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AHMAD SULTAN ESREB

Division of Electric Power Engineering

Department of Electrical Engineering
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Abstract!

Power systems always face disturbances, which could lead to voltage collapse or
blackout, and weaken with the increase of power demand or load, which is an every-
day challenge to Transmission System Operators (TSOs). Nowadays, there aren’t
specific methods to prevent voltage instability or collapse if a disturbance occurs in
a system. The thesis presents a method to prevent voltage collapse occurrence by
investigating voltage instability using indicators such as Impedance Stability Index
(ISI), Voltage Stability Index based on Short Circuit Capacity (VSClscc or VCSS or
VSCC) and Voltage Collapse Proximity Index (VCPI), i.e. an optimal coordinated
control actions for various controllable devices in real-time when disturbance occurs
in a system is proposed, and the motivations are as follows :

« obtain good information on the power system conditions,

o act as fast as possible to increase the chances to save the system,

e decrease operation and maintenance costs,

o shed less loads

The indicators were first evaluated in a 10-bus system from [1], in which both ISI
and VSClsce gave good indications of voltage instability and collapse, as opposed to
VCPI, which proved to be inefficient. The ISI was selected for the next evaluation
only due to the fact that the VSClIscc acted the same way and to limit computational
burden. Afterwards, the ISI was tested in the Nordic32 power system with moderate
loading [2], in which two different cases were tested to observe voltage collapse,
consisting of applying a three-phase balanced fault in the first case, and tripping of
a generator in the second one. High oscillations and transients were observed in the
ISI indicator, which led to adding simple filter, assumed to be acceptable only for
this thesis.

Using the ISI, the model, which is built using a software called Power System Simu-
lator for Engineering (PSS/E) and tested on the Nordic32, consists of control meth-
ods of available synchronous generators automatic voltage regulators (AVRs) in the
system, taking into account the signals from the Over-excitation limiters (OELs).
Consequently, the model identifies the weakest buses, and then increases the AVR
set-points of the generators closest to these buses if ISI is greater than 0.5, and
then by activating load shedding on loads at or closest to the weakest buses if AVR
set-points of all generators were increased or if ISI is greater than 0.6. The voltages,
angles, ISIs and OELs are considered to be input signals. The model was successfully
verified in both cases, where voltage collapse was prevented. In the first scenario,
only the AVR set-points generators closest to the weakest buses were increased. In



the second case, with a more severe event compared to the first one, load-shedding
was conducted on loads located at the buses of interest, along with the increase
of AVR set-points, due to the fact that the ISI was greater than 0.6. Loads were
shedded twice at buses 1044 and 1045 by 35% and a high voltage overshoot was
observed at these buses.

Keywords: Monitoring, Voltage stability, Voltage collapse, Impedance Stability In-
dex (ISI), Voltage Collapse Proximity Index (VCPI), Voltage Stability Index based
on Short Circuit Capacity (VSClscc or VSCC or VCSS), Network admittance ma-
trix, PSS/E,Load-Shedding, Over-excitation Limiter (OEL), On-Load Tap Changer
(OLTC), Automatic voltage regulator (AVR)

ISome of the results from this thesis have been summarized in the paper, which was submitted
in the Power System Computation Conference (PSCC) 2018. The paper is found in Appendix D.
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Glossary

Sign Description Unit

E, Generator Terminal Voltage [V] or [p.u.]
P Active Power [W] or [p.u.]
Q Reactive Power [Var| or [p.u.]
Qe Reactive Power Compensation [Var] or [p.u.]
QL Reactive load Power [Var] or [p.u.]
S Apparent Power [VA] or [p.u.]
X4 Generator Reactance [©2] or [p.u.]
Xsn Shunt Reactance [©2] or [p.u.]
ZLoad Load Impedance [©2] or [p.u.]
Ziho Thevenin Impedance Q] or [p.u.]
J Voltage Angle [rad] or [deg]
E Sending End Voltage [V] or [p.u.]
I Current between buses i and ] [A] or [p.u.]
I Current [A] or [p.u.]
P, Active Power at receiving end [W] or [p.u.]
Proad Active Load Power [W] or [p.u.]
R Resistance €] or [p.u]
SL Apparent load Power [VA] or [p.u.]



Sign Description Unit
S Apparent Power at bus j [VA] or [p.u.]
Vi Voltage at bus i [V] or [p.u.]
Vj Voltage at bus j [V] or [p.u.]
Vv Voltage [V] or [p.u.]
Xr Transformer Impedance [©2] or [p.u.]
X or X| Line Impedance €] or [p.u]
Yt Series admittance transfomer [S] or [p.u.]
Yi; Series admittance between buses i and [S] or [p.u.]
J
Yi Self Admittance at bus i [S] or [p.u.]
0, Admittance Angle of line between [rad] or [deg]
buses i and j
0, Self Admittance Angle at bus i [rad] or [deg]

X1






Abbreviations

AVR

CT

FACTS

IST

OEL

OLTC
PMU
PSS/E
SCADA
SPS
STATCOM
SVC

TCSC
TPSI

TSO

VCPI
VSCC or VSClsce

VT

Automatic Voltage Regulator

Current Transformer/Transducer

Flexible Alternating Current Transmission System
Impedance Stability Index
Over-Excitation Limiter

On-Load Tap Changer

Phasor Measurement Unit

Power System Simulator for Engineering
Supervisory Control And Data Acquisition
System Protection Scheme

Static Compensator

Static Var Compensator
Thyristor-controlled series capacitor
Transmission Path Stability Index
Transmission System Operator

Voltage Collapse Proximity Index

Voltage Stability Index based on Short Circuit Capacity

Voltage Transformer/Transducer

xiii






Contents

List of Figures

List of Tables

1

3

Introduction
1.1 Background and Motivation . . . . . . ... ... ...
1.2 Previous Work . ... ... ... .. ... ... ... .
1.3 Task . . . . . .
1.4 Aim and Limitations . . . . .. ... ... ... ....
1.5 Methods . . . . . . . ... ...
1.6 Thesis Outline . . . . . . ... .. ... ... ......
Theory
2.1 Voltage Stability . . . . ... ... ... ... ... .
2.1.1  Definition . . . . ... ... L
2.1.2 Bustypes . ... ... ... ...
213 PVand VQ Curves . . . . . ... ... ... ..
2.1.4 Voltage Instability and Voltage Collapse . . . .
2.1.4.1 Load Increase . . . . . ... ... ...
2.1.4.2 Line and Generator Tripping . . . . .
2143 OLTC . ... ... ... .. ......
2144 OEL . ... ... .. .. ... .....
2.2 Voltage Instability and Collapse Indicators . . . . . . .
2.2.1 Indicators . . . . ... .. ... ... ...,
2.2.1.1 Impedance Stability Index (ISI) . . . .
2212 VCPI ... ... .. ... ...
2213 VSIscc. ... ... ... .. ......
2.3 Prevention . . . . . . . ...
2.3.1 Reactive Power Support . . .. ... ... ...
2.3.2 AVR Set-Point . . . ... ... ... ... ...
2.3.3 OLTC Blocking . . . . ... ... ... .....
234 FACTS .. ... . .. ... .. .. ...
2.3.5 Load Shedding . .. ... ... ... ......
2.4 Simulation Models . . . ... ... ... ... ...
Methodology

3.1 Thevenin Impedance from Network Admittance Matrix

xVii

XX

XV



Contents

3.1.1 LU Decomposition . . . . . ... ... ... ... ... ..., 20

3.1.2 Solve . . . . ., 21

3.2 Control Method . . . . . . . . . . 21

4 Evaluation of indicators in a 10-bus system 23
4.1 Simulation set-up . . . . ... .. 23
4.2 Trippingofoneline . . . . . . . . ... 24
4.2.1 OLTC and OEL activated . . . . . . . . . . . . .. ... ... 24

4.2.2 OLTC and OEL disabled . . . . . . .. .. . ... ... .... 29

4.3 Tripping of two lines . . . . .. . ... ... L 32
4.3.1 OLTC and OEL activated . . . . . . . . . . . . .. ... ... 32

4.3.2 OLTC and OEL disabled . . . . . . .. .. . . ... ... ... 37

4.4 DIScussion . . . . ... 41

5 Evaluation of indicators on the Nordic32 system 45
5.1 Diagram and Model Setting From CIGRE . . . ... ... ... ... 45
5.2 Indicators Evaluation . . . . . . . . . ... 46
5.2.1 Casel:3-Phase Balanced Line Fault . . . .. .. ... .. ... 46

5.2.2 Case2:Generator Tripping . . . . . . . ... ... .. .. ... 48

5.3 Indicators Analysis and Discussion . . . . . .. ... ... ... ... 50

6 Voltage Collapse Prevention 53
6.1 Control Method Implementation . . . . . . ... ... ... ...... 53
6.2 Setting of the Model . . . . . .. .. ... ... ... ... ... 53
6.3 Evaluation . . . . . . . .. H4
6.3.1 Case 1: 3-Phase Branch Fault . . . . . . .. .. ... .. ... 54

6.3.2 Case 2: Generator Tripping . . . . . . ... ... ... .... 56

6.4 DiISCusSIOn . . . . . .. 59

7 Conclusion and Future Work 61
7.1 Conclusions . . . . . . . 61
7.2 Future Work . . . . . . . 62
Bibliography 63
A 10-Bus System Simulation Model I
A.1 Steady-state systemdata . . . . . .. ... ... L. I
A.2 Dynamic system data . . . . . . ... ..o IT

B Coordinated control method model I11
C Coordinated control method model partial Fortran Code IX
D PSCC 2018 paper XV

Xvi



2.1
2.2
2.3
24
2.5

2.6
2.7

3.1

4.1
4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

List of Figures

PV Curve . . . . . . 7
QV Curve . . . . . . 7
m-model of an OLTC transformer with series admittance y; and tap
ratioa . . ... 9
Equivalent circuit of a typical generator . . . . . . . .. ... ... .. 10
Equivalent circuit of a generator when the OEL is activated. The gen-

erator impedance X, is added in series with the transformer impedance

Xrand Zrhv . . . e 10
Thevenin equivalent circuit . . . . . . . . ... ... ... ... .. .. 11
Typical SCC-V Curve [3] . . . ... ... .. . ... 15
Methodology used in preventing voltage collapse . . . . . . . . . . .. 22
10-Bus system single line diagram . . . . . . . . ... ... ... ... 23
VClIscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 114 with one tripped line, OLTC and OEL activated . . . . . . 25
VClIscce or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 117 with one tripped line, OLTC and OEL activated . . . . . . 25
IST and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL activated . . . . . . .. .. .. 26
ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with one tripped line, OLTC and OEL activated . . . . . . . . . . .. 27
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL activated . . . . . . .. .. .. 28
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with one tripped line, OLTC and OEL activated . . . . . . . .. . .. 28
VClIscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 114 with one tripped line, OLTC and OEL disabled . . . . . . 29
VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 117 with one tripped line, OLTC and OEL disabled . . . . . . 30
IST and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL disabled . . . . .. .. .. .. 30
IST and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with one tripped line, OLTC and OEL disabled . . . . . . ... ... 31
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL disabled . . . . .. ... ... 31

Xvil



List of Figures

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

5.1
5.2
2.3
5.4
2.9
2.6
2.7
2.8
5.9

xviii

VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117

with one tripped line, OLTC and OEL disabled . . . . . . .. .. .. 32
VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 114 with two tripped lines, OLTC and OEL activated . . . . . 33
VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 117 with two tripped lines, OLTC and OEL activated . . . . . 34
ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL activated . . . . . . ... .. 34
ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL activated . . . . . .. .. .. 35
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL activated . . . . . .. .. .. 36
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL activated . . . . . .. .. .. 36
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 115
with two tripped lines, OLTC and OEL activated . . . . ... .. .. 37
VClsce or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 114 with two tripped lines, OLTC and OEL disabled . . . . . 38
VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 117 with two tripped lines, OLTC and OEL disabled . . . . . 38
IST and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL disabled . . . . . . . . .. .. 39
IST and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL disabled . . . . . . . . .. .. 39
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL disabled . . . . . . . . .. .. 40
VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL disabled . . . . . . . . .. .. 40
PV-curve showing active Power Flow from bus 113 to 114 with respect
to voltage at bus 114 in dynamic state when one line is tripped . . . 42
PV-curve showing active Power Flow from bus 116 to 117 with respect
to voltage at bus 117 in dynamic state when one line is tripped . . . 42
PV-curve showing active Power Flow from bus 113 to 114 with respect
to voltage at bus 114 in dynamic state when two lines are tripped . . 43
PV-curve showing active Power Flow from bus 116 to 117 with respect
to voltage at bus 117 in dynamic state when two lines are tripped . . 43
Nordic32 system single line diagram . . . . . . . .. ... .. .. ... 45
IST and Voltage at bus 1041 for Case 1 . . . . . . . . ... ... ... 46
ISI and Voltage at bus 1044 for Case 1 . . . . . . . . ... ... ... 47
IST and Voltage at bus 1045 for Case 1 . . . . . . .. .. ... .. .. 47
ISI and Voltage at bus 1041 for Case 2 . . . . . . . . ... ... ... 48
ISI and Voltage at bus 1044 for Case 2 . . . . . . . . .. . ... ... 49
IST and Voltage at bus 1045 for Case 2 . . . . . . . . ... ... ... 49
Voltage and IST at bus 41 . . . . . . .. ... ... ... 50
Voltage and IST at bus 46 . . . . . . . . .. ... ... ... ..... 51



List of Figures

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

C.1
C.2
C.3
C4

Case 1 with control model: Voltage and filtered ISI at bus 1041 . . . 54
Case 1 with control model:Voltage and filtered ISI at bus 1044 . . . . 55
Case 1 with control model:Voltage and filtered ISI at bus 1045 . . . . 55
Case 2 with control model:Voltage and filtered ISI at bus 1041 . . . . 56
Case 2 with control model:Voltage and filtered ISI at bus 1044 . . . . 57
Case 2 with control model:Voltage and filtered ISI at bus 1045 . 57
Case2 with control model: Active and reactive load power at bus 1044 58

Case2 with control model: Active and reactive load power at bus 1045 59

Inverse Matrix Function, part 1 . . . . . . . .. .. ... ... .... X
Inverse Matrix Function, part 2 . . . . . .. .. ... ... ... ... X1
Coordinated Control Algorithm first example . . . . ... .. .. .. XII
Coordinated Control Algorithm second example . . . . . . .. .. .. XIII

Xix



XX

2.1

B.1
B.2
B.3
B.4
B.5
B.6

List of Tables

Table of the different models used for simulating voltage instability

and collapse in the 10-bus system and Nordic32 . . . .. .. ... .. 18
Model ICONs:VOLMAG function . . . . . . . ... ... ... .... I11
Model ICONs : VOLMAG function (Continued) . . . . . . .. .. .. I\Y
Model ICONs : FLOW function . . . . . .. ... ... ... ..... \Y
Model CONs . . . . . . . . VI
Model STATEs . . . . . . . . . . e VI
Model VARs . . . . . . . . VII



1

Introduction

This chapter presents the background, aim and motivations for the thesis. It also
shows the structure of the chapters.

