecting the power system inertia and the RoCoF
using the MVA method is presented. It is based on the use of a Swing Equation
Method to estimate the inertia from disturbances and equated with the known and
unknown variables related to system inertia at the time of an incident (regression).
The response of the entire network (except for the Western Cape area) during

these disturbances was studied.

To this end, the conclusions below were reached.
As more zero-inertia generators i.e. asynchronous generators, are added in the
Eskom power grid, the traditional synchronous generators, which provide
inertia to the system, are starting to be displaced, put into cold reserve or two-
shifted and see early retirement. The slow economic growth with high
asynchronous penetration translates to less synchronous generation dispatch

by the SO. This has a negative impact on system inertia with and without FPR.

The first model, which approximates the Rate of Change of Frequency
(RoCoF) occurring within 300 ms following a disturbance, was studied. For
the entire sample data studied, disturbance location (with reference to Kendal
in the north-eastern area of South Africa) does not introduce significantly
large errors in the system RoCoF model following a single disturbance. The
relationships between RoCoF and system inertia at different areas, were
shown to be linear. The results resulted in 96% correlation for the randomly

selected frequency disturbances.

The GCSA does not specify the minimum spinning and instantaneous reserves
per area. From the findings in this work, the instantaneous response is most
effective when the contracted units have adequate spinning reserve. For
effective power system inertia and primary response management, the

spinning reserve should be managed per local area by the SO.
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Reducing the contribution of conventional synchronous generators to
accommodate renewable energy power generation reduces the system inertia.
The two inertia models developed showed that reduction of rotational energy
provided by synchronous generators negatively impacts the RoCoF and the

inertia of the system.

The large negative impact of wind energy is in the eastern area (KZN) where
no wind generation is installed. When there is an excess of wind energy during
low demand, the SO is forced to take off some of the base-load synchronous
generators. Previously units at Majuba power station in the eastern area were
being regularly taken off the grid over periods of low load to accommodate the
wind generation. This weakens the system, the stiffness of the KZN province

and the FPR. Other areas were not highly impacted.

However, the relatively low penetration level of RES does not yet have a
significant negative impact on the Eskom system inertia. However, future
penetration could have a significant negative impact if not managed in real-
time. It is important that the SO develops online inertia monitoring systems
and insight to deal with future high penetration levels of RES. This will also
help the SO with situational awareness and the required RES based on

dynamic inertia limits.

When the tool is fully developed, the SO can use the tool for situational
awareness, generation dispatch scheduling, inertia forecasting, incident

reporting and assist in improving the offline simulation tool parameter tuning.

The model is expected to improve with time as the accuracy of the statistical
approach requires large amounts of data. The model can be used to determine
and monitor the maximum level of RES in real-time. The model is still to be
developed within the Eskom SCADA system and will be improved by
extracting more frequency incidents and using time series algorithms to

forecast the system Inertia with FPR.
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Spinning reserve and stiffness of the system play a significant role in the
model accuracy. However, spinning reserve should be divided and managed

locally, especially in weak areas.

The assumption that the (aggregated) Inertia Constant, H, is constant for all
Swing Equations of a multi-area system is not valid for the Inertia with FPR

model.

The primary frequency control schemes installed in South Africa’s power
transmission system were designed for steady state settings with hard limits.
Based on the evidence that the frequency dynamics are faster, the primary
frequency schemes should be revised to mitigate fault events before a critical
frequency drop can occur and to shed close-to-required load at the time of an
incident. The RoCoF model can be explored further and utilised in

conjunction with the under-frequency schemes.

The disturbance location is vital for the system Inertia with FPR model, where
the stiffness of the system factor is of interest. The correlation of the combined
past disturbances for the entire system was poor, the Coefficient of
Determination R? was found to be 12%. By breaking down the data into
regions and power station levels, the inertia with FPR model improved to an

average of 65% and 87% respectively.

The major contributions of this research are summarised as follows:

1. To the author’s knowledge, Multivariate Analysis has never been used to
estimate and predict the power system Inertia without FPR, Inertia with
FPR and RoCoF following a disturbance in power systems. The factors
affecting the FPR and RoCoF of the Eskom network were identified and
analysed. All the models developed were validated using the Coefficient of
Determination, standard error, Sum of Squared Errors (SSE), F statistic

and the significance of F.
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A paper titled “Development of a dynamic multivariate power system
inertia model” was accepted by the South African Cigre National
Committee to be presented at the Cigre International Symposium in Paris
2018 (C2-204). The paper is included in Appendix D. The comments and
contributions from Eskom industry experts are included in Appendix E.

A paper “A Dynamic Multi-Variate Approach to the Management of
Power System Inertia” was published in SAUPEC 2017 and included in
Appendix C.

The model uses analytics, of which the data was available and sourced
directly from the Eskom SO. Neither new equipment nor new software
was required to implement the model. The models can be easily
incorporated into the system operating control system (SCADA/TEMSE).
The study managed to separate the difference between Inertial Response
provided by the system inertia and system FPR using the analytics or
MVA.

This work identified statically the factors contributing to system inertia
and the factors that do not for the systtem RoCoF following the
disturbance. Main factors are kinetic energy from synchronous generators
and the amount of generation lost. The higher the generation sent-out does
not necessarily translate to higher system’s RoCoF. The only factor that
can be linked to the generation sent-out is the hydro pump storage power
station’s mode of operation. This has shown the contribution of water to
the hydro power station unit’s inertia when generating or pumping
compared to when operated in SCO mode.

The Eskom network weak areas were identified in the study by analysing
the stiffness of the system. This can contribute into future grid planning
and real-time operations in managing the system inertia.

During large disturbances, the coefficients of RES, spinning reserve,
HVDC and load losses are very small and distort the f-fest of the
coefficients of the RoCoF. Examples would be during low load and/or
excess generation capacity conditions when the SO is forced to take

synchronous generation off the grid, which affects the system inertia.
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9. The negative impact of Unplanned Capacity Load Factor (UCLF) is large
for the Eskom network primary response model. When generation load
losses are very high, other generators in the system are picked up to their
Maximum Continuous Rating (MCR) to replace the lost planned
generation, which impacts negatively on spinning reserve and the stiffness
of the system. Contrary to Fast Primary Response, generation load losses
have a positive impact on the RoCoF model. This is because when losses
are high, the SO dispatches more peaking plants, which adds more inertia

to the network.
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APPENDIX A: Inertia plus Fast Primary Response area and power stations model

Table 1: Lephalale area inertia plus FPR models

Model Matimba Medupi Lephalale Area
Multiple R 0.842 0.930 0.801
c R Square 0.708 0.865 0.642
'§ § Adjusted R Square 0.470 0.805 0.567
go é Standard Error 1.125 0.895 1.249
& & |Observations 21.000 30.000 53.000
SS F statistic Significance F SS F statistic Significance F SS F statistic Significance F
< |Regression 33.8 3.0 0.0 102.8 14.3 0.0 120.3 8.6 0.0
8 Residual 13.9 1.3 16.0 0.8 67.1 1.6
Z |rotal 47.7 118.8 187.4
Coefficients Standard Error  t Stat P-value Coefficients Standard Error t Stat P-value Coefficients Standard Error  t Stat P-value
Intercept 8.393 6.997 1.200 0.256 9.114 4.440 2.053 0.053 5.620 3.872 1.452 0.154
System Total MOI (x1) -0.252 1.433 -0.176 0.863 0.040 0.867 0.046 0.964 0.690 0.807 0.855 0.397
g e Stiffness (x2) 2.469 2.469 1.000 0.339 3.924 0.925 4.242 0.000 3.794 0.969 3.916 0.000;
E % Spinning reserve  (Xx3) x1GW 0.265 0.000 1.568 0.145 0.071 0.000 0.900 0.379 0.089 0.000 1.113 0.272
& Z|Genix Load losses (¥X4) x1 GW -0.681 0.001 -1.353 0.203 -0.872 0.000 -2.585 0.018 -0.892 0.000 -3.103 0.003
i BPC load (xs) 1.140 0.001 0.933 0.371 1.055 0.001 1.250 0.226 0.171 0.001 0.236 0.815
é % ZESA (x6) -0.186 0.001 -0.124 0.903 -1.685 0.002 -1.083 0.292 1.390 0.001 1.224 0.227
& = Apollo HVDC (x7) -0.786 0.001 -0.910 0.382 -2.968 0.001 -4.695 0.000 -1.685 0.001 -2.889 0.006
; = |Wind (xg) -2.237 0.002 -1.256 0.235 3.540 0.001 4.475 0.000 1.894 0.001 2.076 0.044
& 2 PV (x9) -1.259 0.001 -1.037 0.322 -1.561 0.001 -2.480 0.022 -1.715 0.001 -2.618 0.012




Table 2: KZN inertia plus FPR area models

Model Majuba 123 Majuba 456 KZN (Majuba 123456)
Multiple R 1.000 0.882 0.730
c R Square 1.000 0.779 0.533
'§ § Adjusted R Square 0.999 0.281 0.271
go é Standard Error 0.050 1.967 1.696
& & |Observations 12.000 14.000 26.000
SS F statistic Significance F SS F statistic Significance F SS F statistic Significance F
< |Regression 28.5 1260.9 0.0 54.5 1.6 0.4] 52.6 2.0 0.1
8 Residual 0.0 0.0 15.5 3.9 46.0 2.9
Z |rotal 28.5 69.9 98.6
Coefficients Standard Error  t Stat P-value Coefficients Standard Error t Stat P-value Coefficients Standard Error  t Stat P-value
Intercept 6.514 0.580 11.228 0.008| -20.650 43.809 -0.471 0.662 6.628 11.743 0.564 0.580
System Total MOI (x1) 1.605 0.195 8.223 0.014 4.796 9.876 0.486 0.653 1.027 2.746 0.374 0.713
2 Stiffness (x2) 31.173 0.575 54.207 0.000; 73.576 34.086 2.159 0.097 16.743 9.286 1.803 0.090;
% § Spinning reserve  (x3) x1GW -1.084 0.000 -40.988 0.001 1.227 0.001 1.810 0.144 -0.170 0.000 -0.757 0.460,
E ?{ Genix Load losses (¥X4) x1 GW -0.453 0.000 -9.871 0.010, 2.890 0.002 1.504 0.207 -0.383 0.000 -0.767 0.455
8 BPC load (x5) 4.451 0.000 17.599 0.003 -6.361 0.004 -1.693 0.166 0.203 0.002 0.124 0.903
é % ZESA (x6) -12.835 0.001 -21.659 0.002 0.041 0.006 0.007 0.995 -0.039 0.004 -0.010 0.992
g % |Apollo HVDC (x7) -2.393 0.000 -7.087 0.019 -9.632 0.009 -1.120 0.325 -2.220 0.004 -0.625 0.541
; = |Wind (xg) -14.114 0.000 -51.407 0.000; -21.302 0.015 -1.447 0.221 -6.599 0.004 -1.658 0.117
& Jlpv (x9) -3.329 0.000 -11.392 0.008| 4.673 0.004 1.123 0.324 -2.339 0.002 -1.377 0.187




Table 3: North area inertia plus FPR models

Model Arnot Kendal Kriel
Multiple R 0.952 0.892 0.837
R Square 0.907 0.796 0.700
Adjusted R Square 0.740 0.336 0.363
Standard Error 1.553 1.387 0.988
Observations 15.000 14.000 18.000
SS F statistic Significance F SS F statistic Significance F SS F statistic Significance F

Regression 117.5 5.4 0.0 30.0 1.7 0.3 18.3 2.1 0.2
Residual 12.1 2.4 7.7 1.9 7.8 1.0
Total 129.6 37.7 26.1

Coefficients Standard Error  t Stat P-value Coefficients Standard Error  t Stat P-value Coefficients Standard Error  t Stat P-value
Intercept -20.293 15.236 -1.332 0.240 4.283 10.847 0.395 0.713 -0.249 12.299 -0.020 0.984
System Total MOI (x1) 8.754 2.925 2.993 0.030, -0.166 2.246 -0.074 0.945 0.907 2.743 0.331 0.749
Stiffness (x2) 16.740 21.603 0.775 0.473 7.055 4.967 1.420 0.229 19.728 7.385 2.671 0.028,
Spinning reserve  (x3) x1GW -0.274 0.000 -0.730 0.498, -0.080 0.000 -0.265 0.804 0.069 0.000 0.408 0.694
Genix Load losses  (X4) x1 GW -0.157 0.001 -0.260 0.805, 0.738 0.001 1.038 0.358] -0.227 0.000 -0.743 0.479
BPC load (xs) 8.825 0.004 2.108 0.089 1.600 0.002 1.016 0.367, 0.513 0.001 0.554 0.595,
ZESA (x6) 9.379 0.005 1.841 0.125 -1.583 0.004 -0.402 0.708, 1.175 0.002 0.676 0.518,
Apollo HVDC (x7) -6.700 0.002 -2.752 0.040 0.214 0.004 0.055 0.959 -0.503 0.001 -0.522 0.616)
Wind (xg) -1.177 0.004 -0.287 0.786) 2.985 0.003 1.141 0.317, 1.205 0.002 0.667 0.523
PV (x9) -2.376 0.002 -1.253 0.266) -1.509 0.002 -0.867 0.435] -0.073 0.001 -0.092 0.929




Table 4: Matla inertia plus FPR model

Model Matla 1234 Matla 56 Matla all
Multiple R 0.941 0.995 0.693
R Square 0.886 0.990 0.481
Adjusted R Square 0.628 0.904 0.169
Standard Error 1.679 0.564 2.270
Observations 14.000 11.000 25.000
SS F statistic Significance F SS F statistic Significance F SS F statistic Significance F

Regression 87.3 3.4 0.1 32.7 11.4 0.2 71.5 15 0.2
Residual 11.3 2.8 0.3 0.3 77.3 5.2
Total 98.6 33.0 148.8

Coefficients Standard Error  t Stat P-value Coefficients Standard Error  t Stat P-value Coefficients Standard Error  t Stat P-value
Intercept 39.432 21.008 1.877 0.134 59.999 65.187 0.920 0.526 -3.536 15.213 -0.232 0.819
System Total MOI (x1) -8.872 5.360 -1.655 0.173 -11.465 13.411 -0.855 0.550 1.509 3.222 0.468 0.646
Stiffness (x2) -77.066 32.602 -2.364 0.077, -6.085 29.091 -0.209 0.869 21.684 13.405 1.618 0.127,
Spinning reserve  (x3) x1GW 0.418 0.000 0.948 0.397, 0.633 0.000 3.713 0.167, -0.041 0.000 -0.146 0.886)
Genix Load losses  (X4) x1 GW 2.035 0.001 1.929 0.126] -0.993 0.001 -0.869 0.545, 1.279 0.001 1.412 0.178]
BPC load (xs) -4.583 0.003 -1.528 0.201 -1.870 0.002 -0.818 0.564 -4.016 0.002 -2.026 0.061]
ZESA (x6) 0.112 0.004 0.029 0.978 7.319 0.009 0.825 0.561] 4.053 0.003 1.535 0.146
Apollo HVDC (x7) 3.554 0.004 0.945 0.398, -1.642 0.002 -0.903 0.532] -2.545 0.003 -0.990 0.338,
Wind (xg) 5.834 0.003 2.132 0.100; -6.125 0.006 -0.957 0.514 3.654 0.003 1.323 0.206)
PV (x9) 8.987 0.004 2.367 0.077, -1.330 0.001 -0.990 0.503| 0.424 0.002 0.259 0.799