1.1 Background and Motivation

Power systems always face disturbances that could occur on the transmission and
distribution lines, such as short circuit faults and disconnection of lines, compro-
mising the stability of the systems, and can be divided into three main categories
[4]:

« Frequency Stability
» Rotor angle or Transient Stability
« Voltage Stability

Different measures have been presented in the past to avoid any instability, but
the main focus in this thesis is to preserve the voltage levels at all buses in system
within acceptable boundaries, i.e. preserving voltage stability. The major cause
of short or long duration voltage instability is the high voltage drop from the high
losses occurring in transmission lines, and from the flow of active and reactive power
to the loads, limiting the transmission network capability for voltage support. [1].
Nowadays, there aren’t specific methods to prevent voltage instability or collapse if
a disturbance occurs in a system, which makes the thesis interesting. Additionally,
the integration of renewable energy sources, such as Photovoltaic Panels and Wind
Energy, may weaken the grid even more, which pushes towards research of innovative
protection scheme to prevent that voltage collapse occurs [5].

Therefore, an optimal coordinated control actions for various controllable devices in
real-time when disturbance occurs in a system is proposed. The motivation behind
real-time simulation is to:

o obtain good information on the power system conditions,
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» act as fast as possible to increase the chances to save the system,
e decrease operation and maintenance costs,
o shed less loads

The main idea is that, when indicators are found to be close to a certain threshold
using on-line or real-time simulations, i.e. indicating that the system is close to a
voltage collapse, the system protection scheme (SPS) would be activated to send
the control signals to various control devices in the system, such as synchronous
generators reactive power re-dispatch, set-points of On-Load Tap Changer (OLTC)
transformers, controls of HVDC (High Voltage Direct Current)/FACTS(Flexible
AC Transmission System) and power-electronic converters of renewable generation,
modification of distance-relay settings, under voltage load shedding, and others. The
activation of Over-Excitation Limiters (OELs) of synchronous generators, voltage
measurements from on-load tap changing (OLTC) transformers can also be used as
input signals in SPS.

1.2 Previous Work

A Master’s thesis work has been carried out in 2016 by two students from Chalmers
University of Technology related to a development of a system protection model
against voltage collapse [6]. The goal was to detect voltage instability based on an
indicator called Transmission Path System Index (TPSI), and different actions are
carried accordingly. Also, different issues arose from the usage of the Impedance
Stability Index (ISI) indicator, which will be discussed in Chapter 2. This thesis
can be seen as a continuation of their work, focusing extensively on improving the
usage of the ISI.

1.3 Task

The main challenge is when, from where, and how many changes that should be made
to the controllers of the devices that would be sufficient to save the system and drive
the system back to the secure condition from collapse. However, the first challenge is
how to identify a voltage collapse, and how to detect if a system is converging towards
it. Fortunately, several works presented different aspects regarding the subject.The
thesis work at Chalmers University of Technology [6] showed that Transmission
Path Stability Index (TPSI) and Impedance Stability Index (ISI) are better voltage
stability indicators compared to Fast Voltage Stability Index (FVSI) and S-difference
Indicator (SDI). Additionally, TPSI was shown to be more accurate and faster to
compute while used in the Nordic 32-bus system, since ISI required a large amount
of computational power resulting in long calculation times. However, the latter has
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been investigated further since it gives a clear indication based on maximum power
transfer to the load. Also, the other main challenge is to analyze if and when an
indicator clearly identifies pre-voltage collapse.

The following indicators have been analyzed and taken into account in this the-
sis:

« Voltage Collapse Index (VCPI) [7]

» Voltage Stability Index based on Short Circuit Capacity (VClscc or VSCC or
VCSS) [3]

» Impedance Stability Index (ISI) [§]

Furthermore, it is important to select the appropriate programs for simulations. In
this thesis, PSS/E (Power System Simulator for Engineering) [9][10][11] will be used,
with Python script (the interpreter) and Fortran compiler for modeling the coordi-
nate control,i.e. an "algorithm" to coordinately control the devices to prevent voltage
collapse can be developed. This will be used in the Nordic 32-Bus systems.

1.4 Aim and Limitations

The aim is to develop an acceptable SPS model for PSS/E to prevent voltage collapse
and test on the Nordic 32-bus system. The model would be able to optimally co-
ordinate control actions for various available controllable devices when disturbance
occurs in a system. The study focuses on voltage stability only, without taking into
account the frequency and transient stability. It will be assumed that voltages, cur-
rents and phases are measured in real-time as fast as possible, and the simulations
will be considered accurate enough that the control method can be used in real life
projects or power systems. Additionally, it will be assumed that the power sys-
tems, including generators, transformers, FACTS devices and loads, are accurately
modeled on PSS/E, and study of transients and oscillations are out-of-scope.

1.5 Methods

The projects goal is to develop an optimized coordinated control method of differ-
ent power devices (AVR set-points, on-load tap changing (OLTC) transformers) in
order to be able to prevent voltage collapse as fast and as swift as possible based on
different characteristics that can be found in a power system, such as Transmission
path stability index (TPSI) or Impedance stability index (ISI). The thesis will be
carried out with the following tasks:
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o Task 1: Literature review of previous relevant work or projects.

o Task 2: Getting familiarized with Python,Fortran, and how to interface both
with PSS/E.

o Task 3: Development of combined real-time dynamic simulations and opti-
mization platform using PSS/E and Matlab [12] with data exchange facilitated
by Python.

« Task 4: Development control algorithm(s) and user-defined model for PSS/E
for voltage collapse protection

« Task 5: Evaluation of indicators and methods using a 10-bus system from [1]
and Nordic 32-bus system

o Task 6: Documentation of model implementation and thesis writing

1.6 Thesis Outline

The thesis is divided into six main chapters, excluding the Introduction, as fol-
lows:

o Chapter 2 includes the theories used in the thesis, needed to understand the
work behind it

o Chapter 3 presents the methodology or algorithm used to prevent voltage
collapse in the Nordic32

o Chapter 4 contains the evaluation of the indicators for on the 10-bus system
o Chapter 5 contains the evaluation of the indicators for on the Nordic32 system

o Chapter 6 presents the control method or algorithm implemented in the Nordic32
to prevent voltage collapse

o Chapter 7 is the conclusion drawn from the results and suggestions for future
work to improve the results



2

Theory

This chapter presents the theories and information that were used from the literature
review for the realization of this thesis. The purpose is to familiarize the reader with
basic theories to understand the thesis work.

2.1 Voltage Stability

2.1.1 Definition

With reference to the paper by IEEE/CIGRE Joint Task Force on Stability Terms
and Definitions [4], voltage stability is defined as the ability for power systems to
maintain steady-state voltage levels within proper limits after the occurrence of any
disturbance. With the increase in power demand and the need of reliable and robust
power systems, voltage stability is essential for study purpose and monitoring for
avoiding blackouts. Therefore, it is needed to explain the power transfer character-

istics in power systems in order to understand the voltage stability , and how it can
be described.

2.1.2 Bus types
It is critical to differentiate bus types. According to [13], there are 3 main bus
types:

e Load buses or PQ buses

o Generation buses or PV buses

» Slack bus

However, it is needed to bear in mind only two different types, categorized as voltage-
controllable bus and non-voltage controllable bus [8]. The former category includes
power generation and controllable reactive compensation devices, such as the Static-
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Var Compensator (SVC), since they can control the bus voltage level. The latter
category represents the load and transmission or intermediary buses, in which there
are no voltage controllable buses.

2.1.3 PV and VQ Curves

Power transfer and voltage stability can be described from PV and V(Q curves in
Fig. 2.1 and Fig. 2.2, where P stands for active power, Q for reactive power and
V for voltage. Ideal cases, such as no resistances and line charging, and constant
power factor are assumed. These curves give a theoretical indication on how robust
the transmission lines are and how far or close the power system is from voltage
collapse or instability. However, the curves vary dynamically if there is a change in
loads or in transmission line impedance, or in reactive power injection [1].

The PV curve is defined based on eq.(2.1), obtained from a two bus equivalent sys-
tem, where E is the sending voltage, V is the receiving voltage,X is the line equivalent
impedance, and ¢ is the voltage angle difference between E and V [1].

EV
Pr = —Ysm@) (2.1)

Similarly, the QV curve is defined based on eq.(2.2):

_ VEcos(6) — V?

Qr e

(2.2)

Eq.(2.3) describes the PV and VQ curves characteristics for reactive power compen-
sation based on eq.(2.1) and eq.(2.2)

E? E*
VE:J2—QXEtV4—X?P1—XE%Q (2.3)

The maximum active power transfer can be obtained from Fig.2.1, with its corre-
sponding voltage, such that:

_E* cos¢

Pmaac = = v a1 . 7
2X 14 sing

2
1Z—XWQ

X

E? E 1
VPmaz = \IT—XQ: A I sing (2.5)
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Figure 2.1: PV Curve Figure 2.2: QV Curve

Similarly, the minimum reactive power transfer can be obtained from Fig. 2.1, with
its corresponding voltage,

E? XP?
Qeumin = QL = % + (2.6)
E?  X2pP?
VQc,min = I + 2 (27)

From Fig. 2.1 and 2.2, voltage instability occurs when active power starts to decrease
after reaching the maximum active power and when reactive power is positive.

2.1.4 Voltage Instability and Voltage Collapse

With reference to CIGRE and IEEE definition [4], voltage collapse can be defined as
a sequence of events caused by voltage instability leading to an unacceptable voltage
profile in a power system. Also, voltage instability can be due to the load dynamics
to restore power consumption, with transmission and generation systems at their
limits. In this section, the different causes of voltage instability will be discussed
briefly.

2.1.4.1 Load Increase

Instability is mainly due to an increase in load relative to the capacity of transmission
and generation system,which increases the voltage drop across the branches. An
increase in load will lead to a decrease in power transfer to the load if we refer
to Fig. 2.1. Additionally, it could cause a power unbalance for a short period
time if load power is bigger than generated power, which could lead to a decrease
in frequency [1]. However, frequency instability, primary and secondary frequency
control will not be discussed in this thesis. Also, it is essential to distinguish between
different kinds of loads as follows:
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p- zpo(go)a (2.8)
Q=2Qu()’ (2.9)

where z is the dimensionless demand variable, V, is the reference voltage, o and (8
are the exponential characteristic of the loads such that:

e if @ and f = 1, load is known as constant current load
e if v and f = 2, load is a constant admittance load
o if ¢ and § = 0, load is know as constant power load

The critical characteristic of loads is the dependence on voltage. In case of an
increase in constant admittance loads, voltage instability would hardly occur, but
low steady voltages would be experienced in severe cases [1]. In this thesis, the
emphasis will be on the first two load types since constant power loads are too
severe due to their independence on voltages and their increase will lead to a high
probability voltage collapse as explained in [1]. Finally, the total equivalent load
seen from a load or non-voltage controllable bus is computed in p.u. as follows:

At any bus k,
N
I, = Z Y3, V; (2.10)
j=1
then, the total equivalent load is:
N
Sy = Vil = Vi[> Y Vi]* (2.11)
j=1

2.1.4.2 Line and Generator Tripping

A disturbance such as the tripping of a line will lead to a change in the transmission
characteristic. However, this can be reflected also as an increase in load as well
with respect to the line capacity. It is clear how the load characteristic plays a vital
role in voltage instability as shown in eq. 2.8 and 2.9. For a constant power load,
the voltage collapse is inevitable. Load-shedding in that case is practically a must.
On the other hand, if the load is voltage dependent at some extent,, the voltage
instability ban be considered to be less severe and can be avoided with the injection
of reactive power to increase the voltage level instead of load shedding. Additionally,
a generator tripping will lead to a power unbalance in the system, which can also
be seen as a relative increase in load.[1]



2. Theory

2.1.4.3 OLTC

OLTCs are used to maintain a voltage level within an acceptable range depending
on the system by regulation the reactive power flow. They are mainly used in
distribution systems close to the loads or consumers and have an important role in
voltage stability during tap changing operations by changing the series admittance
y; [13]. OLTC transformers can be represented by a m model as shown in Fig.
2.3. The operation of the tap changer is based on varying the value of the tap ratio,
consequently the voltage ratio or difference between the primary and secondary sides
of the transformer. However, during voltage instability, they act as voltage collapse
‘catalysts’.