Table 5: Central area inertia plus FPR models

Model Apollo Lethabo Duvha
Multiple R 0.822 0.982 0.879
R Square 0.676 0.965 0.772
Adjusted R Square 0.092 0.912 0.516
Standard Error 3.737 0.658 0.928
Observations 15.000 16.000 18.000
SS F statistic Significance F SS F statistic Significance F SS F statistic Significance F

Regression 145.5 1.2 0.5 71.1 18.2 0.0j 23.4 3.0 0.1
Residual 69.8 14.0 2.6 0.4 6.9 0.9
Total 215.4 73.7 30.2

Coefficients Standard Error  t Stat P-value Coefficients Standard Error  t Stat P-value Coefficients Standard Error  t Stat P-value
Intercept 43.095 55.169 0.781 0.470 21.289 7.592 2.804 0.031] -15.944 12.473 -1.278 0.237,
System Total MOI (x1) -19.370 14.193 -1.365 0.231 -1.521 1.949 -0.780 0.465, 4.458 2.848 1.565 0.156)
Stiffness (x2) 61.221 38.105 1.607 0.169 2.538 5.714 0.444 0.673| 37.215 9.276 4.012 0.004
Spinning reserve  (x3) x1GW 1.029 0.001 1.048 0.343 0.815 0.000 2.665 0.037, 0.141 0.000 1.517 0.168|
Genix Load losses  (X4) x1 GW -2.237 0.001 -1.825 0.128| -2.151 0.000 -4.411 0.005] -0.413 0.000 -1.543 0.162]
BPC load (xs) 47.549 0.023 2.048 0.096 -2.974 0.002 -1.447 0.198, -0.441 0.001 -0.498 0.632]
ZESA (xe) 17.126 0.010 1.698 0.150, 13.999 0.003 4211 0.006 1.609 0.003 0.519 0.618,
Apollo HVDC (x7) -48.670 0.026 -1.887 0.118, -5.640 0.002 -2.268 0.064 -1.930 0.001 -1.990 0.082]
Wind (xg) 10.510 0.008 1.267 0.261 4.039 0.002 1.781 0.125 0.986 0.003 0.387 0.709
PV (x9) 7.123 0.005 1.414 0.216] 3.870 0.001 5.134 0.002] -1.794 0.001 -2.333 0.048,




Table 6: Tutuka inertia plus FPR model

Model Tutuka
Multiple R 0.882
c R Square 0.777
2 8 |Adjusted R Square 0.644
ga % Standard Error 2.329
& & |observations 25.000
SS F statistic Significance F
< |Regression 284.0 5.8 0.0
3 |Residual 81.4 5.4
Z |Total 365.4
Coefficients Standard Error  t Stat P-value
Intercept 2.421 13.287 0.182 0.858
System Total MOl (1) 1.090 2.827  0.386 0.705
2 € Stiffness (x2) 57.281 12.213 4.690 0.000]
5 g Spinningreserve  (x3) x1GW 0.556 0.000 3.157 0.007
& Z|Genix Load losses (X4) x1 GW -0.752 0.001  -1.362 0.193
¢ _ |BPCload (xs) -1.116 0.002  -0.476 0.641
£ 3 |zesa (x6) 15.565 0.003  4.608 0.000
£ % |Apollo HVDC (x7) -8.742 0.003  -2.851 0.012
X z[wind (xg) 0.427 0.005  0.082 0.936
£ J|pv (xq) 4.111 0.001 2.745 0.015




APPENDIX B: Inertia plus FPR model validation results - 2014-2017

System Calculated Best

Frequency nadir Generator Change H from fnadir Predicted

error date/time incident in power | swing eq. fstart predicted | by

EMS PMU Yy/mm/dd hh:mm MW S Hz Hz model
0.24% | 0.00% | 2015/07/27 14:11 | Duvha 5 135.2 1.14730 | 50.0167 49.7996 | Kendal
0.60% | 0.01% | 2016/05/17 04:06 | Grootvlei 2 112.1 0.59914 | 49.9035 49.8033 | Duvha
0.36% | 0.03% | 2016/09/23 15:32 | Kriel 6 310.1 0.34877 | 50.0335 49.7254 | Majuba
0.26% | 0.05% | 2016/01/24 02:00 | Kriel 3 187.3 0.57199 | 49.9645 49.7883 | Medupi
0.28% | 0.05% | 2017/02/22 03:26 | Matla 3 304.8 0.47549 | 49.9308 49.6992 | Matimba
1.15% | 0.08% | 2015/02/2101:56 | Majuba 5 383 0.46834 | 49.9660 49.6807 | Kriel
0.02% | 0.12% | 2015/08/30 04:28 | Medupi 6 310 0.81061 | 50.1126 49.7721 | Kriel
0.96% | 0.13% | 2016/05/2521:53 | Lethabo 2 268.4 0.35232 | 49.9102 49.7347 | Kriel
0.51% | 0.14% | 2016/04/23 15:22 | Camden 6 143.4 0.41336 | 50.0230 49.7977 | Matimba
0.67% | 0.14% | 2015/09/19 00:07 | Duvha 2 425 0.72382 | 50.0063 49.6963 | Tutuka
0.26% | 0.15% | 2015/03/07 05:42 | Matimba 5 216.5 0.56729 | 49.8823 49.7079 | Kriel
0.68% | 0.16% | 2015/10/0118:17 | Duvha 2 80.9 0.18467 | 49.9409 49.9039 | Apollo
2.81% | 0.16% | 2015/01/2621:03 | Majuba 6 124.2 0.34014 | 49.8388 49.6460 | Lephalale
0.78% | 0.18% | 2015/10/18 02:03 | Kriel 3 276.3 0.46777 | 50.0606 49.7790 | Matimba
1.76% | 0.18% | 2016/06/10 13:15 | Majuba 1 271.2 0.28400 | 49.9360 49.7538 | Medupi
2.05% | 0.19% | 2016/08/24 11:00 | Tutuka 5 460.4 0.41660 | 49.9978 49.6789 | Medupi
1.79% | 0.20% | 2014/11/14 04:53 | Matla 1 321.3 0.73710 | 50.0434 49.7533 | Kendal
1.73% | 0.23% | 2016/07/12 12:53 | Duvha 6 464.5 0.36850 | 50.0651 49.7476 | Kriel
2.98% | 0.24% | 2016/07/18 08:59 | Matla 4 351 0.23616 | 49.9707 49.6684 | Matimba
0.37% | 0.25% | 2016/09/03 17:51 | Grootvlei 3 116.9 0.23699 | 49.8987 49.7873 | Arnot
3.63% | 0.28% | 2014/10/13 19:08 | Tutuka 2 492.7 0.85904 | 50.0791 49.6985 | Tutuka
2.10% | 0.28% | 2016/09/3013:12 | Medupi 5 429.2 0.87239 | 50.1343 49.7458 | Tutuka
2.46% | 0.28% | 2015/10/09 09:27 | Camden 5 139.9 0.48275 | 49.8778 49.7793 | Kriel
1.65% | 0.29% | 2016/12/07 04:44 | Matla 5 238.9 0.45252 | 49.8757 49.6599 | Matimba
1.14% | 0.30% | 2014/11/19 23:45 | Majuba 6 387.3 0.84386 | 50.0496 49.7240 | Matimba
0.01% | 0.30% | 2015/08/28 23:47 | Majuba 4 346.7 0.92813 | 50. 22 49.7859 | N/A
0.01% | 0.30% | 2015/08/28 23:47 | Majuba 4 346.7 0.92813 | 50. 22 49.7859 | N/A
7.76% | 0.31% | 2015/12/22 02:22 | Kriel 1 267.9 0.44446 | 49.9671 49.6825 | Matimba
0.66% | 0.31% | 2014/11/12 14:05 | Grootvlei 4 140.4 0.59547 | 49.8592 49.7410 | Kriel
1.47% | 0.31% | 2016/07/06 15:32 | Duvha 6 393.6 0.30589 | 50.0153 49.6713 | Kriel
1.47% | 0.31% | 2016/07/06 15:33 | Duvha 6 393.6 0.30589 | 50.0153 49.6713 | Kriel
2.22% | 0.37% | 2016/04/19 21:46 | Medupi 6 722.9 1.00037 | 50.1649 49.6719 | Lephalale
2.37% | 0.37% | 2015/08/12 11:12 | Medupi 6 472 0.52341 | 50.0079 49.6579 | Lethabo
0.89% | 0.42% | 2014/11/06 11:31 | Majuba 5 151.4 0.52273 | 49.9622 49.8098 | Majuba
2.46% | 0.44% | 2015/10/09 09:27 | Camden 5 139.9 0.48275 | 49.8778 49.7793 | Kriel
0.83% | 0.47% | 2015/06/27 12:22 | Duvha 6 333.7 0.55268 | 49.9116 49.6881 | Lethabo
1.17% | 0.47% | 2015/07/05 23:00 | Tutuka 1 135.6 0.69288 | 49.9769 49.8151 | Duvha
0.69% | 0.49% | 2015/12/10 06:40 | Koeberg 2 3534 0.56636 | 50.0633 49.7798 | Kriel
2.95% | 0.51% | 2015/12/02 05:35 | Duvha 1 357.4 0.61165 | 49.8076 49.6265 | Apollo
0.91% | 0.54% | 2016/07/18 08:59 | Matla 4 397.6 0.26752 | 49.9707 49.6684 | Kriel




0.71% | 0.54% | 2015/08/3001:09 | Medupi 6 401 1.84385 | 50.2510 50.0418 | Matla
2.00% | 0.54% | 2014/07/23 11:38 | Duvha 1 184.9 0.18139 | 49.8985 49.7964 | Kriel
1.32% | 0.55% | 2015/02/22 23:29 | Kriel 1 201.3 1.23737 | 50.0923 49.8329 | Kendal
1.02% | 0.56% | 2017/02/17 01:41 | Medupi 5 130.3 1.43671 | 50.1633 50.0356 | Matimba
2.44% | 0.58% | 2015/10/18 21:40 | Matla 5 149.9 0.45705 | 50.1209 49.9607 | Kriel
1.58% | 0.59% | 2015/10/28 15:00 | Duvha 6 468 0.44352 | 49.9510 49.6501 | Apollo
1.48% | 0.60% | 2017/03/13 13:38 | Medupi 5 118.2 0.62124 | 49.9938 49.8273 | Matimba
4.47% | 0.62% | 2015/08/3001:09 | Medupi 6 401 1.84385 | 50.2510 50.0418 | Tutuka
3.20% | 0.63% | 2015/10/24 00:26 | Lethabo 6 289.7 0.29448 | 49.9868 49.7064 | Apollo
2.44% | 0.63% | 2016/05/2005:37 | Medupi 6 241.4 0.50306 | 49.8125 49.6715 | Duvha
0.17% | 0.65% | 2016/09/30 11:50 | Majuba 6 310.5 0.43713 | 50.1041 49.8000 | Medupi
0.81% | 0.65% | 2016/05/2507:11 | Kriel 4 401 0.37822 | 50.0251 49.7143 | Lephalale
0.95% | 0.66% | 2017/03/12 11:29 | Medupi 6 98.3 0.47435 | 49.9332 49.8041 | Medupi
1.24% | 0.69% | 2015/11/14 14:00 | Camden 3 89.6 0.26164 | 49.9134 49.8061 | Kriel
3.44% | 0.70% | 2016/02/17 13:24 | Matimba 6 251.6 0.27786 | 49.8586 49.7446 | Apollo
1.77% | 0.71% | 2015/07/09 15:46 | Tutuka 4 336.8 0.49118 | 49.8806 49.6680 | Apollo
15.56% | 0.73% | 2015/12/02 18:49 | Kriel 6 141.9 0.20669 | 49.9854 49.6995 | Medupi
0.71% | 0.73% | 2014/11/12 03:16 | Majuba 6 240.4 0.66848 | 50.0441 49.7828 | Lephalale
1.30% | 0.75% | 2014/11/2006:14 | Majuba 6 112.3 0.76138 | 49.9568 49.8240 | Lephalale
0.12% | 0.77% | 2017/02/23 13:34 | Medupi 5 385.4 1.39007 | 50.0331 49.7082 | Kendal
3.96% | 0.77% | 2014/08/28 11:06 | Matla 6 366 0.66828 | 50.0035 49.7465 | Tutuka
1.86% | 0.77% | 2016/12/15 11:45 | Hendrina 6 121 0.41814 | 50.0550 49.8796 | Kriel
0.75% | 0.83% | 2016/10/13 15:43 | Kriel 2 207.9 0.47950 | 50.0032 49.8237 | Kriel
5.37% | 0.85% | 2016/07/22 19:05 | Lethabo 2 522.7 0.37459 | 50.1187 49.7059 | Tutuka
0.69% | 0.85% | 2016/12/16 14:23 | Medupi 6 228.6 0.67252 | 49.8970 49.6677 | Kriel
5.32% | 0.86% | 2015/07/20 14:13 | Tutuka 4 226.1 1.95431 | 49.8972 49.7406 | Matla
1.49% | 0.87% | 2016/01/03 01:58 | Duvha 1 109.3 0.56213 | 50.0377 49.9407 | Matimba
3.78% | 0.87% | 2014/11/23 04:36 | Matla 2 364.8 0.94370 | 50.0136 49.7474 | Tutuka
2.83% | 0.88% | 2015/12/04 00:40 | Kriel 3 378.4 0.40370 | 49.8671 49.6775 | Majuba
3.40% | 0.88% | 2015/11/04 06:53 | Duvha 1 131.6 0.32552 | 49.9673 49.7912 | Duvha
0.19% | 0.89% | 2016/05/1000:20 | Kriel 4 294.1 0.62221 | 49.9496 49.7090 | Matimba
0.13% | 0.92% | 2016/01/26 03:50 | Majuba 2 516.4 0.70636 | 50.0896 49.6904 | Tutuka
0.66% | 0.92% | 2015/09/02 01:25 | Medupi 6 459 1.42635 | 50.0986 49.7328 | Matimba
4.21% | 0.93% | 2016/02/23 18:17 | Duvha 4 260 0.47376 | 49.9842 49.7979 | Lethabo
2.44% | 0.93% | 2016/08/25 15:14 | Matla 6 230.3 0.21110 | 49.9642 49.7107 | Matimba
6.00% | 0.94% | 2015/08/21 16:07 | Matimba 2 276.3 1.10808 | 49.9809 49.7332 | Matla
1.20% | 0.95% | 2016/07/09 09:25 | Majuba 3 385.4 0.28091 | 50.0160 49.6701 | Matimba
0.52% | 0.95% | 2015/09/28 21:19 | Kendal 1 605.8 0.57175 | 50.0990 49.6983 | Apollo
0.90% | 0.96% | 2015/09/29 14:48 | Duvha 5 140.2 0.13358 | 49.9542 49.7382 | Duvha
0.01% | 0.97% | 2015/01/24 16:41 | Duvha 2 133.4 0.78947 | 50.1792 50.0087 | Tutuka
1.18% | 0.98% | 2015/12/03 09:36 | Kriel 4 214.9 0.67274 | 49.8027 49.6668 | Majuba
0.70% | 0.99% | 2015/10/07 07:14 | Lethabo 3 205.1 0.40084 | 50.1051 49.8788 | Lethabo
5.61% | 1.01% | 2015/01/0119:34 | Matla 5 186.8 0.53282 | 50.0366 49.7796 | Matla
8.26% | 1.03% | 2017/03/17 16:54 | Kendal 3 210.5 0.23182 | 49.8967 49.7558 | Tutuka
0.18% | 1.04% | 2014/08/26 02:06 | Tutuka 6 264.4 0.98486 | 50.0539 49.8382 | Lephalale