In fact, during voltage instability and when the voltage level on the non-tapped
primary side is below an acceptable value (usually 0.9 p.u), the OLTC varies the
series admittance to keep the voltage on the secondary side within a pre-determined
range. If it is assumed that the load is not increasing, the power flow across the
transformer will stay the same, but since the voltage on the primary side decreases,
the current on the same side will increase for a constant power, which therefore
increases the losses in the branches, consequently increasing the voltage drop, leading
to a voltage collapse if no action is taken.

Non-tap Side Tap-Side

Figure 2.3: mmodel of an OLTC transformer with series admittance 3, and tap
ratio a

Assuming that the transformers are lossless, the power transfer across them can be
written as follows:

ViV;siné
fr 73/15

a

P (2.12)
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2.1.4.4 OEL

Generators, with an equivalent circuit as in Fig. 2.4 possess AVRs (Automatic
Voltage Regulators) to increase the voltage across the terminal by increasing the
reactive power production by increasing the field current winding.

1
E >
Xq Ey X v
t

: : | ZThv |
| ﬁ
Z) 0ad

Figure 2.4: Equivalent circuit of a typical generator

I
E >
X Et
Xt

v
ZThy |

D+

@ -

Figure 2.5: Equivalent circuit of a generator when the OEL is activated. The
generator impedance X, is added in series with the transformer impedance X7 and
ZThU

However, the field winding can overheat if the machine produces reactive power
above the limit it is designed for. In order to avoid this, the OEL of the generator
activates, which disables the field current control, .i.e preventing reactive power
production. This means that the generator isn’t able to control the terminal voltage
E; anymore and a constant voltage is then found at E as seen in Fig. 2.5. The total
impedance of the generator seen from the receiving end bus will be different, meaning
X4 will thus be added to X; and Zrhv. This will lead to a weakening of a network
and the maximum power transfer is reached, tending the bus voltage to decrease.
The signal from the OEL is essential in determining or updating the voltage stability
limit or margin, and critical in obtaining the correct thevenin impedance at different
buses from the network admittance matrix, which will be discussed i the following
section. Basically, the generator bus is a voltage-controllable before activation of
the OEL, and non-voltage controllable after the activation.

10
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2.2 Voltage Instability and Collapse Indicators

Lots of studies were made regarding the study and implementation voltage collapse
indicators [14][15]. For example, a master ’s thesis at NTNU [16] compared differ-
ent voltage collapse indicators , showing their advantages and disadvantages. More
recently, in the master’s thesis at Chalmers University and Technology [6], two dif-
ferent indicators were tested in simulations : T'PSI (Transmission Path Stability
Index) and IST (Impedance Stability Index). However, the IST wasn’t used in big
systems due to the high computational burden of the thevenin impedances caused by
the inversion of large matrices. In this thesis, the .57 will be analyzed, with the ex-
planation on how thevenin impedances can be computed more efficiently. Also, two
additional indicators were investigated, which are the V.SCIscc and VCPI.

2.2.1 Indicators

In this subsection, the different indicators investigated for this thesis will be pre-
sented. The first one is the ISI, which was presented before [6], but not implemented
due to the complexity of obtaining the thevenin impedance at that time.

2.2.1.1 Impedance Stability Index (ISI)

This indicator is based on the maximum power transfer in a circuit. Fig. 2.6 shows
the thevenin equivalent circuit.

Vioad
ZThy

Z) pad

Figure 2.6: Thevenin equivalent circuit

From Fig. 2.6, using voltage divider rule and ohm’s law:

11
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ZLoad
V=F—-——— 2.13
tZLoad + ZThv ( )

Ey
= ——"—— 2.14
Zroad + ZTho (2.14)
From eq.(2.13) and eq.(2.14), the power dissipated by the load is determined as
follows:

Z oa
Proaa = VIcosd = E? Load cos 0 (2.15)

(Zroad + Z1hw)?

The maximum power transfer occurs when % = 0. The solution will be Z} 44

=Zrny [17], which implies that voltage instabifity critical point is reached when
ISI=1

_ |ZThv| _
|ZL0ad|

1S1 1 (2.16)

If ISI < 1, the voltage is considered stable, and critically stable or unstable other-
wise.

2.2.1.2 VCPI

The Voltage Collapse Proximity Index is a fast indicator that signals also how far
is the system from collapse. It uses the admittance matrix elements, the voltage
magnitudes and angles.

With reference to [13], for an n-bus system, the injected current into the kth bus
can be written as follows:

I, =V zn: Yiem — zn: VoY (2.17)
m=1 m=1
m#k m#k
where:
e Y., is the mutual admittance between the kth bus and the mth bus
e Y} represents the self admittance of bus k

o Vj represents the voltage at the kth bus

12
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o V,, represents the voltage at the mth bus

e m is a real number

The complex power injected at the kth bus is determined as follows:

Sk = Vil

By substituting eq.(2.17) in eq.(2.18), it follows that:

n n
m=1 m=1
m#k m#k

Letting Ykmzz%:l Ykm :
m#k

Sp = Vil*Yi = Vi SV, Vi

m=1
m#k
where
, Yim
V., = 7\/ =V 5
Z] 1Yk] | |
J#k
where ¢, is the voltage angle at mth bus
Consequently from eq.(2.20):
S*
C= |V -V Z Vi
Yk
m;ék

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

From eq.(2.22), the right hand side can be re-written as a complex number in the

form of a+jb where:

a= Vi = 37 V||Vl cos(dx — 6,,)

m=1
m#k

Z |V || V| sin(0y, Sy )

itk

(2.23)

(2.24)

13
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Letting 6, —0,, = §, eq.(2.23) and eq.(2.24) can be represented as two equations with
two unknowns Vj, and d,which can be solved using partial derivatives and build a
Jocabian matrix. Therefore, if f;(|Vk|,d)=a and fao(|Vi|, §)=Db, the partial derivatives
of these equations with respect to Vj, and ¢ can be evaluated and the matrix can be
provided such that:

2|Vl = =1 |VT/,L|COS(; [Vi| Ym=1sind
m#£k m#k

/= St |V, | sind Vi S0y |V | cos &

(2.25)

Solving the matrix in eq.(2.25) such that it is equal to zero, since the collapse at the
kth bus occurs when there is no solution to eq.(2.25), i.e. the matrix is singular at
voltage collapse.

Solving, the solution will be:

R— L (2.26)

If eq.(2.26), known as VCPI, equals or is greater than 1, the voltage collapse occurs.
The voltage is stable at kth bus when VCPI < 1.

2.2.1.3 VSlIscc

The voltage stability index based on short circuit capacity,VSlscc, shows the rela-
tionship between the voltage stability and the short circuit capacity. With reference
to [3] and from Fig. 2.7, the index at node i can be defined as follows:

14
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A SCC Line

Nose point

Voltage

>
Short circuit capacity
Figure 2.7: Typical SCC-V Curve [3]
VSIscec = SCC, (2.27)

SCChin,

where SC'C), is the short circuit capacity at node 7 supplied by the system. Assuming
that R(resistance) «< X(impedance), then SCC,, can be written as:

E
SCC,, = X;’; (2.28)

and SCC),p, is the minimum short circuit capacity to provide voltage stability at
node i, corresponding to the nose point of the SCC-V curve on Fig.(REFERENCE),

and can be computed as follows:

25, (1 + s
SCC,y, = 2oLt sing) (2.29)
EThv

Using eq.(2.27),(2.28) and (2.29),the indicator can be determined as follows:

25.(1 +sin¢) X (2.30)

VClIlsce = E%;w

15



2. Theory

2.3 Prevention

2.3.1 Reactive Power Support

Reactive power support, can be associated with shunt or series fixed capacitor banks
to increase the voltage level at a bus or improve the maximum power transfer in order
to increase the margin of the voltage instability. The amount of injected reactive
power is square-proportional to the bus voltage if it is a shunt capacitor bank, or
square-proportional to the current if it is a series capacitor bank. It is obvious from
eq.2.31 that the available shunt compensation becomes less when the voltage is lower
and vice-versa, where V is the bus voltage, X pun is the shunt reactance, X opies is
the series reactance and I is the current flow.

V2

X shunt

Qc = (2.31)

QC — I2Xseries (232>

2.3.2 AVR Set-Point

Operating Synchronous machines AVRs can be seen as the main action of a voltage
control to avoid voltage instability or collapse. They can prevent voltage instability
by increasing reactive power production from generators. Additionally, it helps de-
laying the activation of the OEL, and has the advantage of buying more time that
can be used to take further preventive measures, like activating reactive compen-
sating devices or FACTS devices [1]. The idea behind using the AVR is to regulate
the voltage set-point in a power system and increase the reactive power generation.
The reactive power production is re-dispatched to other units in the system when
one or more AVRs looses their controlling capability. When increasing set-points,
great caution needs to be taken due to that an excessive increase can result in a too
high field current, resulting in the activation of the OEL and loss of voltage control
at the terminal as in Fig. 2.5. Increases should preferably be performed in small
steps at several generator instead of larger steps on fewer generators [1].

2.3.3 OLTC Blocking

As already mentioned in 2.1.4.3, OLTC transformers act like voltage collapse cat-
alysts. One solution is to delay or block the operation of the tap-changer, or even
reverse the operation of the tap changer in the evnt of voltage instability. However,
it is essential to mention blocking the operation OLTC must be done for a short

16
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period of time until the system becomes voltage stable again by operating other
devices, such as the AVRs setpoint of synchronous generators [18].

2.3.4 FACTS

Flexible alternating current transmission systems (FACTS) devices in the power
system have become more abundant in coordination with the development of power
electronics devices [19]. They help controlling the reactive power generation, flow
and consumption in a power system in a way which wasn’t possible before [19].
Being able to control the reactive power balance allows the TSOs to control voltage
stability, prevent and anticipate voltage collapse. The use of FACTS devices is
advantageous for mainly two reasons:

o operate the power system in accordance with its power flow control capability;

o improve the systems steady-state and transient stability.

2.3.5 Load Shedding

Shedding loads is essential to prevent severe voltage instability and collapse, specifi-
cally when it is critical, since it decreases the stress on the system through decrease
in both the generated and consumed active and reactive power. The goal is to
find a balance between generated power and power consumed or lost. In fact, load
shedding is considered as a final resort to avoid a power system collapse. The main
challenge is to identify which loads to be shed, when and how much. Additionally,
it is imperative to propose a method to obtain the smallest load shedding level that
has the most impact on the system health, but still enough to save it from further
instability. In this thesis, the concept that will be used will be similar to [6].

2.4 Simulation Models

In PSS/E | built-in models [11] are used to simulate voltage instability or collapse,
and have an important role in modeling realistic events. Models for field current
excitation, governors and OLTCs were originally added to the Nordic32 test system
and 10-bus system, but models for OEL, under voltage tripping of generators as well
as distance relays had to be added in the Nordic32. The following models in Table
2.1 are used in the simulations and are found in Appendix A and B.
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Models

Descriptions

SEXS

SEXS is a field excitation current model, regulating the field current of gen-
erators in PSS/E, i.e. it acts as an AVR. The voltage reference for the model
can be changed by increasing and decreasing the AVR set points and therefore
be used to prevent voltage instability

MAXEX2

The OEL model of a generator field current. It provides a three point charac-
teristic current limit with corresponding time delays and uses the rated field
current as base reference for the three current limits. It has a shorter activa-
tion timer for higher field current and vice verse for lower field current. When
the OEL is activated, it reduces the field current to 1.05 pu of rated field cur-
rent. Adding an OEL model is critical since it can have a significant effect on
voltage stability due to the decrease in reactive power production. When the
MAXEX2 limiter model is applied, it reduces the field current below the low-
est field current limit. A signal of whether the OEL is activated or not is also
important for determining the systems margin to instability. The decrease in
voltage caused by an OEL can result in activation of timers for under-voltage
tripping of generators.

VTGTPAT

The VITGTPAT model uses an over and under voltage threshold with a breaker
timer and a breaker time delay,tripping a generator for a certain period of time
after a generator voltage is below its threshold. VI'GTPAT is a miscellaneous
model which is applied to generators in the system. Under-voltage tripping
is a contributor to a voltage collapse due to that a systems becomes greatly
weakened when a generator is tripped due to under voltage.

OLTC1T

The OLTCIT is a two-winding transformer on load tap changer model which
was originally added to several loads in the Nordic32 test system. The model
is a branch model which is applied to branches which are equipped with trans-
formers in PSS/E. The model uses a time delay for each tap changing operation
between the detection of under/over voltage and tap change as well as a time
constant for the tap changer.

STAB2A

STAB2A Stabilizer model applied to generators in Nordic32, uses machine
electric power as input. Output is used for SEXS field current model.

DISTR1

The DISTR1 model was used for 3 zone protection for branches in the Nordic32
test system. This was mainly for applying three phase faults to branches.

LDFRAL

LDFRAL is a load frequency model which was originally applied to all loads
in the Nordic32 test system which causes the frequency to affect the constant
current and constant power parts of the loads.

HYGOV

A hydropower plant governor model applied to the Nordic32 test system.

GENROU

The GENROU is a round or cylindrical rotor generator model, used in the
10-bus system and Nordic32

GENCLS

A simple generator model used in the 10-bus system, representing an infinite
bus. This model contains only the iertia and damping constant, which are set
to 0 in combination with a small generator reactance.

GENSAL

It is a generator model representing a salient pole generator and is used in
Nordic32 system

Table 2.1: Table of the different models used for simulating voltage instability and
collapse in the 10-bus system and Nordic32
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Methodology

In this chapter, the methodology and algorithm wused in computing the thevenin
impedances and the control method on preventing voltage instability and collapse
are presented.

3.1 Thevenin Impedance from Network Admit-
tance Matrix

The method presented in this thesis to obtain the thevenin impedance is by inverting
the admittance matrix. For any n-bus system, the network admittance matrix can
be represented by an n x n matrix as follows:

Y11 Y12 Yz ... Yin
Y — Y21 Y22 Y23 ... Yon
Ynl Yn2 Ynz ... Ynn

The thevenin impedances for all buses are the diagonal elements of the matrix
Z = Y'. it is important to note that the network admittance matrix must be
updated based on different changes that occur in a power system, such as adding
the impedance of the generator X, in case an OEL is activated, or the turn ratio of
an OLTC transformer changes.

The matrix can be inverted by computing the determinants [20]. If Y is a 2 x 2
matrix such that

Y — [yn y12]
Y21 Y22

Then 7 = Y1 = L Y22  —Y12
det(4) [—ym Y1

where A = 911 Y22 - Y21 y12 However, this method becomes too exhaustive as the
size of matrix increases. There is a better and much faster way, based on simple
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'solving’ algorithm and factorization, also called ‘LU’ decomposition.[21] The moti-
vation behind the factorization is due to the sparsity of the admittance matrix in
any power systems , i.e. the matrix will contain many zero elements. Furthermore,
for any n-bus system, the matrix will always be a square one with non-zero diagonal
elements.

3.1.1 LU Decomposition

The first step in obtaining the inverse of the admittance matrix is to decompose into
a lower and upper triangular matrix, such that:

[Y]=[L][U], where L is the lower triangular matrix and U is the upper triangular
matrix, where:

1 0 0 0

oy, 1 0 0

L= |l351 I3 1 0

lnl ln2 ln3 1
Uil U2 U13 Utn
0wy ugs Uon,
U=10 0 ‘uss Uy
0 0 0 Unn

It is important to notice that the diagonal elements of [L] are equal to 1 and the LU
decomposition is feasible only for square invertible matrices with non-zero diagonal
elements. Fortunately, in any real-life n-bus system, the admittance matrix will
always be square, invertible or non-singular, with non-zero diagonal elements.

Since [L][U]=[Y], and using matrix multiplication, it is clear that the first row ele-
ments of [U] can be determined straight forwardly, such that: w;1=y11, u12=912,.-.,
U1, =Y1, because only the first element in the first row of matrix [L] is non-zero and
equals to 1. Furthermore, the elements of [L] and [U] can easily be determined using
the same concept by iteration and by solving. For example, lo; X uy; = yo1, but
u11 = Y11, then ly; = y—ﬁ It is good to notice that the equation has only one un-
known in it, and other quantities that were already found in the previous equations.
This pattern continues until the last row. Similar factorization techniques exist, but
the LU decomposition is acceptable for the thesis.
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3.1.2 Solve

After obtaining L and U, the next step is to solve the a set of equations [Y][X]=[C],
where [X] is the a matrix of unknowns to be determined.

Since [Y] = [L][U], then: [L][U][X]=[C].

Multiplying both sides by [L]!, we get: [L]™*[L][U][X]=[L]'[C] Since [L]'[L] = [1],
where [I] is the identity matrix or

100 ... 0
010 0
I=10 0 1 0
000 1

[L][T] = [C] (3.1)

and
[U][X] = [17]. (3.2)

Therefore, we can solve first eq.(3.1) or [T], and then use eq.(3.2) to calculate
X].

3.2 Control Method

Initially, the network admittance matrix is assumed to be known and updated by
monitoring the power system. The voltage magnitudes and angles are measured
at all buses, the OELs are being monitored, the OLTC tap-changer positions are
observed by measuring the active power flow through the transformers, as already
shown in eq.2.12. The control method of different devices to prevent voltage collapse
can be initiated after determining the indicator at non-voltage controllable buses.
With IST taken into account, if it reaches a certain value signaling voltage instability
at any non-controllable voltage bus, the AVR-setpoints are increased. However, if
ISI is greater than a value signaling voltage instability close to collapse,and AVR-
setpoints are not enough to counter it, load-shedding is then activated at or close to
buses of interest. The applied algorithm is summarized in Fig. 3.1 in a simplified
way, which indicates that the prevention of voltage collapse is initiated when ISI is
greater than 0.5. This value is not random, but is taken into account after analyzing
the ISI in the Nordic32 before implementing the model. The reasons are explained
in chapter 5.
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Measure voltage magnitudes
and angles. {The admittance
matrix is assumed to be
available or dispatched at t=0)

Update admittance
matrix if a line tripped,
the tap-changer
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Load-shed at or close to
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Figure 3.1: Methodology used in preventing voltage collapse
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Evaluation of indicators in a
10-bus system

This chapter includes the evaluation of the different indicators that were investigated
in this thesis in a simple 10-bus system taken from [1], which is also presented as
an exercise in PSS/E for voltage instability study, by simulating two different cases
with different loads.

4.1 Simulation set-up

The single line diagram of the system can be seen in Fig. 4.1, and the models can
be found in Appendix A.

13

211

12

Figure 4.1: 10-Bus system single line diagram
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In this chapter, four different cases are presented:

« in the first case, one line will be tripped between bus 112 and 113, and load
will increase by 3% every 20 seconds, keeping the load conversions as they are
(i.e. 50% constant admittance load and 50% constant current load). in the
second case, one line will be tripped,but the OEL and OLTC will be omitted

e In the third and fourth cases, case one and two will be repeated, but with two
lines tripped instead of one between bus 112 and bus 113.

4.2 Tripping of one line

4.2.1 OLTC and OEL activated

The dynamic simulations are done using PSS/E, automated by Python scripts. By
tripping a line between buses 112 and 113, and increasing the loads in both buses
114 and 117 by 3% every 20 seconds by keeping the same load conversion ratio and
power factor, the voltage collapse occurs at 460 sec.

Fig. 4.2 and 4.3 show how the VClscc increases during load increase. It is important
to notice how the indicator suddenly increases when a line is tripped. Also, it looks
like bus 114 is weaker than bus 117 due to the a higher value in the indication. The
intersection between VClscc and the bus voltage in Fig. 4.2 is irrelevant when it
comes to voltage instability.

24



4. Evaluation of indicators in a 10-bus system
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Figure 4.2: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.) at
bus 114 with one tripped line, OLTC and OEL activated
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Figure 4.3: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.) at
bus 117 with one tripped line, OLTC and OEL activated
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In Fig. 4.4 and 4.5, the ISIs of buses 114 and 117 are plotted. It is observable that
they are increasing, and bus 114 is again shown to be weaker than bus 117. Also,
the sudden increase in the indicator is evident at 20s. However, the highest value
that the indicator reached is around 0.58 at collapse, as opposed to the previous
one, which reaches 1.
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Figure 4.4: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 114 with
one tripped line, OLTC and OEL activated
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Figure 4.5: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 117 with
one tripped line, OLTC and OEL activated

Fig. 4.6 and 4.7 show the plots of the VCPI, which indicate no clear changes and
seem quasi constant during the whole simulation. The VCPI slightly increases when
the line is tripped at 20s.
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Figure 4.6: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL activated
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Figure 4.7: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with one tripped line, OLTC and OEL activated
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4. Evaluation of indicators in a 10-bus system

The VClsce indicates a voltage collapse would occur after it reaches 1 at bus 114
in Fig. 4.2. Although the tap changer is connected to bus 117, bus 114 seems to
be weaker instead. Similarly, ISI shows similar figures when voltage collapse occurs,
but the value is lower than expected. i.e. 0.58. Regarding the VCPI, the indicator
doesn’t vary much as shown in Fig. 4.6 and 4.7.

4.2.2 OLTC and OEL disabled

The simulation was repeated, but with the deactivation of both OEL and OLTC. The
motivation is to observe what would happen if the latter devices are not available
and how they would affect the indicators.

It is interesting to observe that all of the indicators are behaving in the same manner
as in the previous simulation, with values that are slightly smaller as shown in Fig.
4.8,4.9,4.10, 4.11, 4.12 and 4.13.
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Figure 4.8: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.) at
bus 114 with one tripped line, OLTC and OEL disabled
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Figure 4.9: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.) at
bus 117 with one tripped line, OLTC and OEL disabled
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Figure 4.10: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL disabled
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Figure 4.11: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with one tripped line, OLTC and OEL disabled
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Figure 4.12: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with one tripped line, OLTC and OEL disabled
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Figure 4.13: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with one tripped line, OLTC and OEL disabled

Moreover, PSS/E didn’t signal that a voltage collapse occurred, although the volt-
ages are below 0.8 p.u. This is mainly due to the deactivation of the OEL of the
generator at bus 211, generating reactive power depending on the load increase,
which doesn’t illustrate reality at all. This illustrates that OELs and OLTCs have
to be at least taken into account to reflect reality, including distance and under-
voltage relays, and others.

4.3 Tripping of two lines

In this section, two lines are tripped instead of one between buses 112 and 113 at 2
and 10 s. respectively.

4.3.1 OLTC and OEL activated

Fig. 4.14, 4.15, 4.16 and 4.17 indicate higher values of ISI and VSClscc compared
to the previous simulation,and voltage collapse occurs at around 380 s. instead of
460 s., which is logical since the system is weaker and the maximum power transfer
decreases. Additionally, it is shown in those plots that bus 114 is still the weakest and
the sudden increase in the indicators is much more noticeable at bus 114. However,
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4. Evaluation of indicators in a 10-bus system

the VSClscc crosses the value of 1 before voltage collapse occurs. It can be seen that
it reaches a value greater than 1.2 when it happens, as opposed to the ISI, which
reaches a value of 0.9 approximately.
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Figure 4.14: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 114 with two tripped lines, OLTC and OEL activated
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Figure 4.15: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 117 with two tripped lines, OLTC and OEL activated
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Figure 4.16: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL activated
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Figure 4.17: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL activated

In Fig. 4.18 and 4.19,the VCPI showed no signs of change. This could be explained
by the fact this indicator depends only on voltages and admittance, without taking
into account the power transfer or load power.
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Figure 4.18: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL activated
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Figure 4.19: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL activated
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Furthermore, the VCPI is showing that bus 115 is the weakest, as shown in Fig.
4.20
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Figure 4.20: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 115
with two tripped lines, OLTC and OEL activated

4.3.2 OLTC and OEL disabled

The last simulation for the 10-bus system is to trip two lines between buses 112 and
113 after 2 s. and 10 s. of the start of the simulation, while the OEL and OLTC
are disabled. It is noticeable that in Fig. 4.21, 4.22, 4.23, 4.24 4.25 and 4.26, the
indicators are behaving the same way when the OEL and OLTC are activated, with
slightly lower values. The voltage collapse was not shown due to the lack of OEL,
OLTC, distance and under-voltage relays, and so on.
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Figure 4.21: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 114 with two tripped lines, OLTC and OEL disabled
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Figure 4.22: VClscc or VCSS and Voltage (p.u.) plots with respect to Time (s.)
at bus 117 with two tripped lines, OLTC and OEL disabled
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Figure 4.23: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL disabled
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Figure 4.24: ISI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL disabled
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Figure 4.25: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 114
with two tripped lines, OLTC and OEL disabled
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Figure 4.26: VCPI and Voltage (p.u.) plots with respect to Time (s.) at bus 117
with two tripped lines, OLTC and OEL disabled
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4.4 Discussion

The conducted dynamic simulations in the simple 10-bus system illustrated how the
indicators acted with the constant increase of load, and the OEL and OLTC proved
to be essential in reflecting on how the voltage instability and collapse occur in the
system. Also, the dynamic and continuous computation of the thevenin impedances
during the simulation proved to be very efficient since the real time duration of
the simulation was exactly equal to the simulation time that was set in PSS/E.
Furthermore, the VCPI was practically constant during the whole simulations due
to its dependence on voltages and admittance only. The ISI and VCSIscc proved
to be more adaptable in signaling a voltage instability or collapse. Additionally,
although the IST and VCSIsce showed to act in a similar way, the former gave a
better indication of voltage collapse when two lines were tripped, whereas the latter
gave better indication when one line is tripped instead. This encourages the use
of two indicators instead of one when analyzing voltage instability and predicting
voltage collapse. However, In the next chapter, the ISI will only be taken into

account in order to avoid any computational burden. The other two indicators will
be excluded.