1.96% | 1.11% | 2015/12/05 16:12 | Kriel 2 251 0.41987 | 50.0665 49.7836 | Tutuka
1.62% | 1.14% | 2015/06/1013:57 | Medupi 6 296.4 0.39503 | 49.9465 49.7327 | Majuba
0.75% | 1.14% | 2015/06/1101:46 | Kriel 4 394 0.53322 | 49.9681 49.7000 | Kriel
1.51% | 1.18% | 2015/10/24 00:26 | Lethabo 6 289.7 0.29448 | 49.9868 49.7064 | Lephalale
0.12% | 1.19% | 2016/08/16 09:49 | Lethabo 5 444.7 0.38991 | 50.0831 49.7166 | Lephalale
1.41% | 1.19% | 2016/04/22 00:39 | Medupi 6 444 1.02540 | 50.1227 49.7115 | Matla
0.65% | 1.20% | 2015/11/14 14:00 | Camden 3 89.6 0.26164 | 49.9134 49.8061 | Kriel
0.97% | 1.24% | 2016/10/25 03:49 | Kriel 3 208.9 0.29040 | 49.9119 49.7006 | Lephalale
0.90% | 1.24% | 2014/08/2508:09 | Matla 4 246.7 0.79713 | 49.9996 49.8013 | Duvha
4.43% | 1.25% | 2016/01/02 05:15 | Duvha 6 222.9 0.54552 | 49.9679 49.7986 | Matimba
4.86% | 1.28% | 2016/10/14 04:40 | Matimba 4 283 0.54842 | 49.9884 49.7121 | Matimba
3.44% | 1.32% | 2015/01/16 10:30 | Matla 4 389.3 1.34297 | 49.8906 49.6701 | Apollo
0.79% | 1.34% | 2014/11/22 20:48 | Kriel 1 95.2 0.54392 | 50.0246 49.8704 | Tutuka
2.30% | 1.36% | 2016/07/16 08:44 | Majuba 3 436.9 0.36894 | 50.0068 49.6678 | Lethabo
0.57% | 1.37% | 2016/02/09 15:13 | Tutuka 1 112.5 0.33041 | 49.9673 49.8276 | Lethabo
1.98% | 1.37% | 2014/11/13 12:16 | Majuba 3 243.6 1.01889 | 49.9167 49.7247 | Duvha
2.08% | 1.38% | 2015/06/11 01:01 | Kriel 1 170.8 0.92473 | 50.0384 49.8529 | Matimba
1.78% | 1.42% | 2016/04/18 03:29 | Medupi 6 229.1 1.06754 | 49.8729 49.6952 | Matimba
0.55% | 1.43% | 2015/10/2001:52 | Duvha 1 294.8 0.45608 | 50.0208 49.7827 | Matla
2.30% | 1.45% | 2016/07/16 08:44 | Majuba 3 436.9 0.36894 | 50.0068 49.6678 | Lethabo
5.53% | 1.46% | 2016/07/22 19:18 | Lethabo 4 557.2 0.32606 | 50.0498 49.6741 | Matimba
0.24% | 1.46% | 2017/02/22 08:00 | Duvha 2 134.7 0.42935 | 49.8658 49.7659 | Tutuka
1.56% | 1.46% | 2015/08/3004:28 | Medupi 6 310 0.81061 | 50.1126 49.7721 | Kriel
4.40% | 1.47% | 2015/12/29 18:01 | Matimba 4 432.2 0.54040 | 50.1075 49.7168 | Medupi
5.49% | 1.47% | 2016/12/03 21:37 | Hendrina 8 120.5 0.46227 | 50.0744 49.9147 | Matimba
1.22% | 1.48% | 2016/05/18 11:37 | Kriel 3 374.4 0.29000 | 49.9825 49.6929 | Lephalale
0.43% | 1.48% | 2016/11/23 05:16 | Kendal 3 254.7 0.20126 | 49.9289 49.6756 | Lephalale
2.98% | 1.48% | 2016/07/12 12:53 | Duvha 6 464.5 0.36850 | 50.0651 49.7476 | Kriel
0.34% | 1.51% | 2016/07/09 09:25 | Majuba 3 385.4 0.28091 | 50.0160 49.6701 | Lethabo
0.57% | 1.55% | 2016/12/07 02:08 | Lethabo 6 211.9 0.62717 | 49.7946 49.6629 | Tutuka
0.87% | 1.56% | 2014/10/22 12:23 | Lethabo 4 476.7 0.88616 | 50.1375 49.7150 | Matimba
0.67% | 1.58% | 2015/09/19 00:07 | Duvha 2 425 0.72382 | 50.0063 49.6963 | Medupi
2.44% | 1.58% | 2017/03/02 10:12 | Tutuka 3 285.9 1.53453 | 49.8049 49.6790 | Apollo
4.39% | 1.59% | 2016/05/23 22:57 | Matla 4 395.3 0.46072 | 50.1228 49.7587 | Kendal
2.46% | 1.61% | 2016/07/24 18:35 | Tutuka 2 410.8 0.37829 | 50.0055 49.6713 | Tutuka
2.47% | 1.62% | 2016/07/24 18:35 | Tutuka 2 410.8 0.37829 | 50.0055 49.6713 | Tutuka
0.05% | 1.63% | 2015/12/23 22:38 | Kriel 5 202 0.52474 | 49.9844 49.8236 | Majuba
1.95% | 1.66% | 2017/03/2107:04 | Grootvlei 5 129.6 -0.00210 | 49.9805 49.8288 | Kendal
0.16% | 1.66% | 2014/07/0122:34 | Grootvlei 6 130.1 0.87086 | 49.8629 49.7917 | Lethabo
1.56% | 1.67% | 2015/10/18 02:03 | Kriel 3 276.3 0.46777 | 50.0606 49.7790 | Matimba
0.66% | 1.68% | 2014/11/2308:31 | Kriel 1 122.6 0.85435 | 49.8526 49.7643 | Kriel
5.49% | 1.72% | 2015/10/15 20:49 | Kendal 5 240.8 0.27108 | 50.1110 49.7451 | Matimba
2.76% | 1.77% | 2014/10/15 10:38 | Matimba 6 358.4 0.45051 | 49.9006 49.6855 | Kriel
2.84% | 1.78% | 2016/08/25 15:14 | Matla 6 310.9 0.28587 | 49.9642 49.7107 | Kendal
1.58% | 1.83% | 2015/01/29 21:24 | Kendal 6 409.8 0.48310 | 50.1630 49.7900 | Lethabo




3.25% | 1.84% | 2016/05/06 07:12 | Camden 6 155.7 0.33987 | 50.0101 49.8031 | Lethabo
1.53% | 1.85% | 2016/02/22 16:09 | Majuba 1 118.5 0.17202 | 49.8331 49.7480 | Lethabo
2.83% | 1.88% | 2016/01/2422:22 | Majuba 1 227.7 0.49129 | 49.9620 49.7222 | Lephalale
3.19% | 1.89% | 2015/10/14 17:02 | Kriel 6 240.8 0.56691 | 50.0932 49.9486 | Duvha
1.80% | 1.90% | 2015/07/19 02:02 | Kriel 2 2221 0.56506 | 49.8745 49.7689 | Matla
0.69% | 1.90% | 2017/03/12 23:50 | Medupi 6 230 0.74520 | 49.9633 49.7672 | Lephalale
3.66% | 1.91% | 2016/02/27 23:13 | Majuba 6 249.5 0.51148 | 49.8723 49.7667 | Apollo
1.02% | 1.93% | 2014/10/22 22:36 | Tutuka 1 204.2 0.49922 | 50.0481 49.8229 | Kendal
6.35% | 2.09% | 2017/03/01 14:51 | Kusile 1 185.8 0.63399 | 50.0400 49.7998 | Matimba
1.04% | 2.12% | 2015/03/18 14:55 | Medupi 6 263 0.38701 | 49.8727 49.6673 | Kriel
1.06% | 2.14% | 2014/11/3009:08 | Kriel 6 435.3 0.72167 | 50.0374 49.7320 | Medupi
0.78% | 2.14% | 2014/09/10 17:48 | Majuba 4 503.5 0.96593 | 50.1365 49.7732 | Lephalale
6.98% | 2.16% | 2016/08/23 09:42 | Kendal 6 237.9 0.31352 | 50.1715 49.9443 | Matimba
5.28% | 2.19% | 2016/08/12 18:42 | Lethabo 3 496.1 0.63571 | 50.0222 49.6547 | Tutuka
1.77% | 2.21% | 2015/02/07 00:04 | Kriel 1 176.9 0.81636 | 50.0224 49.7884 | Kendal
1.74% | 2.23% | 2015/03/08 00:07 | Tutuka 4 364.6 0.43736 | 50.0273 49.6715 | Matimba
3.93% | 2.25% | 2017/02/28 13:49 | Duvha 2 379.9 1.21799 | 49.8657 49.6789 | Tutuka
4.76% | 2.26% | 2015/10/25 04:33 | Matimba 6 301.4 1.01869 | 50.1181 49.7799 | Kendal
2.71% | 2.30% | 2014/07/23 15:03 | Majuba 5 327.8 0.80903 | 49.8613 49.6770 | Kriel
2.43% | 2.31% | 2015/06/17 02:41 | Kriel 3 307.9 0.61292 | 50.0704 49.7909 | Kendal
0.87% | 2.37% | 2015/09/29 14:48 | Duvha 5 385.1 0.37847 | 49.9542 49.7382 | Majuba
1.09% | 2.40% | 2017/02/03 13:53 | Kusile 1 480.5 1.07208 | 49.8604 49.6531 | Apollo
2.66% | 2.45% | 2016/10/1117:00 | Kendal 1 639.4 0.47908 | 50.1607 49.7052 | Lephalale
2.16% | 2.45% | 2016/08/1109:43 | Majuba 6 462.3 1.71114 | 50.1434 49.7035 | Kendal
2.19% | 2.46% | 2017/02/25 10:00 | Medupi 5 725.6 | H#H#H#H#H#### | 50.2701 49.8314 | Lephalale
7.10% | 2.50% | 2015/01/07 09:48 | Tutuka 3 223.9 0.61030 | 50.0316 49.7364 | Matimba
7.64% | 2.50% | 2015/10/06 08:58 | Tutuka 6 420.4 0.32929 | 49.9265 49.7073 | Apollo
1.33% | 2.53% | 2017/02/18 00:10 | Majuba 2 199.4 1.35797 | 50.1302 49.9242 | Arnot
0.01% | 2.56% | 2015/12/0502:16 | Majuba 6 124.9 0.47099 | 49.9357 49.7955 | Tutuka
1.49% | 2.62% | 2016/06/17 12:30 | Tutuka 4 442.2 6.36446 | 50.0020 49.7253 | Kriel
2.35% | 2.65% | 2015/07/1010:38 | Duvha 4 203.7 0.79481 | 50.0137 49.8095 | Tutuka
0.30% | 2.66% | 2015/10/12 10:06 | Tutuka 1 412.5 0.47122 | 50.1775 49.7957 | Kendal
5.11% | 2.72% | 2014/11/19 12:13 | Kriel 4 259.1 1.47129 | 50.1131 49.8186 | Tutuka
2.70% | 2.73% | 2016/10/05 08:02 | Medupi 5 279.2 0.68107 | 50.0005 49.7003 | Arnot
1.99% | 2.76% | 2015/12/09 16:47 | Tutuka 5 440.8 0.53301 | 50.0974 49.8046 | Arnot
5.69% | 2.76% | 2016/02/27 14:14 | Matimba 4 295.7 0.67374 | 49.8686 49.7256 | Duvha
4.62% | 2.77% | 2017/03/10 15:46 | Kriel 5 250.1 0.71679 | 49.9826 49.7518 | Lephalale
3.97% | 2.78% | 2015/01/02 08:57 | Hendrina 1 151.1 0.80496 | 49.8792 49.7291 | Tutuka
0.21% | 2.78% | 2017/02/17 06:06 | Matla 5 328.5 0.57057 | 49.9709 49.7458 | Medupi
13.10% | 2.84% | 2015/10/1118:19 | Tutuka 1 147.4 0.19306 | 50.1016 49.8130 | Lethabo
0.43% | 2.85% | 2015/02/10 19:15 | Majuba 6 446.6 0.66348 | 50.1345 49.7081 | Kendal
14.75% | 2.85% | 2015/06/19 06:03 | Duvha 6 394.9 1.18878 | 50.1889 49.8505 | Kriel
10.00% | 2.89% | 2014/07/07 12:14 | Kendal 3 533.5 0.44762 | 50.1593 49.7698 | Tutuka
7.14% | 2.91% | 2016/12/2020:34 | Lethabo 3 454.7 0.43918 | 50.0782 49.7068 | Tutuka
2.40% | 2.95% | 2015/12/12 05:39 | Tutuka 3 427.6 0.67759 | 50.0058 49.7431 | Majuba