On the other hand, the real-time PV-curves were plotted during dynamic simulation.
it is shown in Fig. 4.27, 4.28, 4.29 and 4.30 that it is impossible to analyze the power
system stability using these curves due to the simple fact that the loads depend on
voltages. It is interesting to notice in the same figures how the voltages are high
at the beginning of the simulation due to the light loads, but a slight load increase
drops the voltage value drastically. The constant increase and decrease in power
transfer or voltages are mainly due to the load increase and their dependence on
voltage.
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Figure 4.27: PV-curve showing active Power Flow from bus 113 to 114 with respect
to voltage at bus 114 in dynamic state when one line is tripped
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Figure 4.28: PV-curve showing active Power Flow from bus 116 to 117 with respect
to voltage at bus 117 in dynamic state when one line is tripped
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Figure 4.29: PV-curve showing active Power Flow from bus 113 to 114 with respect
to voltage at bus 114 in dynamic state when two lines are tripped

0.85F

Voltage at Bus 117 in p.u

e

08t ___:___-__—_.-.--- _

E e = |

0_7 1 1 1 1 1 1 1 1 1
2050 2100 2150 2200 2250 2300 2350 2400 2450 2500 2550

Active Power Flow from bus 116 to bus 117 in MW

Figure 4.30: PV-curve showing active Power Flow from bus 116 to 117 with respect
to voltage at bus 117 in dynamic state when two lines are tripped
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Evaluation of indicators on the
Nordic32 system

In this chapter, the ISI will be evaluated in two different cases and its behavior will
be observed. The first case will be by applying a three-phase fault between buses 4032
and 4044, and the second case is to trip a big generator at bus 4042.

5.1 Diagram and Model Setting From CIGRE

The Nordic32 single line diagram is built based on a 1995 CIGRE report [2], as
shown in Fig. 5.1. The loads are considered to be moderate and will be completely
converted into constant current loads for simplicity.

Horth

100% 1014

10E
may

Lt

&E

891 | 4072

S -

4071

K0T2

"] a3z *

:

Central

’m: |4.1

41

1044 e

Figure 5.1: Nordic32 system single line diagram
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5. Evaluation of indicators on the Nordic32 system

5.2 Indicators Evaluation

In order to evaluate the indicator in the Nordic32 test system, data were obtained
from each of the two simulation cases and processed in Matlab to calculate the
indicators. The simulations in both cases were run for 20s. and then, the disturbance
was applied, leading to the activation of OEL, OLTC, distance relays and under-
voltage relays.

5.2.1 Casel:3-Phase Balanced Line Fault

After applying a 3-Phase Balanced Line Fault, the distance relay tripped the faulted
line, the OLTC and OEL are activated as in [6], and voltage collapse occurs at
270s. due to the cascaded tripping of the generators by the under-voltage relays.The
results were quite unexpected, especially due to the oscillations or transients of the
ISI.

The IST at buses 1041,1044 and 1045 proved to be the most noticeable as shown in
Fig. 5.2, 5.3 and 5.4.
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Figure 5.2: ISI and Voltage at bus 1041 for Case 1
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Figure 5.3: ISI and Voltage at bus 1044 for Case 1
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Figure 5.4: ISI and Voltage at bus 1045 for Case 1
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5.2.2 Case2:Generator Tripping

Tripping the generator at bus 4042 led to the activation of OELs and OLTCs to bring
back the voltages to the acceptable ranges. However, the disturbance is harsher than
the 3-phase fault due to the fact that an unbalance between load and generation
was created, and the tripped generator was considered to be a big one. The voltage
collapse occurs at 115s. and transients are visible starting at 80s.
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Figure 5.5: ISI and Voltage at bus 1041 for Case 2
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Figure 5.6: ISI and Voltage at bus 1044 for Case 2
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Figure 5.7: ISI and Voltage at bus 1045 for Case 2
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5.3 Indicators Analysis and Discussion

The two cases showed an expected performance of the ISI indicators. In both cases,
the ISI trends were quite similar and showed that buses 1041,1044 and 1045 are the
weakest buses in the system. it can be said that the indicators follow the events
occurring the system after disturbance. Additionally,the OLTCs and OELs are taken
into account in the computation of the thevenin impedance, including the tripping
of the lines, which modify admittance in the matrix. The oscillations can also be
explained from the angle oscillations. It is important to mention that the angles
are taken into account when computing the indicators, and equivalent loads are
computed based on eq. 2.11.

The observed oscillations in the ISI can be due to the angle oscillations, caused by
the transient and frequency instabilities in the system after a 3-phase line fault and
a generator tripping occur, which are out of scope of work. Also, it is critical to
mention that the equivalent loads seen from these buses were calculated following
eq.(2.11), which explains the oscillations. Looking at the ISI of buses 41 and 46 in
Fig. 5.8 and 5.9, it can be seen that oscillations are practically minimal as opposed
to the ISI of buses 1044 and 1045. It can be explained from eq.(2.11) and from
Fig. 4.1 that buses 41 and 46 are final-end load buses, whereas the other buses are
intermediary ones, meaning that they are connected to several other buses and have
loads connected to them.
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Figure 5.8: Voltage and ISI at bus 41
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Figure 5.9: Voltage and ISI at bus 46

After observation, it is crucial to find a way to average the ISI, or get rid of the
oscillations, so that it can reflect the behavior of the system so that the coordinated
control method can be successful. Therefore, it was decided to use a filter with high
time constant, and allow the devices to act based on certain ISI values, as already
shown in Fig. 3.1. The implementation of the model, with the filtered indicators,
will be shown in the next chapter.
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Voltage Collapse Prevention

This chapter shows how the prevention of voltage collapse occurred with the use of
both OEL and AVR signals, and load-shedding based on the filtered ISI. The method
was tested in the Nordic32 system.

6.1 Control Method Implementation

The purpose of the method is to monitor the voltage stability of the system during
dynamic simulation, which can considered as real-time in order to be able to mitigate
voltage instability and prevent voltage collapse. The model was developed based on
Fig. 3.1 in the Fortran Code, in which part of it can be found in Appendix B and C.
The model is built as a miscellaneous model since it is monitoring the whole system
and not controlling components in the system, and is written in Intel Visual Fortran
2005 [22] as an .F90 file and compiled using the PSS/E Environment manager to
link it to PSS/E libraries. The model is called from the .dyr file in the interpreter
or simulation script written in Python.

6.2 Setting of the Model

As already mentioned in chapter 3, the first step is to measure the voltage mag-
nitudes, voltage angles and the power flow in the OLTC transformers in order to
obtain correctly the tap changing position. Since the network admittance matrix is
assumed to be know at the beginning of the simulation, it is imperative to monitor
if any changes occur in the system, such that tripping of a line, OEL and OLTC.
Afterwards, the matrix is inversed to get the thevenin impedances, which are the
diagonal elements of the inversed matrix. After computing the ISI, its value is an-
alyzed. If it is greater than 0.4, the AVRs of the closest synchronous generators to
the weak bus are activated until OELs are activated. On the other hand, if it is
greater than 0.6, the AVRs of the closest synchronous generators to the weak bus
with load-shedding are activated. The reason behind these thresholds is due to the
selection of the filter, although it is expected to have a threshold of 0.8 as seen in
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6. Voltage Collapse Prevention

the 10-bus system. Due to time constraint and limitation in the scope of work, the
threshold will be assumed to be correct, but additional studies are needed for future
works.

6.3 Evaluation

6.3.1 Case 1: 3-Phase Branch Fault

Starting with case 1, the least severe disturbance, it is noticeable that no voltage
collapse occurred at 270s., and AVR set-points increased by 5% at generator buses
1012,1013,4071,4072 and 4011. No load-shedding was needed. Fig. 6.1, 6.2 and
6.3 show that the model is operating correctly. Looking at the filtered ISI, it is
noticeable that the oscillations are longer and the voltages are more stable to values
a bit lower than the value prior to the fault. The AVR-setpoint increase started
with the generators closest to the weakest buses. If the OEL is activated and the
ISI is still at an unacceptable level, the AVR setpoints of the next closest available
generators are activated. The simple algorithm is based on shortest distance and
if-conditions due to the small size of the power system.
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Figure 6.1: Case 1 with control model: Voltage and filtered ISI at bus 1041
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6. Voltage Collapse Prevention
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Figure 6.2: Case 1 with control model:Voltage and filtered ISI at bus 1044
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Figure 6.3: Case 1 with control model:Voltage and filtered ISI at bus 1045

Additionally, no major simulation events after 200s. are shown, i.e. no OEL timers
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6. Voltage Collapse Prevention

and no OLTC operations are activated. The increase of AVR setpoints is initiated
when the ISI is greater than 0.4. This decision is based on pure observation of the
oscillations and transients, and can’t be considered entirely correct.

6.3.2 Case 2: Generator Tripping

As already mentioned, case 2 is more severe compared to case 1, with a shorter time
course until collapse. It was shown that the voltage collapse occurred at around
115s. In this case, the AVR setpoints was not enough to prevent voltage collapse,
and load-shedding was used. it can be seen from Fig. 6.4, 6.5 and 6.6 that the ISI
indicators are stabilized after 250s. However the voltage levels went close to 1.4p.u,
and decreased after reaching at 1.2 p.u and load-shedding was terminated.
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Figure 6.4: Case 2 with control model:Voltage and filtered ISI at bus 1041
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Figure 6.5: Case 2 with control model:Voltage and filtered ISI at bus 1044
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Figure 6.6: Case 2 with control model:Voltage and filtered ISI at bus 1045

Furthermore, the stability can be realized from the angle deceleration compared to
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6. Voltage Collapse Prevention

the simulations without the control model. The load-shedding is observable in Fig.
6.7 and 6.8. The loads have been shedded twice, which are located at buses 1044 and
1045. Every time the shedding is activated, 35% of the total loads are shedded. This
may seem too severe, but it is important to remember that the tripped generator
was producing 630 MW. To bring back the balance between load and generation,
loads had to be reduced twice. The percentage value to shed loads with was based
on trial and error. A low percentage led to the increase in the loads shedding, i.e.
the loads were reduced too many times, and reached a value close to 0 p.u. On the
other hand, a percentage higher than 35% tend to extensively reduce a load at one
bus, or completely eliminate it. The goal is to shed loads at buses at or closest to the
weak bus. Additionally, load-shedding should occur at couple of buses to improve
the stability of the system. Therefore, 35% was decided to be the most acceptable
value.
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Figure 6.7: Case2 with control model: Active and reactive load power at bus 1044
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Figure 6.8: Case2 with control model: Active and reactive load power at bus 1045

6.4 Discussion

It was shown that the coordinated control proved to be able to prevent voltage
collapse in both cases. In the first case, the increase of the cascaded increase of the
AVR-setpoints prove to be enough to avoid voltage collapse, which was predictable
because the equivalent transmission impedance from the bus of interest point of
view has been increased, reflecting the weakening of the system. Also, the tripping
of other generators due to under-voltage relays were avoided and the fixed shunt
compensation available in the Nordic32 helped since an increase in voltage allowed
a generation of additional reactive power since it is proportional to the square of the
voltage. Furthermore, it has to be ideally done such that no over-voltage occurs at
any bus and no OEL is activated

In the second case, load-shedding proved to be essential, although it should be
considered as a last case scenario. The loads were shedded twice by 35% and located
at the weakest buses 1044 and 1045. However, tripping an important generator that
was producing 630MW proved to be severe, and load-shedding turned out to be the
only solution for the time being. However, although voltage collapse was avoided,
the voltage level at both buses 1044 and 1045 overshot and was above 1.2 p.u for a
small period of time, which should have been avoided.

The filtered ISI indicator proved to be acceptable in detecting voltage instability,
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6. Voltage Collapse Prevention

but it is not enough to show all of the weaknesses in the system. In [6],the TPSI
was highest at different buses, and loads were shedded at buses 42 and 46. It is
needed to combine different indicators in order to observe all of the weaknesses
in the system., and increase the robustness and efficiency of a coordinated control
of different generators, which also could lead to an increase in the computational
burden.

Finally, PSS/E is limited at some extent, especially that it is not possible to control
the OLTC of the transformers from the built model. It was planned that the OLTC
could be blocked for a certain period of time , or even reverse its operation.
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Conclusion and Future Work

7.1 Conclusions

It was focused on using indicators based on the network admittance matrix, and
continuous voltage and angle measurements. The motivation is also to compute the
thevenin impedances as efficient and as fast as possible. Following the measurements
and computations, the model is initiated based on different thresholds mentioned
in chapter 3, and the implementation of the model in PSS/E was considered to be
successful.

Furthermore, it can be concluded as follows:

o It was shown in the 10-bus system a good illustration of the impact of load
increase on the indicators and voltage stability. The ISI and VCSIscc proved
to give best result as opposed to the VCPI, which showed no change in case of
load increase. However, it was decided that only the ISI will be used for the
rest of the thesis.

o After evaluating the ISI in the Nordic32 system, the main observation is the
oscillations and transients of the indicator due to angle acceleration from dis-
turbances, like short-circuit fault or generator tripping. To overcome this
challenge, a filter was used to dampen the oscillations, which can’t be seen as
a proper solution, but assumed to be acceptable for this thesis due to time
constraint and scope of work limitations.

e The coordinated control method model was developed and implemented in
PSS/E with the ISI and OEL signals as inputs. The method is based on first
locating the weak buses, and then increasing the AVR set-points of the closest
synchronous generators. If the OEL is activated, the AVR set-points of the
next closest synchronous generators are increased, and so on. If the ISI is
greater than 0.5, the AVR set-points are increased, but load is shedded if it
is greater than 0.6. In the two cases that were presented in chapters 5 and 6,
the model successfully prevented the voltage collapse, although it cannot be
considered as a complete and a perfect system. Furthermore, the detection
of voltage instability and actions taken to avoid voltage collapse were done
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7. Conclusion and Future Work

in real-time, considering that dynamic simulations are equivalent to real-time
events. This is a selling point to the TSOs, who need fast actions to avoid
blackouts, and reliable indicators that reflect the power system health and
behaviour. This work is open to lots of investigations and optimization.

7.2 Future Work

There are different ways to continue and optimize the work. Suggestions are as
follows:
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o It is interesting to mention that there is a faster way to compute the thevenin

impedances. From [8], the network admittance matrix can be re-arranged and
only a matrix of non-voltage controllable buses can be inversed instead, i.e.
the inverse of 21 by 21 matrix is enough to obtain the thevenin impedances
instead of a 41 by 41 matrix. This way, different indicators can be used
to optimize the detection and prevention of voltage instability and collapse.
However, the matrices are now to become dynamic or varying. In case of
an OEL activation, the generator is no more able to control the bus voltage,
which consequently becomes a non=controllable bus or load bus. The size of
the matrix will therefore decrease or increase depending on the situation. This
is a big challenge for future work.

Optimize the calculation of the ISI and study its oscillations and transients,
and find a way to dampen them in a correct way that will reflect correctly the
state of the system.

It is advisable to find ways to control directly the OLTC, since they are cata-
lysts to voltage instability. Additionally, other corrective actions such as series
and shut FACTS devices can be implemented in the system to make it more
robust.

The model is designed only for the Nordic32, since it was assumed that the
network admittance is known. The model is sought to be universalized and
the network admittance should be built based on measurements.

Instead of using indicators, it was sought to find ways to link PSS/E to opti-
mization programs, such as GAMS. For example, after analyzing the situation
in the system, a program can calculate the optimum reactive power dispatch,
taking into account all of the limitations available in the system. Unfortu-
nately, the focus was directed to computing the thevenin impedances, which
was successful.
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10-Bus System Simulation Model

A

A.1 Steady-state system data

The tested model is an example from [4]. The base frequency is 60Hz and the system

base power is 100MVA. The data are follows:

« Transmission Line Data (in p.u on 100 MVA base)

Line R X B
111-112 0.000 | 0.0040 | 0.000
112-113(each) | 0.0015 | 0.0288 | 1.173
115-116 0.0010 | 0.0030 | 0.000

 Transformer Data (in p.u on 100 MVA base)

Transformer R X Winding 1 Ratio
T1 0.000 | 0.0020 0.8857
T2 0.000 | 0.0045 0.8857
T3 0.000 | 0.0125 0.9024
T4 0.000 | 0.0030 1.0664
Th 0.000 | 0.0026 1.0800
T6 0.000 | 0.0010 0.9937

e Transformer T6 OLTC parameters




A. 10-Bus System Simulation Model

o Shunt capacitors data

¢ Generation data

Controlled Bus Bus 117
Control Mode | Voltage control
Auto adjust taps Yes
Tap positions 33
Rlmax(p.u.) 1.1
Rlmin(p.u.) 0.9
Vmax(p.u.) 1.1
Vmin(p.u.) 0.9
Bus | MVAr
113 | 800
114 | 600
115 700

A.2

IT

Generator Bus | Machine power | Scheduled active | Xgource(P-0.) | Viomina(p-u.)
and Name base(MVA) power (MW)

Bus 211 G1 1400 1157 0.215 1.01

Bus 212 G2 2200 1736 0.215 0.9646

Bus 213 G3 | 6000 - 1 0.98

(Slack Bus)

Dynamic system data

G1 and G2 GENROU
Dynamic Model

"GENROU’ 1 4.1 0.03 0.56 0.0620 2.09 0 2.07
1.99 0.28 0.49 0.215 0.155 0.03 0.2~

G3 GENCLS

'GENCLS’ 1 0 0/

G1 SEXS Dynamic
Model

'SEXS’10.2105000 4.5/

G2 SEXS Dynamic
Model

'SEXS’10.2105000 4.5/

G1 MAXEX2 Dy-
namic Model

"MAXEX2141.02601.04 40 1.05 10 1 0.002
_1/

T6 OLTC Dynamic
Model

116 "OLTCI1T” 1171 30 0 5/




Coordinated control method

B

model

Table B.1: Model ICONs:VOLMAG function

ICONs | Value Description
F 41 Bus Index for VOLMAG function
F+1 42 Bus Index for VOLMAG function
F+2 43 Bus Index for VOLMAG function
F+3 46 Bus Index for VOLMAG function
F+4 47 Bus Index for VOLMAG function
F+5 51 Bus Index for VOLMAG function
F+6 61 Bus Index for VOLMAG function
F+7 62 Bus Index for VOLMAG function
F+8 63 Bus Index for VOLMAG function
F+9 1011 | Bus Index for VOLMAG function
F+10 | 1041 | Bus Index for VOLMAG function
F+11 | 1044 | Bus Index for VOLMAG function
F+12 | 1045 | Bus Index for VOLMAG function
F+13 | 2031 | Bus Index for VOLMAG function
F+14 | 4022 | Bus Index for VOLMAG function
F+15 | 4032 | Bus Index for VOLMAG function
F+16 | 4043 | Bus Index for VOLMAG function
F+17 | 4044 | Bus Index for VOLMAG function
F+18 | 4045 | Bus Index for VOLMAG function
F+19 | 4046 | Bus Index for VOLMAG function
F+20 | 4061 | Bus Index for VOLMAG function
F+21 | 1012 | Bus Index for VOLMAG function
F+22 | 1013 | Bus Index for VOLMAG function
F+23 | 1014 | Bus Index for VOLMAG function
F+24 | 1021 | Bus Index for VOLMAG function
F+25 | 1022 | Bus Index for VOLMAG function
F+26 | 1042 | Bus Index for VOLMAG function
F+27 | 1043 | Bus Index for VOLMAG function

ITT



B. Coordinated control method model

Table B.2: Model ICONs : VOLMAG function (Continued)

IV

ICONSs | Value Description

F+28 | 2032 | Bus Index for VOLMAG function
F+29 | 4012 | Bus Index for VOLMAG function
F+30 | 4021 | Bus Index for VOLMAG function
F+31 | 4031 | Bus Index for VOLMAG function
F+32 | 4041 | Bus Index for VOLMAG function
F+33 | 4042 | Bus Index for VOLMAG function
F+34 | 4047 | Bus Index for VOLMAG function
F+35 | 4051 | Bus Index for VOLMAG function
F+36 | 4062 | Bus Index for VOLMAG function
F+37 | 4063 | Bus Index for VOLMAG function
F+38 | 4071 | Bus Index for VOLMAG function
F+39 | 4072 | Bus Index for VOLMAG function
F+40 | 4011 | Bus Index for VOLMAG function




B. Coordinated control method model

Table B.3: Model ICONs : FLOW function

ICONs | Value Description

F+41 | 1044 Bus Index for FLOW function
F+42 | 4044 Bus Index for FLOW function
F+43 T Branch Index for FLOW function
F+44 | 1045 Bus Index for FLOW function
F+45 | 4045 Bus Index for FLOW function
F+46 T Branch Index for FLOW function
F+47 | 4041 Bus Index for FLOW function
F+48 41 Bus Index for FLOW function
F+49 T Branch Index for FLOW function
F+50 | 4042 Bus Index for FLOW function
F+51 42 Bus Index for FLOW function
F+52 1 Branch Index for FLOW function
F+53 | 4043 Bus Index for FLOW function
F+54 43 Bus Index for FLOW function
F+55 T Branch Index for FLOW function
F+56 | 4046 Bus Index for FLOW function
F+57 46 Bus Index for FLOW function
F+58 T Branch Index for FLOW function
F+59 | 4047 Bus Index for FLOW function
F+60 47 Bus Index for FLOW function
F+61 T Branch Index for FLOW function
F+62 | 4051 Bus Index for FLOW function
F+63 51 Bus Index for FLOW function
F+64 T Branch Index for FLOW function
F+65 | 4061 Bus Index for FLOW function
F+66 61 Bus Index for FLOW function
F+67 T Branch Index for FLOW function
F+68 | 4062 Bus Index for FLOW function
F+69 62 Bus Index for FLOW function
F+70 T Branch Index for FLOW function
F+71 | 4063 Bus Index for FLOW function
F+72 63 Bus Index for FLOW function
F+73 T Branch Index for FLOW function




B. Coordinated control method model

Table B.4: Model CONs

CONs | Value Description

G A ISIs filter time constant
G+1 5 AVR set-point increase rate (%)
G+2 | 2.9579 | Generator rated field current (p.u.)
G+3 | 3.6618 | Generator rated field current (p.u.)
G+4 | 1.8991 | Generator rated field current (p.u.)
G+5 35 Load shedding step (%)

Table B.5: Model STATESs

VI

STATEs | Value Description

S ISI filter STATE for bus 41
S+1 ISI filter STATE for bus 42
S+2 ISI filter STATE for bus 43
S+3 ISI filter STATE for bus 46
S+4 ISI filter STATE for bus 47
S+5 ISI filter STATE for bus 51
S+6 ISI filter STATE for bus 61
S+7 ISI filter STATE for bus 62
S+8 ISI filter STATE for bus 63
S+9 ISI filter STATE for bus 1011
S+10 ISI filter STATE for bus 1041
S+11 ISI filter STATE for bus 1044
S+12 ISI filter STATE for bus 1045
S+13 ISI filter STATE for bus 2031
S+14 ISI filter STATE for bus 4022
S+15 ISI filter STATE for bus 4032
S+16 ISI filter STATE for bus 4043
S+17 ISI filter STATE for bus 4044
S+18 ISI filter STATE for bus 4045
S+19 ISI filter STATE for bus 4046
S+20 ISI filter STATE for bus 4061




B. Coordinated control method model

Table B.6: Model VARs

VARs | Value description
D Internal voltage magnitude variable
D+1 Internal voltage angle variable
D+2 Internal active power variable (MW)
D+3 Internal reactive power variable (MVAr)
D+4 Internal reactive power variable (MVA)
D+5 Filtered ISI for Bus 41
D+6 Filtered ISI for Bus 42
D+7 Filtered ISI for Bus 43
D-+8 Filtered ISI for Bus 46
D-+9 Filtered ISI for Bus 47
D+10 Filtered ISI for Bus 51
D+11 Filtered ISI for Bus 61
D+12 Filtered ISI for Bus 62
D+13 Filtered ISI for Bus 63
D-+14 Filtered ISI for Bus 1011
D-+15 Filtered ISI for Bus 1041
D+16 Filtered ISI for Bus 1044
D+17 Filtered ISI for Bus 1045
D+18 Filtered ISI for Bus 2031
D-+19 Filtered ISI for Bus 4022
D-+20 Filtered ISI for Bus 4032
D+21 Filtered ISI for Bus 4043
D-+22 Filtered ISI for Bus 4044
D+23 Filtered ISI for Bus 4045
D+24 Filtered ISI for Bus 4046
D+25 Filtered ISI for Bus 4047
D+27 Bus constant power load (Output Channel)
D+28 Bus constant admittance load (Output Channel)
D+29 Bus constant current load (Output Channel)
D+30 Internal load shed timer
D431 Internal load shed timer
D+32 Internal load shed timer

In order to include the model in the .dyr file, the following should be written:
1, "'USRMSC’,"CORE’,512,0,74,6,21,33,ICON(F)-ICON(F+73),CON(G)-CON(G+5)/

Then, include CORE.dIl in simulation. It is important to know that all listed ICONs
and CONs are included in the .dyr file. Additionally, the model CORE.dIl needs
to be imported to PSS/E when running the simulation. Since Python is used, the fol-
lowing command is needed: psspy.addmodellibrary(r'Z:\Pathname \CORE.dII").

VII






C

Coordinated control method
model partial Fortran Code

The model was built using Intel Visual Fortran 2005 (Fortran), with the format .f90.
It is compile using PSS/E 34 Environment manager.

After writing the the model using Fortran, The output folder and name of the model
are chosen, and then the .f90 file is added under "User Model Fortran Source File’.
The compilation is then run by pressing on 'Compile+Create DLL’.

The model is specific to the Nordic32 since the numbers of ICONs must be listed,
although it was planned at first to universalize the model. Furthermore, the network
admittance matrix is known and written in the model. However, changes can occur
in the matrix from a change in the transformers on-load tap-changers or activation
of the OEL of generators.

Due to the length of the written code (54 pages), only partial codes will be shown
in the next page, related to matrix computation and part of the coordinated control
method.