1.34% | 3.12% | 2016/10/13 07:30 | Majuba 2 429.1 0.44548 | 50.1756 49.8084 | Matimba
0.81% | 3.16% | 2015/10/07 07:14 | Lethabo 3 205.1 0.40084 | 50.1051 49.8788 | Matimba
1.80% | 3.18% | 2016/06/17 02:37 | Medupi 6 342.2 0.75591 | 50.0577 49.6908 | Matla
4.35% | 3.20% | 2014/08/22 03:22 | Matla 5 297.8 0.91590 | 50.0410 49.7568 | Lephalale
0.89% | 3.21% | 2017/03/23 15:57 | Duvha 1l 264.9 0.38013 | 49.9429 49.7645 | Medupi
2.19% | 3.21% | 2014/11/1516:41 | Duvha 2 266.7 0.53853 | 49.9567 49.7507 | Lethabo
3.61% | 3.28% | 2017/03/17 09:30 | Kriel 3 97.2 0.54000 | 49.9745 49.8207 | Matimba
2.06% | 3.28% | 2014/11/2011:28 | Hendrina 10 154.4 0.97662 | 49.9042 49.7981 | Kriel
3.86% | 3.32% | 2014/07/29 17:54 | Kendal 5 234 0.64082 | 49.8257 49.6835 | Kriel
1.64% | 3.38% | 2015/10/25 04:33 | Matimba 6 301.4 0.50934 | 50.1181 49.7799 | Lephalale
2.24% | 3.41% | 2016/12/1517:33 | Medupi 5 468.6 0.47077 | 50.1148 49.7338 | Kendal
6.53% | 3.42% | 2016/01/29 03:39 | Medupi 6 165.3 0.59649 | 49.9693 49.8205 | Matimba
1.07% | 3.48% | 2015/10/18 21:40 | Matla 5 149.9 0.45705 | 50.1209 49.9607 | Kriel
9.31% | 3.60% | 2016/05/19 18:53 | Kriel 6 357.3 0.33346 | 50.0022 49.7009 | Lephalale
6.71% | 3.64% | 2015/08/1107:46 | Medupi 6 472 0.86748 | 49.8647 49.6305 | Apollo
2.30% | 3.68% | 2015/02/07 15:28 | Duvha 6 351.8 0.40667 | 50.0361 49.7412 | Kendal
6.54% | 3.70% | 2017/03/03 04:29 | Duvha 2 379 0.72630 | 50.1050 49.7533 | Matimba
0.32% | 3.74% | 2015/10/2001:52 | Duvha 1 294.8 0.45608 | 50.0208 49.7827 | Matla
8.22% | 3.90% | 2015/11/16 15:59 | Kriel 4 355.4 0.65242 | 49.8986 49.7059 | Majuba
0.45% | 3.91% | 2014/09/08 15:45 | Majuba 5 279.5 0.30848 | 49.9110 49.7025 | Majuba
5.33% | 3.92% | 2015/06/14 23:11 | Matimba 2 462.5 0.82554 | 50.1792 49.7662 | Kriel
1.43% | 3.96% | 2016/07/24 00:46 | Tutuka 1 390.1 0.59599 | 50.1342 49.7985 | Matla
3.57% | 3.96% | 2016/04/09 15:00 | Matimba 5 464.9 0.00000 | 50.0967 49.6684 | Kriel
4.22% | 3.98% | 2016/02/19 21:46 | Medupi 6 412.2 0.47954 | 50.1248 49.7160 | Matla
3.81% | 4.08% | 2016/05/18 22:32 | Grootvlei 2 139.6 0.45952 | 50.1891 50.0079 | Tutuka
0.68% | 4.09% | 2016/01/04 14:16 | Duvha 1 452.6 0.61276 | 49.9121 49.6813 | Apollo
0.84% | 4.09% | 2016/07/19 08:06 | Majuba 2 184.9 0.36623 | 49.8462 49.7618 | Apollo
434% | 4.11% | 2015/10/07 09:53 | Matla 2 481.8 0.44900 | 49.9958 49.6890 | Kriel
5.53% | 4.16% | 2015/10/12 10:06 | Tutuka 1 412.5 0.47122 | 50.1775 49.7957 | Lethabo
5.81% | 4.18% | 2016/10/16 15:23 | Matimba 5 110.8 0.34290 | 50.0643 49.8462 | Kriel
0.41% | 4.19% | 2015/07/12 23:08 | Duvha 4 260.8 0.60985 | 50.1978 50.0008 | Kriel
0.73% | 4.20% | 2016/08/2009:13 | Grootvlei 4 132.6 0.09304 | 49.9312 49.9110 | Apollo
1.52% | 4.23% | 2015/07/05 17:56 | Duvha 5 434.2 0.60491 | 50.0658 49.6528 | Medupi
4.78% | 4.25% | 2015/01/28 01:02 | Lethabo 2 452.6 0.90314 | 50.0675 49.6848 | Medupi
2.11% | 4.26% | 2016/05/11 18:18 | Grootvlei 3 111.4 0.30595 | 49.8271 49.7377 | Kriel
5.64% | 4.26% | 2017/03/1122:43 | Kusile 1 291.4 1.17712 | 49.8375 49.6701 | Tutuka
3.13% | 4.27% | 2015/08/21 11:55 | Matimba 2 329 1.09543 | 49.8367 49.5710 | Matimba
1.51% | 4.31% | 2014/07/28 23:13 | Duvha 4 254.9 0.58035 | 50.0269 49.7682 | Lephalale
0.08% | 4.31% | 2014/08/06 09:54 | Matimba 1 490.9 0.48519 | 50.1657 49.7873 | Tutuka
2.40% | 4.33% | 2014/07/3122:54 | Kriel 5 209.8 0.81158 | 49.9093 49.7547 | Matimba
1.82% | 4.40% | 2014/08/07 22:13 | Kriel 2 365.4 0.73408 | 49.9823 49.7652 | Kriel
3.90% | 4.43% | 2016/07/22 19:05 | Lethabo 2 522.7 0.37459 | 50.1187 49.7059 | Matimba
2.97% | 4.43% | 2015/06/09 23:31 | Matla 3 364.9 0.47289 | 50.0066 49.7439 | Arnot
4.90% | 4.45% | 2015/03/05 14:09 | Tutuka 6 353.7 0.57776 | 49.9652 49.6874 | Lethabo
2.99% | 4.50% | 2015/09/02 01:25 | Medupi 6 459 1.42635 | 50.0986 49.7328 | Matla




2.20% | 4.51% | 2016/12/04 01:44 | Matla 2 327.8 0.26569 | 49.9320 49.6589 | Matimba
1.23% | 4.73% | 2015/11/03 21:07 | Duvha 1 383.3 0.62539 | 50.0717 49.8049 | Majuba
3.51% | 4.80% | 2015/10/19 16:53 | Kriel 2 348.8 0.54300 | 49.8033 49.6595 | Duvha
2.76% | 4.83% | 2016/08/3004:33 | Majuba 4 246.8 0.27608 | 49.9042 49.7047 | Matimba
8.33% | 4.88% | 2015/10/2113:56 | Lethabo 3 458.5 0.51396 | 49.9158 49.6530 | Majuba
20.14% | 4.94% | 2015/11/1003:49 | Medupi 6 495.5 0.64570 | 49.9330 49.6886 | Majuba
2.05% | 5.12% | 2015/07/04 12:32 | Duvha 6 336.8 1.27910 | 49.9787 49.7133 | Matla
0.62% | 5.23% | 2014/11/16 04:41 | Duvha 5 457.9 0.83123 | 50.0919 49.7335 | Tutuka
15.99% | 5.24% | 2015/01/21 15:04 | Tutuka 6 360 0.21212 | 49.7255 49.5144 | Kriel
1.16% | 5.28% | 2016/02/18 04:46 | Kendal 4 335.3 0.34266 | 49.9855 49.7258 | Majuba
5.53% | 5.35% | 2016/07/22 19:18 | Lethabo 4 557.2 0.32606 | 50.0498 49.6741 | Matimba
10.83% | 5.44% | 2016/07/07 14:28 | Matla 3 447.4 0.31047 | 49.9506 49.6031 | Matimba
1.68% | 5.51% | 2014/11/19 16:38 | Majuba 6 430.6 0.80766 | 50.0552 49.6561 | Matla
1.45% | 5.52% | 2016/04/26 16:03 | Medupi 6 528.7 0.76280 | 50.1395 49.6699 | Medupi
4.34% | 5.56% | 2015/10/07 09:53 | Matla 2 481.8 0.44900 | 49.9958 49.6890 | Kriel
5.64% | 5.63% | 2015/08/16 11:59 | Medupi 6 440.1 0.91818 | 49.9601 49.6701 | Lethabo
6.35% | 5.63% | 2017/03/01 01:00 | Kusile 1 420.5 0.52261 | 49.9143 49.6861 | Apollo
3.35% | 5.67% | 2014/10/09 19:49 | Majuba 4 167.7 0.44498 | 49.9127 49.7581 | Kriel
0.11% | 5.68% | 2015/12/07 20:47 | Duvha 2 103.4 0.14180 | 50.0358 49.7278 | Medupi
1.62% | 5.93% | 2015/12/04 19:02 | Kriel 6 186.9 0.46638 | 49.9478 49.7766 | Duvha
4.41% | 6.06% | 2017/02/27 03:25 | Kriel 5 204.2 0.63612 | 49.9598 49.7583 | Kriel
5.32% | 6.07% | 2015/11/16 15:59 | Kriel 4 355.4 0.65242 | 49.8986 49.7059 | Majuba
2.96% | 6.08% | 2016/04/09 09:24 | Duvha 6 284.7 0.27484 | 49.8581 49.6530 | Medupi
2.87% | 6.09% | 2015/08/16 13:33 | Tutuka 1 314.3 0.99720 | 50.1598 49.8193 | Kendal
4.76% | 6.11% | 2015/10/19 16:53 | Kriel 2 348.8 0.54300 | 49.8033 49.6595 | Apollo
7.40% | 6.26% | 2016/05/06 10:02 | Grootvlei 6 131.2 0.32267 | 50.1104 49.8961 | Duvha
4.25% | 6.28% | 2017/03/02 06:38 | Kusile 1 188.1 1.16850 | 50.0720 49.8472 | Matimba
7.10% | 6.29% | 2015/11/3009:20 | Tutuka 1 433.5 0.56039 | 50.0294 49.6975 | Kriel
3.46% | 6.47% | 2015/01/07 08:48 | Majuba 2 331.8 0.82885 | 50.0964 49.7501 | Kendal
3.92% | 6.76% | 2015/10/1111:48 | Tutuka 1 226.7 0.32227 | 50.0357 49.7164 | Matimba
1.49% | 6.80% | 2016/02/17 06:25 | Duvha 4 185.6 0.34530 | 50.1261 49.9357 | Majuba
5.42% | 6.92% | 2016/10/13 00:58 | Duvha 1 344.7 0.46865 | 50.0434 49.7465 | Matimba
1.53% | 6.93% | 2015/10/3101:17 | Kendal 1 421.2 0.55613 | 49.9995 49.6605 | Apollo
9.25% | 6.94% | 2015/10/06 08:58 | Tutuka 6 420.4 0.32929 | 49.9265 49.7073 | Kriel
2.82% | 7.09% | 2015/10/1118:19 | Tutuka 1 127.5 0.16687 | 50.1016 49.8130 | Tutuka
5.25% | 7.09% | 2016/06/26 12:17 | Matimba 4 301.4 0.81701 | 50.1340 49.8071 | Matimba
2.56% | 7.21% | 2015/10/22 14:00 | Majuba 6 215.5 0.33642 | 49.8468 49.7644 | Apollo
3.26% | 7.28% | 2015/10/1111:48 | Tutuka 1 226.7 0.32227 | 50.0357 49.7164 | Kendal
3.50% | 7.31% | 2016/05/2122:31 | Grootvlei 2 140.3 0.06028 | 50.0207 50.0110 | Lethabo
6.97% | 7.47% | 2015/10/22 07:41 | Duvha 1 350 0.32674 | 49.8754 49.6863 | Duvha
6.79% | 7.57% | 2016/05/26 14:23 | Lethabo 2 362.1 0.36982 | 49.8518 49.6923 | Duvha
2.48% | 7.60% | 2014/09/02 15:46 | Matimba 4 457.8 0.67789 | 50.1109 49.7553 | Majuba
0.68% | 7.93% | 2015/12/12 05:39 | Tutuka 3 427.6 0.67759 | 50.0058 49.7431 | Majuba
5.80% | 7.97% | 2014/08/03 19:59 | Duvha 1 168.1 0.46466 | 50.0110 49.8047 | Matla
3.15% | 7.99% | 2017/03/06 01:08 | Lethabo 5 229.9 1.24406 | 50.1119 49.8937 | Medupi




1.66% | 8.00% | 2015/01/29 05:49 | Kendal 6 153.6 0.59737 | 50.0704 49.8977 | Kendal
15.61% | 8.41% | 2016/01/02 01:15 | Tutuka 2 176.2 0.50022 | 49.9447 49.7252 | Tutuka
20.76% | 8.47% | 2015/11/1003:49 | Medupi 6 495.5 0.64570 | 49.9330 49.6886 | Majuba

1.70% | 8.55% | 2016/02/16 16:04 | Duvha 4 273.5 0.33216 | 50.1229 49.8430 | Medupi
18.00% | 8.59% | 2015/01/12 00:42 | Grootvlei 6 94.3 0.61011 | 50.0346 49.8415 | Medupi

834% | 8.79% | 2015/02/18 13:31 | Kendal 6 472.1 0.67447 | 50.1600 49.7077 | Lethabo

8.85% | 9.00% | 2016/02/1621:17 | Matimba 6 317.6 0.40403 | 49.8956 49.7048 | Duvha

5.66% | 9.03% | 2017/02/1501:49 | Matimba 6 373.6 1.81045 | 50.0816 49.7416 | Matimba

0.46% | 9.03% | 2015/07/17 05:42 | Medupi 6 341.6 0.75940 | 50.0865 49.8066 | Medupi

3.04% | 9.08% | 2016/07/24 19:20 | Duvha 6 206.9 0.28813 | 50.1545 49.7526 | Kendal

7.02% | 9.29% | 2016/02/1009:52 | Matimba 3 294.6 0.51261 | 49.8688 49.6632 | Lethabo

9.33% | 9.97% | 2017/03/2422:24 | Matla 6 370.2 0.86862 | 50.0132 49.6768 | Apollo

5.04% | 10.31% | 2016/12/14 13:18 | Medupi 5 426.4 0.43721 | 50.1098 49.7144 | Tutuka

5.90% | 10.86% | 2017/02/26 15:01 | Matimba 1 413.3 0.21252 | 49.9579 49.7234 | Tutuka

4.88% | 10.92% | 2016/10/07 10:01 | Kriel 5 434.9 0.40875 | 49.9994 49.7077 | Medupi

0.23% | 10.93% | 2016/08/18 15:58 | Majuba 6 388 0.41315 | 49.9612 49.7346 | Medupi

3.56% | 11.19% | 2015/12/22 00:53 | Majuba 6 303.7 0.44485 | 49.8841 49.6817 | Majuba

0.39% | 11.31% | 2015/11/17 21:58 | Kendal 3 519.5 0.63378 | 50.1205 49.7182 | Medupi

5.29% | 11.47% | 2015/10/22 07:41 | Duvha 1 350 0.32674 | 49.8754 49.6863 | Majuba

3.72% | 11.53% | 2015/10/28 15:00 | Duvha 6 468 0.44352 | 49.9510 49.6501 | Majuba

0.44% | 11.60% | 2014/11/07 07:09 | Majuba 1 474.6 0.95045 | 50.1847 49.8054 | Majuba

3.33% | 11.73% | 2015/10/2113:56 | Lethabo 3 458.5 0.51396 | 49.9158 49.6530 | Majuba

7.63% | 12.19% | 2015/11/04 01:07 | Matimba 2 297.9 0.60201 | 49.9167 49.7371 | Tutuka
19.92% | 12.28% | 2016/02/09 10:59 | Matla 5 462 0.77947 | 49.9562 49.7478 | Duvha

6.78% | 12.33% | 2015/10/22 14:00 | Majuba 6 215.5 0.33642 | 49.8468 49.7644 | Duvha

0.47% | 12.40% | 2015/12/12 23:16 | Duvha 1 432.5 0.47837 | 49.9220 49.6670 | Medupi

7.63% | 12.70% | 2015/11/04 01:07 | Matimba 2 297.9 0.60201 | 49.9167 49.7371 | Duvha

3.58% | 13.00% | 2015/12/04 20:26 | Majuba 4 420.3 0.50373 | 50.1176 49.7545 | Kendal

2.28% | 13.13% | 2015/10/15 20:49 | Kendal 5 523.2 0.61676 | 50.1110 49.7451 | Majuba

5.59% | 13.35% | 2015/02/25 14:34 | Duvha 6 364.5 0.62359 | 50.1550 49.8033 | Lethabo

9.84% | 13.45% | 2015/01/17 07:42 | Matimba 3 418.9 1.18218 | 49.9860 49.6822 | Kendal

7.38% | 13.83% | 2016/10/08 21:56 | Tutuka 2 239.4 0.55408 | 50.1616 49.7728 | Tutuka

1.31% | 13.83% | 2016/11/0117:08 | Hendrina 3 174.3 0.51648 | 50.0746 49.8421 | Lephalale

6.43% | 14.23% | 2015/07/24 19:54 | Matla 6 419.2 0.68363 | 50.0400 49.7334 | Lephalale

0.78% | 14.54% | 2015/11/03 21:07 | Duvha 1 383.3 0.62539 | 50.0717 49.8049 | Majuba

2.93% | 16.96% | 2015/11/04 02:16 | Kriel 6 294 0.58732 | 49.9075 49.7241 | Tutuka

1.28% | 17.52% | 2015/10/3101:17 | Kendal 1 421.2 0.55613 | 49.9995 49.6605 | Medupi
21.22% | 17.95% | 2016/11/06 21:05 | Kendal 3 145 0.22260 | 50.0840 49.7301 | Kendal

2.40% | 17.99% | 2016/11/05 10:31 | Kendal 6 196.4 0.35851 | 50.1814 49.7658 | Matimba

6.10% | 18.56% | 2014/09/15 21:37 | Matimba 1 514.6 1.08207 | 50.1875 49.8012 | Matimba
17.53% | 20.09% | 2015/07/17 00:32 | Apollo Cs 356.2 0.28513 | 50.0529 49.9524 | Kendal