IX



C. Coordinated control method model partial Fortran Code

CORE_NORDIC_3.f90Programmer's Notepad - CORE_NORDIC_3.f90

1815

1816 subroutine inverse (Y,invY,n)
IFunction to obtain Inverse of any invertible Matrix by factorizing and
solving

1817 complex,dimension(n,n) :: Y, invY

1818 complex,dimension(n,n) ::L, U

1819 complex,dimension(n) ::b, t, x

1820 complex ::coeff

1821 integer :: n,k,i,j

1822 ! step 1: forward elimination

1823

1824 L=CMPLX(0.0D@,0.0D0)

1825 U=CMPLX(©.0D0,0.0D0)

1826 b=CMPLX(©.0D0,0.0D0)

1827 do k=1, n-1

1828 do i=k+1,n

1829 coeff=Y(i,k)/Y(k,k)

1830 L(i,k) = coeff

1831 do j=k+1,n

1832 Y(i,3) = Y(i,])-coeff*Y(k,])

1833 end do

1834 end do

1835 end do

1836

1837 ! Step 2: prepare L and U matrices

1838 I' L matrix is a matrix of the elimination coefficient and the diagonal
elements are 1.0+3j0

1839 do i=1,n

1840 L(i,i) = cmplx(1,0)

1841 end do

1842 ! U matrix is the upper triangular part of A

1843 do j=1,n

1844 do i=1,3

1845 U(i,Jj) = Y(i,3)

1846 end do

1847 end do

1848

1849 ! Step 3: compute columns of the inverse matrix C

1850 do k=1,n

1851 b(k)=cmplx(1,0)

1852 t(1) = b(1)

1853 I Step 3a: Solve Lt=b using the forward substitution

1854 do i=2,n

1855 t(i)=b(i)

1856 do j=1,i-1

1857 t(i) = t(i) - L(L,3)*t(3)

1858 end do

1859 end do

1860 ! Step 3b: Solve Ux=t using the back substitution

1861 x(n)=t(n)/U(n,n)

1862 do i =n-1,1,-1

1863 do j=n,i+1,-1

1864 x(1)=(t(1)-U(,3)*x(3))/U(i,1)

1865 end do

1866 end do

1867 I Step 3c: fill the solutions x(n) into column k of C

1868 do i=1,n

1869 invy(i,k) = x(i)

1870 end do
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Figure C.1: Inverse Matrix Function, part 1
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1871 b(k)=cmplx(0,0)
1872 end do
1873 end subroutine inverse
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
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Figure C.2: Inverse Matrix Function, part 2
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861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

885
886

887
888
889
890
891
892
893

894

895

896

GENFIELD(15)<(CON(G+3)*1)).AND. (VREFCHECK (15)==0)))THEN
VREF (GENINDEXARRAY (15) )=GENVREF (15)*( (CON(G+1)/100)+1
) IAVR set point increase
VREFCHECK (15)=1
!Set check so the current
generator will not increase AVR set point again
WRITE ( ITERM, *
WRITE ( ITERM,
WRITE ( ITERM,

—

*
* "NORDIC32 SYSTEM COORDINATED
CONTROL METHOD'

WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(15), 'by', CON(G+1), '%', 'IN AREA 8'

WRITE ( ITERM, * )

WRITE ( ITERM, * )

ELSEIF (((GENOEL (16)==0).AND. (GENVREF (16)<1.1).AND. (

GENFIELD(16)<(CON(G+3)*1)).AND. (VREFCHECK(16)==0)))THEN

VREF (GENINDEXARRAY (16))=GENVREF (16)* ((CON(G+1)/100)+1
) IAVR set point increase

VREFCHECK (16)=1

ISet check so the current

generator will not increase AVR set point again

WRITE ( ITERM, *

WRITE ( ITERM,

WRITE ( ITERM,

—— —

x
* "NORDIC32 SYSTEM COORDINATED
CONTROL METHOD'
WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(16), 'by', CON(G+1), '%', 'IN AREA 8'
WRITE ( ITERM, * )
WRITE ( ITERM, * )
ELSEIF (((GENOEL(17)==0).AND. (GENVREF (17)<1.1).AND. (
GENFIELD(17)<(CON(G+3)*1)).AND. (VREFCHECK(17)==0)))THEN
VREF (GENINDEXARRAY (17))=GENVREF (17)* ((CON(G+1)/100)+1
) IAVR set point increase
VREFCHECK (17)=1
!Set check so the current
generator will not increase AVR set point again
WRITE ( ITERM, * )
WRITE ( ITERM, * )
WRITE ( ITERM, * ) 'NORDIC32 SYSTEM COORDINATED
CONTROL METHOD'
WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(17), 'by', CON(G+1), '%', 'IN AREA 8"
WRITE ( ITERM, * )
WRITE ( ITERM, * )
I'IN AREAS 5 and 8
ELSE
write(24,*) 'Cant proceed any longer'
END IF
END IF !AREA 1 END

IF (STATE(S+13) .ge. 0.4 .or. STATE(S+15) .eq. ©.4) then
IAREA 3

IIncrease AVR set points when an OEL is activated in AREA 8
IF (((GENOEL(8)==0) .AND. (GENVREF (8)<1.1).AND. (GENFIELD(8
)<(CON(G+4)*1)).AND. (VREFCHECK (8)==0))) THEN
VREF (GENINDEXARRAY (8) )=GENVREF (8)* ( (CON(G+1)/100)+1)
IAVR set point increase
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Figure C.3: Coordinated Control Algorithm first example
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897

898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931

932

VREFCHECK (8)=1
!Set check so the current
generator will not increase AVR set point again
WRITE ( ITERM, *
WRITE ( ITERM,

*
WRITE ( ITERM, *

—

"NORDIC32 SYSTEM COORDINATED
CONTROL METHOD'

WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(8), 'by', CON(G+1), '%' , 'IN AREA 3'

WRITE ( ITERM, * )

WRITE ( ITERM, * )

ELSEIF (((GENOEL(11)==0).AND. (GENVREF (11)<1.1).AND. (

GENFIELD(11)<(CON(G+4)*1)).AND. (VREFCHECK(11)==0)))THEN

VREF (GENINDEXARRAY (11))=GENVREF (11)*((CON(G+1)/100)+1
) IAVR set point increase

VREFCHECK (11)=1

!Set check so the current

generator will not increase AVR set point again

WRITE ( ITERM, * )

WRITE ( ITERM, * )

WRITE ( ITERM, * ) 'NORDIC32 SYSTEM COORDINATED
CONTROL METHOD'

WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(11), 'by', CON(G+1), '%', 'IN AREA 3'

WRITE ( ITERM, * )

WRITE ( ITERM, * )

ELSEIF (((GENOEL (4)==0).AND. (GENVREF (4)<1.1).AND. (

GENFIELD (1)< (CON(G+4)*1)).AND. (VREFCHECK (4)==0)))THEN

VREF (GENINDEXARRAY (4))=GENVREF (4)*( (CON(G+1)/100)+1)

IAVR set point increase
VREFCHECK (4)=1
ISet check so the current

generator will not increase AVR set point again

WRITE ( ITERM, *

WRITE ( ITERM, *

WRITE ( ITERM, *

NN

*NORDIC32 SYSTEM COORDINATED
CONTROL METHOD'

WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(4), 'by', CON(G+1), '%' , "IN AREA 2'

WRITE ( ITERM, * )

WRITE ( ITERM, * )

ELSEIF (((GENOEL(5)==0) .AND. (GENVREF (5)<1.1).AND. (

GENFIELD(5)<(CON(G+3)*1)).AND. (VREFCHECK (5)==0)))THEN

VREF (GENINDEXARRAY (5))=GENVREF (5)*((CON(G+1)/100)+1)

IAVR set point increase
VREFCHECK (5)=1
ISet check so the current

generator will not increase AVR set point again

WRITE ( ITERM, *

WRITE ( ITERM, *
WRITE ( ITERM, * "NORDIC32 SYSTEM COORDINATED

—

CONTROL METHOD'

WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENERATOR
(5), 'by', CON(G+1), '%', 'IN AREA 2'

WRITE ( ITERM, * )

WRITE ( ITERM, * )

ELSEIF (((GENOEL (10)==0).AND. (GENVREF (10)<1.1).AND. (

GENFIELD(10)<(CON(G+4)*1)) .AND. (VREFCHECK (10)==0)))THEN

VREF (GENINDEXARRAY (10))=GENVREF (10)* ( (CON(G+1)/100)+1
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Figure C.4: Coordinated Control Algorithm second example
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A system protection model against voltage collapse
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Abstract—This paper presents a novel method to prevent
voltage collapses in power systems based on real-time calculation
of Impedance Stability Index (ISI). In this method, the ISI can
be computed very fast by inverting the network admittance
matrix through LU-Decomposition. The real-time ISI calculation
is implemented in system protection model which is developed as
a “‘users-written model” in PSS/E. The model is able to detect
the possibility of a prominent voltage collapse and to perform
timely control actions to avoid voltage collapse. The control
actions that have been considered include modifications of set-
points of automatic voltage regulators (AVRs) of synchronous
generators and load shedding. A case study has been carried out
using the Nordic-32 test system. The study results have shown
that the model performs very well in term of both performance
of calculation of ISI and the successful deployment of control
measures to prevent voltage collapses.

Keywords—Voltage collapse, System protection model,
Impedance Stability Index (ISI), Load-shedding, Over-excitation
Limiter (OEL), Automatic voltage regulator (AVR).

I. INTRODUCTION

In power systems of today, more inverter-based renew-
able generation technologies [1], which own different and
faster dynamic responses as compared those of conventional
synchronous generators, are being integrated. This leads to
a high need to develop new methods to faster and more
efficiently assessing system stability which are needed if
we are to deliver a secured system operation in the future.
Different studies were conducted regarding computation of
voltage instability/collapse indicators in both steady-state and
real-time [2], [3],[4]. In [3], it was shown how the computation
of Impedance Stability Index (ISI) and VSCI (voltage stability
index based on short circuit capacity) were used to indicate
and mitigate voltage instability. However, the main challenge
in the computation of these indicators stem from the heavy
demand for computation of the Thevenin impedances. In [4],
the Thevenin impedances at only voltage-controllable buses,
such as generators, were computed in real-time in an efficient
way. This paper aims to develop a system protection scheme
against voltage collapse based on the ISI indicator computed
in real-time, which represents one main challenge since the
thevenin impedances must be computed as fast as possible.

The motivations behind real-time calculation of voltage
stability index are to help the system operator to:

e  Obtain good information on the power system condi-
tions

Le Anh Tuan
Department of Electrical Engineering
Chalmers University of Technology
41296 Gothenburg, Sweden
Email: tuan.le@chalmers.se

e  Act as fast as possible to increase the chances to save
the system

e  Minimize the amount of loads to be shed.

The increased knowledge on real-time assessment of volt-
age stability and protection will allow the transmission system
to be more intelligent, to operate more efficiently and the
energy resources in the system can be used in the most
economical way.

The principle of the system protection model is that, when
the ISI is found to be close to a certain threshold in real-time,
i.e. indicating that the system is close to a voltage collapse,
the system protection scheme (SPS) will be activated to send
the control signals to various control devices in the system,
such as synchronous generators reactive power re-dispatch,
set-points of On-Load Tap Changer (OLTC) transformers, con-
trols of HVDC/FACTS[5] and power-electronic converters of
renewable generation, modification of distance-relay settings,
under voltage load shedding, etc. The activation of Over-
Excitation Limiters (OELSs) of synchronous generators, voltage
measurements from OLTC transformers can also be used as
input signals in the SPS.

The main challenge is when, from where, and how many
changes that should be made to the controllers of the devices
that would be sufficient to save the system and drive the system
back to the secure condition from collapse. However, the first
task is how to identify a voltage collapse, and how to detect
if a system is converging towards it.

This paper aims to develop a coordinated control method of
different power devices (AVR set-points and Load-shedding) in
order to be able to prevent voltage collapse as fast as possible
based on Impedance stability index (ISI). It will be assumed
that voltages, currents and phases are measured in real-time
as fast as possible, and the simulations will be considered
accurate enough that the control method can be used in real life
projects or power systems. Additionally, it will be assumed that
the power systems, including generators, transformers, FACTS
devices and loads, are accurately modeled on PSS/E, and study
of transients and oscillations are out-of-scope.

The main contributions of the paper can be summarized as
follows:

e Development of a method for very fast calcula-
tion of impedance stability index based on the LU-
decomposition method [6].



e  Development of a user-defined model in Power System
Simulator for Engineering (PSS/E)[7][8][9] using For-
tran [10] for testing of algorithms for voltage collapse
prevention methods. This model is able to calculate the
ISI in real-time as opposed to the static calculation,
and then perform control actions accordingly. The
computation of the ISI was tested on the Nordic-32
test system [11]. The results are analyzed using Matlab
[12].

e  The developed model was tested using the Nordic 32-
bus system. The tests have shown that the method
works well in term of both performance of calcula-
tion of ISI and the successful deployment of control
methods to prevent voltage collapses.

The rest of the paper is organized as follows: Section II
presents the computation method of ISI and its evaluation.
Section III presents the proposed system protection model
based on real-time calculation of ISI. Section IV presents
the results of a case study using the Nordic-32 test system
when applying the system protection model to prevent voltage
collapse. Finally, the main conclusions from the study are made
in Section V.

II. COMPUTATION OF IMPEDANCE STABILITY INDEX
(ISI) BASED ON LU DECOMPOSITION AND ITS
EVALUATION

A. Impedance stability index (1SI)

This index is based on the maximum power transfer in a
circuit. Fig. 1 shows the thevenin equivalent circuit.

Et Vioad

ZThy

Z) 0ad

Figure 1: Thevenin equivalent circuit

From Fig.1 and using voltage divider rule and ohm’s law,
the load voltage and current can be calculated as:

ZLoad
Viead = By ——2Load 1
Load ¢ ZLoad + ZTh'U ( )
E
: 2)

[=— "t
ZLoad + ZThv

Using eq.(1) and eq.(2), the power dissipated by the load
is determined as follows:

ZLoad

Phons = Vianal 0088 = Bt e
oaa v

cosd (3)

From eq.(3), the maximum power transfer occurs when ¢CLead

= 0. The solution will be Z;oaq =Z7ny [13], which implies

that voltage instability critical point is reached when ISI=1

o |ZTh7)‘ _

I1S1 = =
|ZLoa,d|

“)

If ISI < 1, the voltage is considered stable, and unstable
otherwise.