8.33% | 20.28% | 2016/07/24 19:20 | Duvha 6 322.4 0.42880 | 50.1545 49.7526 | Kendal
12.34% | 21.62% | 2016/02/12 20:37 | Medupi 6 585.3 0.53644 | 50.1624 49.6966 | Medupi

2.73% | 22.14% | 2016/02/10 12:58 | Majuba 1 528.4 0.53351 | 50.0196 49.6707 | Lethabo

0.52% | 22.69% | 2015/09/28 21:19 | Kendal 1 605.8 0.57175 | 50.0990 49.6983 | Kriel




22.10% | 22.78% | 2014/10/08 04:40 | Apollo Cs 282 0.17760 | 50.0537 49.9396 | Kendal
0.39% | 23.24% | 2015/11/17 21:58 | Kendal 3 519.5 0.63378 | 50.1205 49.7182 | Medupi
9.56% | 23.76% | 2016/02/26 06:29 | Matimba 4 627.2 0.76751 | 50.0843 49.7350 | Medupi
0.84% | 24.58% | 2016/02/16 11:54 | Lethabo 4 520.3 0.51208 | 49.9442 49.6614 | Kriel
5.14% | 24.99% | 2015/10/3119:08 | Duvha 1 473.1 0.65501 | 50.1496 49.8316 | Majuba

31.11% | 25.52% | 2015/07/21 16:13 | Apollo Cs 282.7 4.46537 | 49.9925 49.8649 | Kendal

20.10% | 26.24% | 2016/10/07 12:28 | Apollo Cs 239.4 0.06204 | 49.7946 49.6639 | Kendal

25.42% | 26.43% | 2015/03/20 10:33 | Arnot 5 217 0.87712 | 49.8854 49.7535 | N/A

28.15% | 27.42% | 2015/10/1002:21 | Arnot 6 207.3 0.55034 | 49.8692 49.7325 | N/A

28.15% | 27.42% | 2015/10/10 02:21 | Arnot 6 207.3 0.55034 | 49.8692 49.7325 | N/A

30.78% | 28.69% | 2015/10/12 11:09 | Arnot 6 127.1 0.25421 | 49.9100 49.7668 | N/A

30.78% | 28.69% | 2015/10/12 11:09 | Arnot 6 127.1 0.25421 | 49.9100 49.7668 | N/A

25.40% | 29.02% | 2016/11/17 18:26 | Arnot 1 335.1 0.52619 | 49.8284 49.6838 | N/A

28.48% | 29.30% | 2014/07/09 07:33 | Arnot 3 306.3 0.56879 | 49.8845 49.7383 | N/A

32.20% | 29.67% | 2015/10/23 21:24 | Arnot 6 173.2 0.44136 | 50.0279 49.8794 | N/A

32.20% | 29.67% | 2015/10/23 21:24 | Arnot 6 173.2 0.44136 | 50.0279 49.8794 | N/A

32.09% | 32.54% | 2015/10/17 23:18 | Arnot 1 169.2 0.55218 | 50.0118 49.8490 | N/A

34.30% | 32.54% | 2015/10/17 23:18 | Arnot 1 169.2 0.55218 | 50.0118 49.8490 | N/A

34.10% | 32.58% | 2014/10/03 12:30 | Arnot 2 142.1 0.86757 | 50.0166 49.8537 | N/A

32.59% | 33.25% | 2015/11/23 02:06 | Arnot 3 234.2 0.83477 | 50.2038 50.0369 | N/A

36.66% | 33.37% | 2015/06/18 00:00 | Apollo Cs 198.5 0.48049 | 50.0242 49.8572 | Kendal

21.49% | 33.44% | 2015/12/01 18:42 | Medupi 6 603.7 0.75843 | 50.1100 49.6720 | Kendal

35.65% | 36.14% | 2015/06/16 18:29 | Apollo Cs 191.6 0.14009 | 50.0932 49.9121 | Matla

38.83% | 40.24% | 2014/08/03 08:41 | Arnot 4 205.2 1.28395 | 50.0379 49.8365 | N/A

32.10% | 40.85% | 2014/10/24 11:21 | Arnot 6 250 0.63171 | 50.0182 49.8139 | N/A

46.59% | 42.30% | 2015/10/13 09:28 | Arnot 4 204.4 0.42076 | 50.0795 49.8677 | N/A

46.59% | 42.30% | 2015/10/13 09:28 | Arnot 4 204.4 0.42076 | 50.0795 49.8677 | N/A

62.34% | 42.76% | 2017/03/07 16:07 | Apollo Cs 274.3 1.78265 | 50.0234 49.8095 | Kendal

42.53% | 43.03% | 2015/02/15 04:30 | Apollo Cs 208.4 0.80481 | 49.9734 49.7584 | Matla

42.13% | 43.03% | 2015/07/06 14:29 | Apollo Cs 236.3 0.66112 | 50.0521 49.8368 | Kendal

43.85% | 43.95% | 2015/08/27 12:39 | APOLLO CS 121.9 0.12622 | 49.9915 49.7718 | Kendal

44.20% | 44.17% | 2015/07/08 21:44 | Apollo Cs 245.2 0.67089 | 50.1409 49.9193 | Kendal

20.91% | 46.57% | 2016/09/10 09:58 | Arnot 2 136.1 1.37308 | 49.9988 49.7660 | N/A

54.77% | 54.59% | 2014/10/23 21:41 | Apollo Cs 268.6 0.49995 | 50.0406 49.7674 | Kendal

53.76% | 55.17% | 2016/04/11 12:56 | Arnot 4 223.8 0.39475 | 50.1485 49.8719 | N/A

40.24% | 56.10% | 2015/06/20 00:00 | Apollo Cs 471.4 0.46873 | 49.8994 49.6194 | Kendal

58.32% | 60.11% | 2016/11/06 03:40 | Apollo Cs 145 0.21404 | 49.9607 49.6604 | Matla

50.22% | 66.61% | 2015/01/12 16:43 | Apollo Cs 215.8 0.98434 | 50.1340 49.7999 | Matla

74.28% | 68.46% | 2016/11/03 10:56 | Apollo Cs 210.6 0.34123 | 50.1421 49.7988 | Kendal

69.14% | 69.59% | 2015/08/02 07:44 | Apollo Cs 214.4 0.65447 | 50.0347 49.6865 | Kendal

69.14% | 69.59% | 2015/08/02 07:44 | Apollo Cs 203.8 0.62187 | 50.0347 49.6865 | Kendal

78.18% | 78.75% | 2015/01/07 13:57 | Apollo Cs 195.1 0.34099 | 50.1059 49.7113 | Medupi

68.26% | 85.15% | 2015/06/11 12:11 | Apollo Cs 268.1 0.20317 | 50.0097 49.5838 | Kendal

85.42% | 86.29% | 2017/03/03 14:15 | Apollo Cs 255.6 0.93035 | 50.1381 49.7054 | Kendal

88.52% | 87.45% | 2015/01/20 18:06 | Apollo Cs 346.2 0.64831 | 50.1486 49.7099 | Matla
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ESKOM POWER SYSTEM INERTIA MODEL - A DYNAMIC MULTI-
FACTOR APPROACH TO THE MANAGEMENT OF POWER SYSTEM
INERTIA
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Abstract: This research is focused on the behaviour of the power system inertia immediately following a disturbance.
The aim is to develop an online (real-time) inertia model. The available historical data is extracted from the Eskom
Energy Management System (EMS), Data Energy Centre (DEC) and Wide Area Monitoring System (WAMS). The
model includes measured and estimated data from Eskom generators, Independent Power Producers (IPPs) and the
interconnected Southern African Power Pool (SAPP). The composite frequency response characteristic of the system
(sometimes referred to as the stiffness of the system) is also included. The results will be used to design an inertia
model of the Eskom Power System using a Multivariate analysis method to determine the relationship between
factors affecting Eskom inertia and estimate other missing and/or unmeasurable variables contributing to the inertial
response. If successful, the model can be used for System Operator (SO) Situational Awareness (SA), real time
inertia monitoring and to possibly be used in future to optimise the use of IDR (Instantaneous Demand Response),

Under Frequency Load Shedding (UFLS) and automated load shedding.

Key words — Inertia, Power system, System Operator (SO), Multivariate analysis, Detrended Fluctuation Analysis,

Regression, Swing equation, Situational awareness (SA), Renewables, Spinning reserve, Frequency Stability.



1. INTRODUCTION

In recent years, large-scale deployment of
Renewable Energy Sources (RES) generation,
mostly in the form of wind turbines, concentrated
solar power (CSP) and Photovoltaic (PV) units, has
led to substantial generation shares of variable RES
power injection in power systems worldwide. The
National Development Plan (NDP) of South Africa
has a long-term vision of 5 million Solar Water
Heaters (SWH) installations, 8.4GW wind turbines,
IGW CSP and 8.4GW Solar PV by 2030 [1].
Currently, wind IPPs are delivering 1440 MW to
the grid followed by solar photovoltaic, 960 MW
and lastly CSP 200 MW.

It was shown in [3] that the traditional assumption
that grid inertia is sufficiently high with only small
variations over time is thus not valid for power
systems with high RES shares. This has
implications for frequency dynamics and power
system stability and operation. Frequency dynamics
are faster in power systems with low rotational
inertia, making frequency control and power
system  operation more challenging. The
developments anticipated in power systems will
have far reaching consequences. High shares of
inverter connected power generation can have a
significant impact on power system stability and
power system operation [4].

Energy is stored in the rotating masses of the power
system. This energy is often called inertial, stored,
or rotational energy [2]. Inertia is defined as the
property of an object that resists a change to the
object’s current speed and direction. The power
system has many sources of inertia. Any rotating
equipment that is connected to the system is a
source of stored rotational energy or inertial
energy. The natural resistance of a generator to a
change in speed helps to keep the power system

frequency constant. In general, the larger the
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generator, the larger the inertia and the more
rotational energy that must be added or removed
from the generator to change its speed of rotation
[2,3].

Inertia estimation using the Precise Method takes
advantage of precise models of a specific
generation technology and uses parameter
estimation techniques to find the value of inertia
(and other parameters) for a specific generation
unit as was used by [8] and [4].

The  post-mortem  analysis of frequency
measurements from a single location during a
known disturbance to the system is classified as
inertia estimation using the Swing Equation
method. In [7] estimation of the power system
inertia constant and the capacity of spinning-
reserve generators using measured frequency
transients were used.

This paper presents a power system estimated
inertia model by equating the swing equation and
precise methods from historic power system
frequency disturbance events. Multivariable
analysis is used to determine the behaviour,
contribution and relationship between independent
and dependant parameters. The multiple regression
model, is determined and will be used to design an

online inertia model.

2. RESEARCH QUESTIONS

The following research questions will be
considered:

e By reducing the contribution of conventional
synchronous generators to accommodate renewable
energy power generation, what would be the
resultant impact on network resilience (frequency
stability)?

e Are the primary frequency control schemes

installed in South Africa’s power system



adequately calibrated for mitigating fault events
before a critical frequency drop can occur?

e Can the use of Instantaneous Demand Response
(IDR) and Under Frequency Load Shedding
(UFLS) be linked to the online variable system
inertia model to shed the required load at the time
of an incident?

e In what way does disturbance location, spinning
reserve and load types affect the inertial response

of the power system?
3. AIM

The aim is to investigate the factors contributing to
the system inertia in South Africa’s power system
using the multivariate analysis method and to

develop a power system inertia model.
4. SIGNIFICANCE OF THE STUDY

e Eskom does not have a power system inertia
model. This investigation will include IPPs
(visibility) and power system damping
(stiffness).

e Model development for the Eskom On-line
power system inertia will assist System
Operator with Situational Awareness (SA),
Incident Investigation Inertia forecast and
research.

e Possibly be used in future to optimise the use of

IDR, UFLS and Automated Load Shedding.
5. BACKGROUND THEORY

Frequency Response can be classified into three
different categories; Inertial Frequency Response,
Primary Frequency Response and Secondary
Frequency Response. Figure 1 below depicts three
stages of Frequency deviation following an

unbalance in active power.
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Figure 1: Frequency Response following a large

disturbance and controller involvement

This paper focuses on the Inertial Frequency
Response also known as Fast Primary Response
indicated in figure 1 above.

5.1. Demand Response

Instantaneous Reserve from Demand Response
(DR) is consumer load contracted to respond to a
drop in frequency. The purpose of the
Instantaneous Reserve is to arrest the frequency at
acceptable limits following a contingency, i.e.

generator trip.

5.2. Inertia of a single machine

The inertia constant H describes the normalised
inertia of an individual turbine-generator. It is the
ratio between the kinetic energy and its rated

apparent power, given by:

. 2 2
H = Ekin — 1jwsm — 1](2pfm) [S] (1)
Ssm 2 Ssm 2 Sem

Where

J = moment of inertia of generator and turbine in
kg.m?

W= rated mechanical angular velocity of the rotor
in rad(mech)/s

S = rated apparent power of the generator [VA]

T



f,, = rotational frequency of the synchronous

machine

5.3. Inertia of a power system

The inertia constants and rated apparent powers of
individual ~ synchronous  machines  (turbine-
generators) can be used to calculate the total inertia

of a power system:

21 (Ssmi X H;
Hyys = Ht0om X0 [g] @

Ssm,sys

Where ssm_snyﬁ":l Ssmi
Ssm,i = rated apparent power of generator i [VA]

H ;= inertia constant of turbine-generator i [s]

5.4. Estimation of the inertia constant using
transients

The behaviour of the frequency deviation following
a loss of a large generator or load is approximately
represented using equation 5.3 [2, 5]. In the
equation, the idea of average system frequency is
used, where inter-machine oscillations due to
synchronising power and transmission performance
are not considered and equivalent system inertia,

generator and load are assumed.

a(%)
“a + KAf 3)

—AP =M
Where:
Af is the change of the frequency (Hz),
AP is the amount of generation loss (pu in system
load base),
M (2H) is the inertia constant of the system (s),
f 1s the rated system frequency (Hz),
and K is the power/frequency characteristic of the
system (pu/Hz). The value of the power/frequency
characteristic becomes large when the spinning

reserve of the system is large.
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5.5. Composite regulating characteristics of the
power system
The composite frequency response characteristic of
the system, 3, is sometimes referred to as the
stiffness of the system [2], is expressed by:

AP, _ 1

ﬂ AL

Afss Req

Where:

+D MW/Hz )

D = composite load-damping constant

—AP
Afss = S

(/Rog) 7D = steady-state frequency
eq
deviation

AP;, =load change

The composite regulating characteristic of the
system is equal to 1/8. Motor loads are dependent
on the power system frequency; if the frequency
declines, the connected motor load magnitude will
also decline and vice versa. A rule of thumb in
[10], states that a 1% change in frequency will
typically lead to a 2% change in the total system
load.

5.6. Multivariate Analysis (MVA)

Multivariate analysis (MVA) is based on the
statistical principle of multivariate statistics, which
involves observation and analysis of more than one
statistical outcome variable at a time [6]. The least
squares method aims to produce a straight line that
minimizes the sum of the squared differences
between the points and the line. That is the

coefficients b, and b,are calculated so that the sum
of the squared deviations Z{‘zl(yi - yi)z is
minimized. The coefficients b, _j describe the

relationship between each of the independent

variables and the dependent variable in the sample.



5.6.1. Assessing the model

The least squares method produces the best straight
line. However, there may in fact be no relationship
or perhaps a nonlinear relationship between the two
variables. If so the straight line model is likely to
be inaccurate. To evaluate the model, two statistics
and one test model procedure are presented. All
these methods are based on the sum of squares of
the error.

The deviation between the actual data points and

the line are called residuals, given by

€ = yi + yi (5)

The residuals are observations of the error variable.
Consequently, the minimized sum of squared
deviations is called the sum of squares for error

(SSE).

SSE=X(vi-70? = (-1 (s2-2) (6

Sx
Where:
s}z, is the sample variance of the dependent
variable.

The standard deviation of the error variable, o, can
be used to measure the suitability of using a linear
model. Unfortunately, o, is a population parameter
and, like most parameters, is unknown. However,
o, can be estimated from the data, which is based
on SSE. The unbiased estimator of the variance of

the error variable 62 is

5 _ SSE
€

§2 =22 7

The square root of s2 is called the standard error of

estimate given by
Se = |— ®)

The value of s, is judged by comparing it to the
values of the dependent variable y or more
specifically the sample mean y. However, because

there is no predefined upper limit on s, it is often
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too difficult to assess the model in this way. In
general, the standard error of estimate cannot be
used as an absolute measure of the model’s

validity.

5.6.2. Coefficient of Determination

The test of B, addresses only the question of

whether there is enough evidence to infer that a
linear relationship exists. In many cases, however,
it is useful to measure the strength of that linear
relationship, particularly in this paper/project when
we want to compare several different models. The
statistic that performs such function is called the

coefficient of determination, denoted by

Sx;
R =53 ©)
SSE
RE=1- 209 (19)

The coefficient of determination is the square of the

coefficient of correlation.
YO, -9 =20, -9+ 20, - A

Variation in y = SSE + SSR

SSE measures the amount of variation in y that
remains unexplained, and SSR measures the
amount of variation in y that is explained by the
variation in the independent variable x. by
incorporating this analysis into the definition of R?

2
SSE _ Z(yi—y) —SSE __ Explained variation

R*=1- 7= 2
(v-y) (v-y)

Variation iny

It follows that R? measures the proportion of the

variation in y that is explained by the variation in x.
A large value of F indicates that most of the
variation in y is explained by the regression
equation and that the model is valid. A small value
of F indicates that most of the variation in y is

unexplained.



The relationships among s, R*> and F are
summarised in Table 1 below.

Table 7: Relationships among sg, R? and F

SSE Se R? F Assessment
of Model
0 0 1 oo Perfect
Small Small Close to 1 Large Good
Large Large Close to 0 Small Poor
Z(Yi -9 Sy —7)? 0 0 Useless
n—k-—2

6. MODEL DEVELOPMENT

The Southern African Power Pool (SAPP) is made

up of South Africa, Botswana, Lesotho,
Mozambique, Namibia, Swaziland, Zambia and
Zimbabwe, connected through an integrated grid.
Approximately 90% of SAPP electricity generation
is produced in South Africa. Figure 2 below depicts

the overview of SAPP integrated network.

SNEL

TANESCO

Eskom gen areas (GW)
WwC-4

N-45

NE- 30

E-§

Figure 2: Integrated SAPP network

Cahora Bassa hydro power station in Mozambique
dispatches power through parallel ac and dc
interconnections and is controlled by the Grid
Master Power Controller (GMPC) controls the
generation [11]. The bulk dc power flows directly
to South Africa while ac power is delivered to
Zimbabwe that is also interconnected with the

South African ac grid.
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It is believed that the following factors depicted in

Figure 3 below contribute to the inertial response of

the power system [2, 3, 5].

Kinetic energy & inertia of
individual gens/motors

—_—

“Stiffness” of power system
(Pg 596 Kundur)

Rate of Change of
Frequency (RoCoF)

Governor and Spinning
reserve

Transient/Fault location

Load types: voltage
Ifrequency dependent

Generation dispatch
and renewables

Distributed/centre of
inertiafrequency

From eq. (3)
2+2+H+Sgm __ —((AP)+dt)
We defi = = S =
¢ define y ]Ave wgm d(%)

Eki 1 Jw?
H — kin — = sm
Ssm 2 Ssm

we define variable

xg =]

_ Zn 2%Hi*Sgm
= P

esk,gen win

Unknown generator inertia constant (H) will be

estimated from reference [9]. The rest of the

parameters are summarised in Figure 4 below.

Eskom Gens
(Fossil, Nuclear, OCGTs, [—> X Jgen (eskom) =X
GTs & Hydro)
HvVDC 02X Jpc,apotio = X9
Spinning Reserve Sync gen, eskom =X3
IPP Gens
(Sasol, Steenbras, —> Z]gen(,m,s) =Xy
Kelvin)
Tie line (International) | . =x
(BPC, Nampower, Zesa E]gm(m line) 78

R(E;\fu\ﬁ:ff)s OZJM + Active P = x5

Stiffness, Damping z]loads +p =X

— Fairly Known
variables

Unknown variables
(can be estimated
[ from schedules,
forecast and actual
imports/Exports)

Unknown variables
(Can be estimated)

Figure 4: Model development showing known and

unknown variables



Frequency incident data was collected from Eskom
EMS/DEC and WAMS/PMU over the period
November 2015-August 2016. The method of
extracting data, storing and calculation of required
parameters (power system inertia, stiffness, etc.)
was developed and it is fully automated. The data is
correlated with system snapshots at the time of
incidents, correlating the Eskom generator sentouts,
load losses, spinning reserve, renewables, tieline,
IPP outputs, contracted governor units output and
IDR data. The Detrended Fluctuation Analysis
(DFA) and Exponential Smoothing methods(7),
were used to filter out noise and determine the start
and end times of the frequency disturbances.

7. RESULTS AND VALIDATION OF INERTIA
MODEL

7.1. Impact of IDR and RoCoF

It was observed from frequency incident data that
the IDR acts like a very fast governor response and
restricts the system frequency nadir (minimum
frequency reached after a disturbance). It was also
observed that all the 314 incidents with very small
Rate of Change of Frequency (RoCoF) and/or high
incident duration (dt), lead to errors. It was found
that R? is equal to 0.1729 with a standard error of

1.9. This is a poor fit.

7.2. Effects of Transient location and Centre of
Inertia
Table 2 below, depicts a summary of regression

results of one of the unit trips in central area.
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Table 8: Disturbance in Central area

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.9999
R Square 0.9999
Adjusted R Square 0.9999
Standard Error 0.0014
Observations 750
ANOVA

df SS MS F Significance F
Regression 2 14.59 7.29 3714393.36 0
Residual 747 0.0015 1.9639E-06
Total 749 14.5907

Coefficients Standard Error t Stat P-value

Intercept -0.0497 0.0184 -2.6997 0.00710
W_KOEBG_01_400 0.6437 0.0098 65.5676 0
N_MATMB_01_400 0.3573 0.0098 36.2777 6.0E-167

We found out that R? is equal to 0.9999 with
standard error of 0.0014. This statistics tells us that
99.99% of the variation in the Frequency deviation
in North Eastern parts of Eskom network during
transient is explained by the variation in frequency
deviation reading at Koeberg PS (approx. 1500km
away from Kendal) and Matimba PS (approx.
500km from Kendal). The value of the test
statistics is ¢ = 65.56 for Koeberg, and 36.27 for
Matimba with p = 0. There is overwhelming

evidence to infer that a linear relationship exists.

In Table 3 below, column 1, 2, and 3 excludes IDR
operated and small RoCoF incidents. In column
(1), the statistic shows that 72.11% of the variation
in the Central area of power system inertia during
all the 37 transient events is explained by the
variation in Eskom synchronous generators,
Stiffness, Spinning reserve, Load losses, Wind, PV,
Zesa, BPC load and Apollo DC. The remaining
27.99% is unexplained. Similarly in column (2), the
statistic shows that 89.92% of the variation in the
Northern area of power system inertia during all the
13 transient events is explained by the same
factors. Column (3), all incidents, the statistic
shows that 69.13% of the variation in the Total area

of power system inertia during all the 50 transient

events.



Table 3 below, depicts a summary of the Eskom

inertia model factors regression results.

Table 9: Summary of regression results

7.3. Discussion of results

(1) (2) (3) (4 (5)
All areas
excl IDR
g NEarea [N area & sfd
‘% Multiple R 0.8492 0.9483 0.8314
2 R Square 0.7211] 0.8992] 0.6913
'g Adjusted R Squarg 0.6282] 0.5967 0.6218
g Standard Error 1.2409 1.3574 1.2574
c;léJ Observations 37 13 50|
t Stat jP-value
Intercept -20.110 -22.886 -17.538| -2.8725| 0.0065
2 c Esk Sync. Gens 5.6729 6.4345 5.1262| 3.6812| 0.0007
£ g Stiffness 4.8827 1.7144 3.0903| 3.5731] 0.0009
9 Zlspinningreserve| 0.0004] 0.0004] 0.0004] 5.1350| 0.0000
d Load losses -0.0002 -0.0008| -0.0003| -1.1926| 0.2401
q  |Wind -0.0032|] -0.0007| -0.0016| -1.4915| 0.1437
< |pv -0.0006 0.0007| -0.0002| -0.3851| 0.7022
_ |Zesa 0.0005 0.0021] 0.0011| 0.6853| 0.4971]
_E BPC load -0.0008| -0.0009| -0.0006| -0.9708| 0.3375
Apollo DC -0.0006 0.0017|] -0.0002| -0.4917| 0.6256
df 9| 9.0000| 9
c SS 107.5103| 49.2997| 141.6085
g MS 11.9456 5.4777| 15.7343
§ F 7.7578] 2.9729 9.9521
c?; Significance F 0.0000| 0.200389 0.0000]|
Tg df 27.0000 3.0000] 40.0000
o |ss 41.5753| 5.527655| 63.2398
gg MS 1.5398 1.8426 1.5810
oTAl df 36 12 49
SS 149.09 54.83 204.85

The above results illustrated how transient location
affects the behavior of frequency, thus playing an
important role in accuracy of the model. As noted
in (5), the frequency is not the same throughout the
whole system. During a disturbance a measurement
location in the system plays a role due to a
propagation of frequency wave. The average first

order model is estimated by:
y = —17.538 + 5.12x, + 3.09x, + [0.4x; — 0.3x, — 1.6x4
+ 1.1x; — 0.6xg — 0.2x4] * 1000

+ &
7.3.1.  Intercept
The intercepts for area 1, 2 and 3
are by = —20.1,—-22.89 and — 17.53,  respectively.

This is the average Eskom power system rotational

mass (J) when all of the independent variables are
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0. In this model, the intercept is meaningless and
simply means a total power system blackout. It is
misleading to interpret this value, particularly if O
of the

is outside the range of the values

independent variables (6).

7.3.2.  Eskom AC System coefficients

The coefficient b; = 6.31 specifies that for an

additional moment of inertia

Jesk.gen
(pu/kg. m?) that is added by Eskom generators and
turbines to the power system, the Eskom power
system moment of inertia (/) increases by 6.3

percentage points assuming that the other
independent variables in this model are held
constant.

Value of the test statistics: ¢ = 4.61 p-value =
5.33E-05

There is overwhelming evidence to infer that the
Eskom generators and turbines and the Eskom
power system moment of inertia are linearly
related. Similarly, for an additional Stiffness and
Spinning reserve (pu/Hz), there is an increase in
Eskom power system moment of inertia (/) and

the relationship is linearly related.

Notice the Generator load loss coefficient is also
negative. In most cases, when load losses are high,
other generators in the system are picked up to their
Maximum Capability Rating (MCR), which
impacts negatively on spinning reserve and the
composite frequency response characteristics of the
system 3.

7.3.3.  RES coefficients

The relationship between Eskom power system
inertia and wind energy is described by b, =
—0.0016. From this number is found that, in this
model, for an additional 1000MW of wind energy
in Eskom network, system inertia decreases by 1.6

percentage points.



Value of the test statistics: t = -1.7 and p-value =
0.0862

There is no evidence to infer the existence of a
linear relationship between the wind energy and the
Eskom power system moment of inertia are linearly
related.

Similarly, for an additional 1000MW of PV power
output, there is a decrease in Eskom power system
moment of inertia and the relationship is not
linearly related.

The wind and PV coefficients are both negative.
This could mean that when the RES output was
high during low load (night minimum or during the
day), the system operator had to take off
synchronous generators, thus reducing the kinetic

energy of the system.

7.3.4.  International coefficients

The coefficient b, = 0.0005 specifies that for each
additional 1000MW that is added by Zesa
generators and turbines to the power system, the
interconnected power system moment of inertia

(J 4pe) 1ncreases by 0.5 percentage points assuming

that the other independent variables in this model
are held constant.

The coefficient bg = —0.0008 specifies that for an
additional 1000MW that is added by BPC load to
the power system, the interconnected power system

moment of inertia (J,,) decreases by 0.8

percentage points assuming that the other
independent variables in this model are held
constant.

The coefficient bq = —0.0006 specifies that for an
additional 1000MW that is added by Songo-Apollo
DC line to the power system, the interconnected
power system moment of inertia decreases by 0.6
percentage points assuming that the other
independent variables in this model are held
constant. Values of the test statistics for
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international 7 and p-values, indicates that there is
no evidence of a linear relationship between the
above coefficient and the power system moment of
inertia. However, it may also mean that there is a
linear relationship between the variables, but
because of a condition called multicollinearity.

The relationship among s, R? and F proves that
the model is good (see table 1). The unmeasurable
independent variables, i.e. customer motor loads,

contribute to the model error margin.

8. CONCLUSION

In this paper, an inertia model of the Eskom power
system using a Multivariate analysis method to
determine the relationship between factors
affecting the power system inertia is presented. It is
based on the use of a swing equation to estimate the
inertia from disturbances and equated with the
known and unknown variables related to system
inertia at the time of an incident using multivariate
analysis (regression).

Based on the above findings, the following
conclusion may be made.

e Reducing the contribution of conventional
synchronous generators to accommodate renewable
energy power generation reduces the system
inertia. Thus it has a negative impact on frequency
stability and predictability.

e The primary frequency control schemes should
be revised and calibrated correctly to mitigate fault
events before a critical frequency drop can occur
and to shed close-to-required load at the time of an
incident.

e Transient location affects the behavior of
frequency, thus playing an important role in
accuracy of the model.

e The unmeasurable independent variables
(customer motor loads), contribute to the model

error margin.



e An additional Stiffness and Spinning reserve
(pw/Hz) to the power system, increases in Eskom

power system moment of inertia (J, ) and the

relationship is linearly related.
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Appendix D: A Dynamic Multi-Variate Approach to the Management of Power System
Inertia

BJ, SIBEKO J, Van Coller GJ, Hurford
Eskom SOC Ltd. Wits University Eskom SOC Ltd.

South Africa South Africa South Africa

SUMMARY

The slow economic growth and worldwide slump in the commodities markets has led to a reduction in
customer demand while at the same time there has been an increase in asynchronous generation
penetration. This has resulted in a lower inertia power system supplying the same load levels
experience some years ago leading to concerning dynamic behaviour in frequency. The growing
concerns on system inertia require more sophisticated and affordable power system real-time tools to
manage the challenges of a modern power system. Failure could likely lead to widespread blackouts
with significant economic and social impact. As more zero inertia energy sources are added into the
Eskom power grid, the traditional synchronous generators, which provide inertia to the system, are
starting to be displaced, put into cold reserve or two shifting and see early retirement. The power
system inertia immediately following small and large system disturbances was investigated. By
understanding factors affecting the system inertia and primary frequency response behaviour, an
online inertia model can be developed. Historical data was extracted from the Eskom Energy
Management System and Wide Area Monitoring System. The developed model using Multivariate
Analysis (MVA) includes measured and estimated data from Eskom generators, Renewable Energy
Sources (RESs) and the interconnected Southern African Power Pool. Fast Primary (Frequency)
Response (FPR) (as determined by the load behaviour) and system inertia models were developed and
validated with past frequency disturbance events (Jan-March 2017). From the comparison between the
measured and model results for 30 actual disturbances, 21 disturbances resulted in errors within £5%
and 6 events resulted in errors between +5% and +10%. 3 disturbances caused errors greater than
+10%, which were largely from trips at a particular power station and HVDC trips. During a large
disturbance, the multivariate coefficients for RESs, HVDC and interconnectors were very small for
the pure inertia model (excluding the load frequency behaviour and the generator damping). In
contrast, the spinning reserve does contribute significantly to the inertia model, depending on where it
is. The location of a disturbance affects the FPR behaviour and the system inertia but not the Rate of
Change of Frequency (RoCoF) with reference to the central power station. The strong and weak areas
with respect of the stiffness of the system were identified. This can contribute to future grid planning
and real-time operations in managing the system inertia and primary frequency response. The model
is expected to improve with time as the accuracy of statistical approach requires large amount of data.
The model can be used to determine and monitor the maximum level of RESs in real-time.

KEYWORDS

Fast Primary (Frequency) Response (FPR), Inertia, Model, Multivariate Analysis, Rate of Change of
Frequency (RoCoF), Spinning reserve, Stiffness, Swing equation, System Operator (SO)
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1 INTRODUCTION

The South African Grid Code (SAGC) [1] was written prior to the installation of significant amounts of
renewable energy generation and hence the Grid Code does not directly cover the system inertia
requirements. The SAGC does, however, define the limits of acceptable frequency response and it is
therefore important to understand what level of non-synchronous generators can be tolerated
before the Grid Code frequency response requirements are breached. Offline inertia studies using
simulations are often inaccurate in the operational environment because the network scenarios
change rapidly and an extensive set of simulations are required to achieve close to realistic results.

Regulators and System Operators (SOs) want more advanced applications that address system
operational matters at near real-time. At any given time, South Africa’s System Operator (SO) would
like to know how the system will respond to load or generator disturbances. Short-term frequency
instability can result in a network with insufficient synchronous generation and insufficient under-
frequency load shedding such that the frequency decays rapidly following a loss of generation [2],

[3].

The Eskom transmission network is synchronously connected to the neighbouring Southern African
Development Community (SADC) utilities [4]. The long single 400 kV AC circuits and asynchronous
HVDC interconnectors are relatively weak compared to the Eskom grid. The parts of the country
which were considered, include large coal-fired power stations in the North (Lephalale), North-East
and East (KwaZulu-Natal). The hydro pump storage stations and the single nuclear power station
were excluded due to lack of incident data.

The aim of this paper is to get a better estimate of the power system inertia during changing
network conditions. Section 2 describes previous methods of inertia constant estimation. Section 3 is
a discussion of multivariate analysis. Section 4 discusses an inertia model that ignores the stiffness of
the system. Section 5 discusses the FPR plus inertia model. Section 6 discusses the prediction of the
inertia constant and frequency nadir following frequency disturbances. Section 7 is the conclusion.

2 ESTIMATION OF THE SYSTEM INERTIA CONSTANT

Following a generation disturbance, kinetic energy stored in the rotating masses of the generators is
released, reducing the Rate of Change of Frequency (RoCoF) [2]. The inertia constant H in
Equation 1, describes the normalized inertia of an individual generator, measured in seconds (s). It is
the ratio between the Kinetic Energy (Ey;y) in joules at rated speed and rated apparent power (Sg,,)
in VA [2].

Eki 1 Jw?
H = kin __ _] sm (1)
Ssm 2 Ssm

Where
] : Moment of inertia (kg. m?)
Wspm, : Synchronous speed (rad (mech)/s)

The inertia constant of an individual generator can be estimated from the mechanical data of the
generator using the Inertia Constant Method [5] The sum of the inertia constants and the rated
apparent powers of individual generators can then be used to calculate the inertia constant of the
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entire interconnected power system as given by equation 2 [2].

Hyys = Z?=1Sini1'1i 2)
Where §S,; is the rated apparent power of generator i in VA, H; is the inertia constant of generator i
in seconds and S,, is the sum of the rated apparent powers of all the generators. The Inertia
Constant Method could be difficult to use for large power systems due to the unavailability of
generator data in neighbouring networks[6]. The inertia constant of the power system can also be
estimated using the Swing Equation and post-disturbance frequency measurement data from a
single location during a known disturbance [6]-[8]. This method is valid for a highly meshed grid, in
which all units can be assumed to be connected to the same grid bus, representing the centre of
inertia of the given grid [9]. The behaviour of the frequency following a loss of a large generator or
load is approximately represented using Equation 3 [2] .

Z_I: = i_flfstart +%Af (3)
Where
df / dt: is the Rate of Change of Frequency (RoCoF) (Hz/s)
AP = (Pstart — Pnadir)/ Pstart : Fractional power change (pu)
Pstare: Generation/Load prior to Generator/Load loss (MW)
Ppqair: Generation/Load after Generation/Load loss (MW)
fstrare - Frequency at the start of the disturbance (Hz)
H: Inertia constant on system base (s)

D : Power system load damping constant (pu)
Af: Change in frequency (fseare = fraair) (Hz)

The equation does not consider inter-generator oscillations and the stiffness of the system [2]. In [7],
[8], the authors ignored the stiffness/damping and validated the models by considering only the
standard error. According to [10], the value of the standard error, s, is judged by comparing it to
the values of the dependent variable H. However, because there is no predefined upper limit on s,
it is often too difficult to assess the model in this way. In general, the standard error of estimate
cannot be used as an absolute measure of the model validity [10].This paper evaluates the system
RoCoF and inertia constant behaviour following a disturbance by correlating the Swing Equation and
the Inertia Constant Methods from historical power system frequency deviation data using
Multivariate Analysis (MVA).

3 MULTIVARIATE (MVA) ANALYSIS

Multivariate Analysis (MVA) requires a certain minimum set of data (observations) for the regression
to solve and produce accurate results. The approximately 2000 frequency disturbances in the past
three years made it possible to perform this study. MVA is based on the statistical principle of
multivariate statistics, which involves observation and analysis of more than one statistical outcome
variable at a time [10]. MVA requires sets of inputs of y range (dependent variable) and x range
(independent variables) as shown in Table 10. Table 11shows the assessment of a regression model
and relationships among_s,, R? and F [10].
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Table 10: Dependent (y) and Independent (x) input variables used in the regression analysis tool
(similar table is used for the inertia model and the inertia plus FPR model)

Observations Inputy range Input x range
1 Y1 X11 X12 X13 X14 X1n
2 Y2 X1 X22 X23 X24 X2n
3 Y3 X31 X32 X33 X34 X3n
n Yn Xn1 Xn2 Xn3 Xna Xnn

Table 11: Relationships among s,, R? and F

SSE Se R? F statistic Assessment of Model
0 0 1 oo Perfect

Small Small Closetol Large Good

Large Large ClosetoO Small Poor

The Coefficient of Determination (R?) measures the proportion of the variation in y that is explained
by the variation in the independent variable x. The Sum of Squares of Error (SSE) measures the
amount of variation in y that remains unexplained and the Sum of Squared Residuals (SSR) measures
the amount of variation in y that is explained by the variation in the independent variable. The F
statistic is the ratio between the SSR and the SSE. A large value of the F statistic indicates that most
of the variation in y is explained by the regression equation and that the model is valid. The
significance of F indicates that most of the studied variables are jointly significant.

4 SYSTEM INERTIA MODEL IGNORING THE STIFFNESS OF THE SYSTEM

The aim of this section is to study the large disturbances without FPR. This section proposes a
possible way of estimating the system inertia using MVA. The first part evaluates the impact of
disturbance location and the factors affecting the system inertia during the first 300 ms following
the start of a disturbance in the network.

4.1 RoCoF following the start of a disturbance in the network

Figure 5 shows the three stages of the frequency response during a loss of a large generator in the
Northern parts of the Eskom network. The measurements were taken from Phasor Measurement
Units (PMUs) at Western Cape (Koeberg), Northern (Matimba) and North-East (Kendal) power
stations.
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System Primary Response stages following a loss of a generatorin
Lephalale area

50.3
50.2 f----------------28 -~ BUENEEHRE Frequency -
~ nadir
L 501 [ —
)
5 50 f------m--m--——- 1 Inertial€tage  [astPrimary Response ... ... —e— W_KOEBG
= and frequency dependent —
8499 [ @ds - — B
= Slow ~ =~ NE_KENDL
49.8 |[----------------SSESE --primary
response
49.7
55.68 00.00 04.32 08.64 12.96 17.28

Time (x100ms)

Figure 5: PMU data showing system primary response stages (the time must be multiplied by 100 to
get the actual value in ms)

The centre of system inertia and impact of disturbance location were studied using the past frequency
disturbances which were randomly selected across the Eskom areas. The moving average [10] and
Detrended Fluctuation Analysis (DFA) [11] methods were used to filter out the electromagnetic
torque oscillations and PMU measurement noise following large disturbances. The system RoCoF
with reference to Kendal power station in the North-East area resulted in an R? of 0.96, a standard
error of 0.002, a large F statistic, a small SSE of 6.3E-05 and the significance of F was close to zero.
Thus 96% of the variation in the frequency deviation in any part of the Eskom network during the
incidences could be explained by the variation in frequency deviation reading at Kendal power
station. It follows that Kendal power station could be used as a reference centre of frequency for any
disturbance in the network.

4.2 System inertia model development without stiffness factor

e The inertia constant (H) is the dependent variable (y,) given by rearranging Equation 2 to
calculate the inertia constant (H) using the RoCoF (sourced form PMU data), power change AP
(sourced from EMS data) in system VA base and frequency at the start time of disturbance f;qrt»
System damping and stiffness are assumed to be zero.

e The first independent variable x,,; is the sum of all the synchronous generator moment of inertia
(J) by rearranging Equation 1.

e The second independent variable x,, is the system load, which is equivalent to generation sent-
out. The third independent variable x,,3 is the system frequency in Hz.

4.3 Results for the system inertia using the MVA method

Table 12 shows the inertia constant models for the selected Eskom areas (North-East and North) and
Majuba power station (East). The first part of the table comprises the observations, the s, the R?,
the SSE, the F statistic and the significance of F. The second part of the table shows the independent
variables and coefficient values obtained from the MVA.
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Table 12: Comparison of inertia constant per Eskom area and independent variable coefficients

Model All PS North-East |North Majuba Majuba 123
Observations 27 10 8 9 6
§ R Square @ 0.18| 0.66|/__ ) 0.69]| 0.61|0 0.96)
@ Standard Error @ 0.39|D 0.09/@ 0.09|» 0.51|) 0.25
T SSE @  3.43|@ 0.04|@ o.04| 1.28|@ 0.12
g F statistic ) 165 3.93|@ 2.99|» 2.59/@ 15.24
Significance of F @ o.21|@ 0.07| o0.16|D 0.17|@ 0.06
Intercept 61.51 -57.47 -16.98 294.43 505.82
E -5 % Load (gen sent-out) *1) [ -0.19229 0.00002| 0.01658 0.00018 0.00037
B 2 |starting frequency (¥2) -1.21 1.13 0.33 -6.02 -10.38
£ § B System total J (x3) | 0.000042| 0.309691| 0.000063| 0.696460 0.940421

The correlation of the combined past disturbances for the entire system was poor. The Coefficient of
Determination (R?) was found to be 0,18. By breaking down the data into North East and Lephalale
areas, the R? improved to 0,66 and 0,69 respectively. The R? of all units in Majuba power station
model was 0,61. Since the units at Majuba power station have different sizes and ratings, the station
was divided into two stations. The Majuba 123 R? improved to 0,96 and good standard error, small
SSE, large F statistic and small significance of F. This signifies that the model yields better results at a
power station level and with units of similar type. Using Majuba the 123 model, the Eskom system
inertia constant H (without stiffness), can be estimated by model (a):

SnH = (xlbl + bez + x3b3) in MW.s. (a)

)
Where S,, = Z?% (in VA) and x; are the values of the independent variables (MW).

S FPR PLUS INERTIA MODEL DEVELOPMENT

This section investigates the overall factors that contribute to the system FPR plus inertia model. It
starts by defining the FPR plus inertia model dependent and independent variables. The factors
influencing the FPR plus inertia model are then determined and analysed. Equation 3 is rearranged to
calculate the inertia constant using the power change AP (sourced from EMS data) and frequency at
the start time of the disturbance (sourced from Eskom PMU data). The inertia constant (H) is defined
as the dependent variable (y,,) given by Equation 4.

(%a};?m)*(tnadir— tstart))

2*( fstart-fnadir ) (4)
fstart

b

Where :
Pgtare: System generation prior to power change (MW)
P aair: System generation after power change (MW)

e The first independent variable X, is the sum of all the synchronous generator moment of
inertia (J) by rearranging Equation 1.

e The second independent variable is the stiffness of the system x,, and is the steady-state change
in frequency for a particular change in generation/load [2]. The stiffness of the system depends on
the load damping, spinning reserve and governor droop response (as this can be used to restore the
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frequency to its nominal value) [2]. The coherent response of all generators to changes in system
load Rgq (in pu) is assumed and represented by an equivalent generator with an equivalent
governor droop. For a system with n generators and a composite load-damping constant of D, the
steady-state fractional frequency deviation Afg, following a generation/load fractional change AP;
is the composite frequency response characteristic § in pu as given by Equation 5 [2].

AP}, 1
==Lt=— 14D 5
ﬂ Afss Req ( )
o 1 __ generation contributing to regulation (MW) _ APg (6)
Req Tegulll:—)gwn L x Pstare(MW) Afss
o D =AP,/Afs (7

The units which were committed for instantaneous reserves were used to calculate the spinning
reserves per generator at the times of the actual frequency disturbances. In the time scale
considered, governors do not have time to respond so that the damping present is due to the
load response (FPR).

e  The third independent variable was chosen to be the total spinning reserve (x,3) on its own
and is the unloaded generation which is synchronised and ready to be used (with or without
governor action).

e  The fourth independent variable is the generation load losses (x,,3) and was chosen to be the
units that are synchronised on the grid but unable to output Maximum Continuous Rating
(MCR) (limited ability to provide spinning reserves).

e  The simplified models to estimate the contribution from two international interconnectors,
Botswana Power Corporation (BPC) load (x,,5) and Zimbabwe Electricity Supply Authority
(ZESA) load (x,¢) were developed from the line flows and tie-line schedules.

e  Power generated at the Cahora Bassa hydro power station in Mozambique and which is
imported into the Eskom network via long HVDC lines was measured at the injection
substation, Apollo. HVDC (x,,7) is asynchronous, thus it does not contribute to the inertia
constant.

e The Renewable Energy Sources (RESs) are Wind (x,g) (may or may not contribute to the
moment of inertia depending on the technology) and PhotoVoltaic (PV) (x,9) (does not
contribute to the moment of inertia).

5.1 Factors influencing the FPR and inertia model

Small disturbances in this study were defined as disturbances where the frequency does not drop
below 49.65 Hz (e.g. Instantaneous Demand Response (IDR) does not operate). The study was
performed to determine the contribution of identified factors that are expected to contribute to the
FPR plus inertia model. The correlation results of the combined past disturbances for the entire
system were found to be poor as the R?was found to be only 0,12. The disturbance location is,
therefore, important for the FPR plus inertia model, where the stiffness of the system has an effect.
By breaking down the data into regions and power station levels, the FPR plus inertia models
improved so that the R? values were increased to an average of 0,65 to 0,87 respectively. All the
power stations and area models were referenced to a centralised power station PMU in the North
Eastern parts of South Africa. Table 13shows the FPR plus inertia model validations for the selected
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power stations. The table comprises the area, power stations, observations, s, R?, the F statistic
and the significance of F.

Table 13: Comparison of areas and power station inertia plus FPR models

Area Lephalale KZN North East Central
Model Medupi  [Matimba [Maj123 |Maj456 |Tutuka [Matla3456 |Kendal |Amot |[Kriel |Duvha |Lethabo |Apollo
Observations 29 23 12 14 25 18 14 15 18 18 16 15
RSquare R 1@ 09@ 0%@ 1000 097D 090 0970 098D 098@ 09@ 0%9@ 090 09
- Standard Error Se @ 1070 11200 030 1810 2260  189@ 1260 1650 093@ 096D 093D 361
g§ F statistc 0 10 710 0 2@ 4@ #O 280 310 40 @ 1000 7
== Significance of F @ 00@ 000@ o000]0 001D 000@ 000|@ 000[@ 000/ 000[@ 000@ 000D 003

Coef.  Independent variable

by {system total MOI()) @l 230 170 50 30 1@  0d® 0d@ 5240 9@ 5@ 320 -89
o | b2 |tiffness (pu/Ha) O osl®  45@ 300 6190 5740 230 630 0@ 4@ 3070 280 %63
EE bs Spinning reserve (x1GW) (x3]0 020 030 1140 120 o6l@ 020 01D -06/@ 04@ 02@ 14@ o4
Eg by GenixLoad losses (x16W)  (x)[@  -120@ 020 0310 260 07@ 130 06@ -040 020 050 230 -21
b5 Iapcoad g 0@ 250 490 60 090 6@ 1@ 720 o5 0200 4@ s
gg bs  |zesa 1@ o05l@ 090 -B7@ 140 4@ 530 -06@ 6240 1240 0710 176/@ 23
23| b Apollo DC WO 240 10 110 010 sd@ sd@ os@ 8@ 050 160 5@ 457
% b5 |Wind (1@ 390 320 1420 -149@ o05@ 290 280 2140 1240 0@ 4@ 115
S by ey (9 170 110 3100 450 4200 100 130 300 0@ 1@ 4@ 46

5.1.1 Validation of selected power stations FPR plus inertia models

Referring to Table 11, except for Majuba power station 2 (units 4, 5 and 6) and Apollo HVDC
converter station, all the models in Table 13 are good. Since R? is close to 1 the F statistic is large
and the significance of F is zero. This is an indication that most of the variation in FPR plus inertia is
explained by the regression equation and that the models are good. The worst performing model is
that for the Apollo HVDC converter station. This could be in line with Nordic [12] findings that when
a generator or importing HVDC connection trips, the estimated inertia value is always higher than
the actual inertia value. The inaccuracy could be due to the voltage dependency of the loads in the
Central 275 kV network and the strength of the 275 kV network in the Central grid close to the HVDC
infeed.

5.1.2  AC power station FPR plus inertia model coefficients

This part of table 4 comprises the system moment of inertia, stiffness of the system, spinning
reserve and generation load losses. The coefficient b; of all the models shows that for an additional
moment of inertia Jo5x gen that is added by synchronous generators and turbines to the power
system, the power system inertia constant H increases (as expected). The Apollo HVDC converter
station is asynchronous; therefore, HVDC imports do not contribute to the system inertia constant.
The power stations in the North East and Eastern areas of the network, which are connected to the
400 kV system, have larger stiffness coefficients compared to other power stations in remote areas
(Lephalale and Arnot). This can be interpreted as during disturbances around the 400 kV network in
the central and North-East areas, the generators closer to the disturbance are fast to react to the
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loss of generation in that particular area. Lethabo power station in the central area, is connected to
the 275 kV network and connected to other power stations via 275/400 kV step-up transformers
which have high impedance, making Lethabo electrically remote to other power stations. This power
station has a smaller stiffness coefficient. This can be interpreted as the power stations in the North-
East area which are connected to the 400 kV system, contribute less inertia during disturbances at
Lethabo power station.

Spinning reserve is highly related to the stiffness of the system. The coefficient b, shows that for an
additional generation load loss of 1000 MW, the inertia constant generally decreases. The negative
impact of generator load losses is large for the network’s primary frequency response. In most cases,
when load losses are high, the output of the other generators in the system is increased close to
their Maximum Continuous Rating (MCR) to replace the lost generation, which impacts negatively on
spinning reserve and the stiffness of the system. The interdependency between the independent
variables is classified as the multicollinearity factor. This means that some of the independent
variables such as spinning reserve and stiffness are either non-linear or highly correlated with one
another. This indicates that spinning reserve should be managed locally, i.e. per area by the SO.

5.1.3 Tie-line FPR plus inertia model coefficients

The BPC (bs) and Zesa (bg) utilities are relatively small compared to the Eskom network and are not
expected to assist significantly with the frequency response following a large disturbance in the
Eskom network. The electrical impedance connecting Eskom and neighbouring countries is also high
due to the weak tielines between countries. Apollo HVDC (b7) is consistently negative for all the
power station PFR plus inertia models.

5.1.4 RESs FPR plus inertia model coefficients

This part of a table comprises wind (bs) and PV (bs). The large negative impact of wind energy is in
the Eastern area where no wind generation is installed. When there an excess of wind energy during
low demand, the SO is forced to take off some of the base load synchronous generators. Previously
one or more units at Majuba power station in the Eastern area were being regularly taken off the
grid over periods of low load to accommodate the wind generation. This weakens the system, the
stiffness of the KZN province and the FPR. Other areas were not highly impacted.

6 PREDICTION OF INERTIA CONSTANT AND FREQUENCY NADIR
FOLLOWING FREQUENCY DISTURBANCES

The disturbances in the Lephalale area, which includes two large coal fired power stations with units
larger than 700MW each, is used as an example in this paper. The strength of the neighbouring
countries of Botswana and Zimbabwe during disturbances is also of interest and both countries are
directly connected to the Lephalale area. Table 14 shows a detailed summary of results and
validation of the Medupi inertia constant model.
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Table 14: Medupi inertia constant model regression summary output

Regression Statistics

Multiple R 0.930
R Square 0.865
Adjusted R Square 0.805
Standard Error 0.895
Observations 30
ANOVA
df SS MS F Significance F
Regression 9 102.8 11.4 14.3 0.0
Residual 20 16.0 0.8
Total 29 118.8

Coefficients Standard Error  t Stat P-value Lower 95% Upper 95%Lower 95.0% Upper 95.0%

Intercept 9.114 4.440 2.053 0.053 -0.148 18.376 -0.148 18.376
o System Total MOI (x1) 0.040 0.867 0.046 0.964 -1.768 1.848 -1.768 1.848
; c Stiffness (x2) 3.924 0.925 4.242 0.000 1.995 5.854 1.995 5.854
S % Spinning reserve  (x3) x1 GW 0.071 0.000 0.900 0.379 0.000 0.000 0.000 0.000
Y1 % |Genix Load losses (X4) x1 GW -0.872 0.000 -2.585 0.018 -0.002 0.000 -0.002 0.000
b BPC load (xs5) 1.055 0.001 1.250 0.226 -0.001 0.003 -0.001 0.003
é % ZESA (x6) -1.685 0.002 -1.083 0.292 -0.005 0.002 -0.005 0.002
E % Apollo HVDC (x7) -2.968 0.001 -4.695 0.000 -0.004 -0.002 -0.004 -0.002|
X = |wind (xs) 3.540 0.001 4.475 0.000 0.002 0.005 0.002 0.005
= Y (xo) -1.561 0.001  -2.480 0.022 -0.003 0.000 -0.003 0.000]

The inertia constant model is good because s, is small, R? is close to 1, the F statistic is large, and
the significance of F is zero. The first order inertia constant model for Medupi power station is
estimated by model (b):

y =H ={9.04 + 0.04x; +3.92x, + [0.071x; - 0.87x,+1.05x5 - 1.67x, - 2.96x + 3.53xg -
1.55x4]/1000}/(10*2) (b)

Each factor is explained by describing what its coefficient b, specifies in terms of its weight and
influence on the dependent variable inertia constant and whether it is linearly or non-linearly or
multicollinearly related (t-stat and P-value). R? shows that 86.5% of the variation in the power
system inertia constant during all 30 incidents used to develop the model is explained by the
variation in the number of Eskom generators on the network, stiffness, spinning reserve, generator
load losses, international interconnectors and renewables. The remaining 13.5% is unexplained. This
is a good fit.

Table 15 shows the Northern area models following Medupi unit trips. The table compares the
calculated inertia constant using Equation 4 and the Medupi, Matimba and Lephalale models.

Table 15: Model validation following a Medupi unit trip (single contingency)

Actual inertia
Incident Date/time and constant (H) vs measured frequency nadir | Actual frequency nadir vs
System response Medupi model vs Medupi model models in the North
Actual f | Model f
AP Swing Eq. model fstart | Nadir nadir Medupi | Matimb | Lephalal
date/time (MW) (s) (s) (Hz) (Hz) (Hz) error a error e error
17/02/17 130.3 0.72 0.701 50.1 50.04 50.05 7.4% 2.2% 2.2%
01:41 6
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17/02/23 385.4 0.70 0.880 50.0 | 49.71 49.76 14.5% -15.4% 10.0%
13:34 8

17/03/12 98.3 0.47 0.470 49.9 | 49.80 49.80 -2.6% -16.2% -16.0%
11:29 3

17/03/12 230 0.75 0.807 499 | 49.77 49.78 7.9% -5.5% 4.8%
23:50 6

17/03/13 118.2 0.62 0.461 499 | 49.83 49.83 2.4% 1.8% 11.4%
13:38 9

The above results show that the errors between the actual measurements are below a 5% margin.
The Medupi model is thus validated for single disturbances. The possible reason for large errors
above 5% is accuracy of reported or recorded data. The FPR plus inertia model can be improved by
further investigating the non-linear independent variables and upgrading a linear model to a
polynomial model.

Figure 6 shows the overall results of the entire FPR plus inertia model predicted frequency nadir
following single disturbances. From 30 disturbances, 21 events were within an £5% error. 6 events
resulted in errors between +10% and +5%. The errors greater than 10% were largely from Arnot,
Duvha units 4,5 and 6, and HVDC trips. The large errors accounted for 17% of the sampled data. The
power stations which had no or poor models, were predicted by electrically closer models. Note that
the model was developed using the previous year’s disturbances (2015-2016) and the model results
shown occurred in early 2017 incidences. Thus the model is valid for the period outside the study

period.
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Figure 6: Measured versus predicted inertia constant (H) %errors for all power station models
excluding HVDC, Arnot and Duvha unit 4, 5 & 6 trips

7 CONCLUSION

In this work, an inertia constant model of the Eskom power system using Multivariate Analysis was
developed to determine the relationship between factors affecting the power system inertia
constant. It is based on the use of the swing equation to estimate the inertia constant from
disturbances and equated with the known and unknown variables related to system inertia constant
at the time of an incident. The location of a disturbance that causes the frequency disturbance
SibekoBJ@eskom.co.za.



affects the FPR behaviour and the system inertia constant but not the RoCoF with reference to the
central power station. Therefore, the assumption that the aggregated inertia constant H is constant
for all swing equations of a multi-area system is not valid for the Eskom system. The strong and weak
areas with respect of the stiffness of the system were identified in the study (related to the
magnitude of the frequency nadir). This can contribute to future grid planning and real-time
operations in managing the system inertia. The model uses data which is sourced directly from the
Eskom SO. Neither new equipment nor purchasing of software is required to implement the model.
The models can be easily incorporated into the system operating control system (SCADA) to monitor
the impact of RES on the system inertia in real-time.
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Appendix E: Comments and contribution by industry experts

RE: Cigre 2018 - Developing a realtime system inertia model using multivariate analysis (in word format)
Adam Bartylak

© You forwarded this message on 2018/01.05 0208 PM.

Sent: Fri 2018/01/05 1256 PM

oo Bonginkosi Sheko

=] Message @Dweloprnga realtime system inertia model using multivariate analysis revl_AB.docx (410 KB}

Hi Bongi
Very interesting subject and night on time but very difficult reading for someone who finished statistics course 40 years ago @

In any case, attached are my comments and corrections wherever | felt like it. They may be good or not but this is all that popped to my mind while reading so take it or
leave it

One comment that is not there:

All intemational papers must be vetted via Bemard and Thava's office and the most common issue is usually publication of Eskom specific data and information. On
few occasions | was asked to make my papers “anonymous’ L.e. without any real names or diagrams of Eskom substations, power stations, etc. Geographical areas

{Cape, Lephalale, etc.) are usually fine. So normally what | do is to call substations and power stations with letters — A, B, C. ... oryou can give them fake names.
Enjoy @

Kind Regards and well done !

Adam Bartylak

Corporate Consultant (Protection)
System Operator

Transmission

Tel +27 11 871 3467

Cell +27 71 891 5199

Fax +27 86 662 8138

E-mail adam bartylak@eskom co.za
@Eskﬂm I Pawering your warld I

From: Rob Stephen Sent: Fri 201801191112 AW
To: Bonginknosi Sheko
tc

Subject RE: Cigre 2018 - A Dynamic Multi-Variate Approach to the Management of Power System INERTIA. docy

JX'|'1'|'1'|'3'\‘4'|'5'|'6'|']"‘3‘|'9'|'IQ'|'1].'|'12'|'13'|'I4'|'15'|'15‘|'1?'|'13'|'19'|'Z{"\‘El'l'll'l'l!'l'ﬁ“'\‘l?g@
i T T T T T T T T T T T T T T T T T T T e
FY

Bonginkosi,

Thanks for this excellent paper. The only comment | have is that an international audience will not know anything about the power stations mentioned. You
may want to describe them as 4000MVA coal fired station in North of country for example (for Medupi) or have & map just showing location and approx. size
and fuel source. You can also just number the stations instead of naming them.

One point perhaps not covered is how robust is the model developed. Can we use this for each station going forward for all types of fault at various
magnitudes? Can this be used for determination of the effect of renewable integration?

Thanks.

Rob Stephen

GM Master Specialist
Technology Group

Eskom

+2783326 2534
rob.stephen@eskom.co.za
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From: Paul Davel Sent: Tue 2018/01/09 01:20 PM

To: Bonginkosi Sibeko
Cc
Subject: RE: Developing a realtime system inertia model using multivariate analysis revl doct
| Message | Developing a realtime system inertia model using multivariate analysis revi_PD.doo (408 KB}
_'}_‘ﬁl1'\1I3I4I5I6I?IS\9I1€)\11I11\‘13'I14I15I16I1?I18I19\2{)I11\21I23I14I1T
T 7 T T T T T 7 T T T T 7 T T T T T
rFY
HiBongz,
Sorry for the delay. Here are some suggested changes and items to clarify/consider.
Regards,
Paul
From: Marathon Miusi Sent: Fri 2017/11/10 06:07 AM
To: Bonginkosi Sibeko
Co Sicelo Cele; Musa Gumede
Subject: RE: BJ Sibeko - SAUPEC 2018 - Eskom power system inertia model 01 Mov.dooo
-] Message | @BJ Sibeko - SAUPEC 2018 - Eskom power system inertia model 01 Mov_MN.doox (688 KB)
_RI1'\ZI3I4I5I6I7I5\9Il{)lllI11I13I14!15!16!17\18!19!'2{)'!21IZZI13I24IZ§RP_—\i
HiBongz,

Brilliant work. See my comments attached.

Regards,
Marathon

SibekoBJ@eskom.co.za.