One way to compute the ISI in real time is to invert the
network admittance matrix in order to obtain the equivalent
thevenin impedance of a bus of interest. To get the equivalent
load impedance, the fastest way is to first compute the equiv-
alent load power from eq.(5), then obtain its inverse, which is
multiplied by the voltage at the bus.

N
Sk =Vil = Vk[z Yi; Vi)™ (5

Jj=1

B. Inversion of Network Admittance Matrix

The presented algorithm to obtain the thevenin impedance
is by inverting the admittance matrix. For any n-bus system,
the network admittance matrix can be represented by an n x n
matrix as follows:

Yii Y12 Y13 .- Yin
Y = Y21 Y22 Y23 ... Yon
Yni Yn2  Yn3 oo Ynn

The thevenin impedances for all buses are the diagonal
elements of the matrix Z = Y~!. it is important to note that the
network admittance matrix must be updated based on different
changes that occur in a power system, such as adding the
impedance of the generator X, in case an OEL is activated,
or the turn ratio of an OLTC transformer changes.

The matrix can be inverted by computing the determinants.
If Y is a 2 x 2 matrix such that

Y = {yn y12}
Y21 Y22
. Y22 —Y12
Then Z = Y! = { }
et ) —yor  yn1

where A = y11 Y22 - Y21 y12 However, this method becomes
too exhaustive as the size of matrix increases. There is a better
and much faster way, based on simple ’solving’ algorithm
and factorization, also called LU’ decomposition.[6] The
motivation behind the factorization is due to the sparsity of
the admittance matrix in any power systems , i.e. the matrix
will contain many zero elements. Furthermore, for any n-bus
system, the matrix will always be a square one with non-zero
diagonal elements.

1) LU Decomposition: The first step in obtaining the
inverse of the admittance matrix is to decompose into a lower
and upper triangular matrix, such that:

[Y]=[L][U], where L is the lower triangular matrix and U
is the upper triangular matrix, where:



lor 1 0 0
L= 131 132 1 0
lnl ln2 lnS 1
U1 U2 U3 ... Uln
0 U2  U23 U2n
U= 0 0 Uuss U2p
0 0 0 ... Upp

It is important to notice that the diagonal elements of [L]
are equal to 1 and the LU decomposition is feasible only for
square invertible matrices with non-zero diagonal elements.
Fortunately, in any real-life n-bus system, the admittance
matrix will always be square, invertible or non-singular, with
non-zero diagonal elements.

Since [L][U]=[Y], and using matrix multiplication, it is
clear that the first row elements of [U] can be determined
straight forwardly, such that: wi1=y11, w12=Y12,-.., U1n=Y1n
because only the first element in the first row of matrix [L]
is non-zero and equals to 1. Furthermore, the elements of [L]
and [U] can easily be determined using the same concept by
iteration and by solving. For example, lo; X w11 = 21, but
u11 = Y11, then lyy = % It is good to notice that the equation
has only one unknown in it, and other quantities that were
already found in the previous equations. This pattern continues
until the last row. Similar factorization techniques exist, but the
LU decomposition is acceptable for the thesis.

2) Solve: After obtaining L and U, the next step is to solve
the a set of equations [Y][X]=[C], where [X] is the a matrix
of unknowns to be determined.

Since [Y] = [L][U], then: [L][U][X]=[C].

Multiplying ~ both  sides by [L]', we get
[LI'[L][UIX]=[L]'[C] Since [LI'[L] = [I], where [I]
is the identity matrix or

1 0 0 0
0 1 0 0
=10 0 1 0
0 0 O 1

then [IJ[U][X]=[L]"'[C] and
[L]'[C]=[T],we get:

[UIX]=[L]'[C]. Let

[L)[T] = [C] (6)
and
[U][X] = [T]. )

Therefore, we can solve first eq.(6) or [T], and then use
eq.(7) to calculate [X].

C. Evaluation of ISI

The algorithm for computing the ISI is evaluated in the
Nordic-32 test system. The single line diagram is built based
on a 1995 CIGRE report [11] and the loads are considered to

be moderate and will be completely converted into constant
current loads for simplicity as shown in Fig. 2.

A simulation study is done by tripping a generator at
bus 4042. In order to evaluate the indicator in the Nordic32
test system, data were obtained and processed in Matlab to
calculate the indicators. The simulation was run for a duration
of 500s. At 20s, the disturbance was applied, leading to the
activation of OEL, OLTC, distance relays and under-voltage
relays during the simulation.

In fact, tripping the generator at bus 4042 led to the
activation of OELs and OLTCs to bring back the voltages to
the acceptable ranges. However, the disturbance is harsh due
to the fact that an unbalance between load and generation was
created, and the tripped generator was considered to be a big
one. The voltage collapse occurs at 115s. and transients are
visible starting at 80s.

The case showed an expected performance of the ISI
indicators, and the trends were quite similar and showed that
buses 1041,1044 and 1045 are the weakest buses in the system,
as shown in Fig. 3 for bus 1044.

The rest of the results will be shown in Section V. It can be
said that the indicators follow the events occurring the system
after disturbance.

Additionally, the OLTCs and OELs are taken into account
in the computation of the thevenin impedance, including the
tripping of the lines, which modify admittance in the matrix.

The oscillations can also be explained from the voltage
angle oscillations or acceleration at bus 1044 [14]. It is im-
portant to mention that the angles are taken into account when
computing the indicators, and equivalent loads are computed
based on eq. (5).

Furthermore, the angle oscillations can be explained by the
transient and frequency instabilities [14] in the system after a
generator tripping occurs, which are out of scope of work.
Also, it is critical to mention that the equivalent loads seen
from these buses were calculated following eq.(5), which can
explain the oscillations.

After observation, although the computation was very fast,
it is crucial to find a way to average the ISI, or get rid of
the oscillations, in order to reflect the behavior of the system
so that the coordinated control method can be successful.
Therefore, it was decided to use a filter with high time constant,
and allow the devices to act based on certain ISI values, as
already shown in Fig. 4.

III. SYSTEM PROTECTION MODEL BASED ON ISI

Initially, the network admittance matrix is assumed to be
known and updated by monitoring the power system. The
voltage magnitudes and angles are measured at all buses, the
OELs are being monitored, the OLTC tap-changer positions
are observed by measuring the active power flow through the
transformers, as shown in eq. (8).
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Figure 3: ISI and Voltage at bus 1044

The control method of different devices to prevent voltage

collapse can be initiated after determining the indicator at
non-voltage controllable buses. With ISI taken into account,
if it reaches a certain value signaling voltage instability at any
non-controllable voltage bus, the AVR-setpoints are increased.
However, if ISI is greater than a value signaling voltage
instability close to collapse,and AVR-setpoints are not enough
to counter it, load-shedding is then activated at or close to
buses of interest. The applied algorithm is summarized in Fig.4
in a simplified way, which indicates that the prevention of
voltage collapse is initiated when ISI is greater than 0.5. This
value is not random, but is taken into account after analyzing
the ISI in the Nordic-32 test system before implementing the
model.

A. Implementation of Protection Model in PSS/E

The purpose of the method is to monitor the voltage
stability of the system during dynamic simulation, which can
be considered as real-time in order to be able to mitigate
voltage instability and prevent voltage collapse. The model
was developed in Fortran based on Fig. 4. The model is built
as a miscellaneous model since it is monitoring the whole
system and not controlling components in the system, and is
written in Intel Visual Fortran 2005 [10] as an .F90 file and
compiled using the PSS/E Environment manager to link it to
PSS/E libraries. The model is called from the .dyr file in the
interpreter or simulation script written in Python.

Measurement and

Network admittance SI Computation at

—> non-voltage

dispatch and controllable buses
continuous update
v \
If1SI <0.5 | | If1S1>0.5 | | If1SI>0.6 |

[ — Ly

Increase AVR-setpoints of the generators
located in the same area as the weakest
bus(es). If OELs are activated, increase
AVR-setpoints of the generators closest
to the area. Continue until all OELs are
activated. If ISI is still greater than 0.5,
start load-shedding

Load-shed at or close to
bus(es) of interest by 35%
when timer exceeds 10
seconds. When load is
shedded, timer is reset

Figure 4: Working Principle of System Protection Model

B. Setting of the Model

The first step is to measure the voltage magnitudes and
voltage angles of all buses, and the power flow in the OLTC
transformers in order to obtain correctly the tap changing
position. Since the network admittance matrix is assumed to
be know at the beginning of the simulation, it is imperative to
monitor if any changes occur in the system, such that tripping
of a line, OEL and OLTC. Afterwards, the matrix is inversed to
get the thevenin impedances, which are the diagonal elements
of the inversed matrix. After computing the ISI, its value is
analyzed. If it is greater than 0.5, the AVRs of the closest
synchronous generators to the weak bus are activated until
OELs are activated. On the other hand, if it is greater than
0.6, the AVRs of the closest synchronous generators to the
weak bus with load-shedding are activated. The reason behind



these thresholds is due to the selection of the filter, but due
to time constraint and limitation in the scope of work, the
threshold will be assumed to be correct, but additional studies
are needed for future works.

IV. CASE STUDY: RESULTS AND DISCUSSIONS
A. Description of Study Case

The SPS, described in section III, will be implemented
in the Nordic-32 bus system that was used in section II, and
the study case will be by tripping a 630MW generator at bus
4042. The dynamic models in the Nordic-32 bus system are
taken from [11]. Two simulations have been carried out for
the "moderate” loading condition [11]:

e the first one is conducted without implementing the
model

e the second one is conducted with the implementation
the model

Initially, it will be assumed that the network admittance matrix
is available, and being updated and modified during the whole
simulation in case there are changes, such as an OLTC action
or a line tripping. The voltage magnitude and angle are
constantly being monitored and the ISI is being computed in
real-time.

B. Results

The simple algorithm of the model is based on shortest
distance and if-conditions due to the small size of the power
system. After implementation, it is noticeable that no voltage
collapse occurred at 115s., and consequently prevented during
the whole simulation. The sequence of events that occurred
before implementing the model are shown in Table I, whereas
the sequence of events after implementing the model are
shown in Table II. As can be seen in Table I, the generator
at bus 4042 is tripped at 20.00 s. and OEL of generator at
bus 4043 is activated at 34.00 s. Different events leading to
voltage collapse are observed at different times, such as OLTC
actions and undervoltage tripping of generators. In Table II,
the generator at bus 4042 is tripped at 20.00 s, but voltage
collapse is avoided with the increase of AVR setpoints and
load-shedding.

It should be noted that when a generator is tripped, the
system will experience the frequency reduction. In the simula-
tions, the system frequency has been controlled and stabilized
by governors of the synchronous generators. There was no
problem with frequency after the tripping. Since the focus
of the paper is on voltage stability, the results on frequency
deviations are not presented here.

Table I: SEQUENCE OF EVENTS WITHOUT SYSTEM
PROTECTION MODEL

Bus Number Event Time (s.)
4042 Generator tripping 20.00

4043 Generator OEL action 34.00

All Transformers buses ~ OLTC actions 45.00-115.00
2032,4021,4041 Generators OEL actions 110.00
1043,4021,4041 undervoltage tripping of generators 100.00

All buses Voltage Collapse 115.00

Table II: SEQUENCE OF EVENTS WITH SYSTEM PRO-
TECTION MODEL

Bus Number Event Time (s.)
4042 Generator tripping 20.00

4043 Generator OEL action 34.00
1043,4041,4042,4047 AVR-setpoints increase by 5%  40.00-150.00
All Transformers buses OLTC actions 50.00-150.00
1044,1045 35% Load-Shedding 150.00
1044,1045 35% Load-Shedding 180.00

All Transformers buses ~ OLTC actions time > 190.00
1043,4041,4042,4047 AVR-setpoints increase by 5% time > 190.00
All buses Voltage levels stabilized time > 350.00

The AVR set-points increase started with the generators
closest to the weakest buses. If the OEL is activated and the
ISI is still at an unacceptable level, the AVR setpoints of the
next closest available generators are increased. However, they
were not enough to prevent voltage collapse, and load-shedding
was used. Fig. 5b, 6b and 7b show the voltage and “filtered”
IST levels of the buses 1041, 1044 and 1045 respectively after
implementation of the model, and it is observable that the ISI
indicators are stabilized after 250s and the voltage levels went
close to 1.4 p.u, and decreased after reaching at 1.2 p.u and
load-shedding was terminated, as opposed to Fig. 5a, 6a and
7a, which illustrate the voltage and and ISI levels of the same
buses 1041, 1044 and 1045 respectively before adding the
model. Moreover, the oscillations and transients in the voltages
were avoided and it can be seen that the ISIs stabilize after
250s approximately.

The load-shedding is observable in Fig. 8 and 9. The
loads have been shedded twice, which are located at buses
1044 and 1045. Every time the shedding is activated, 35% of
the total loads are shedded. This may seem too severe, but
it is important to remember that the tripped generator was
producing 630 MW. To bring back the balance between load
and generation, loads had to be reduced twice. The percentage
value to shed loads with was based on trial and error. A low
percentage, such as 10%, led to the increase in the loads
shedding, i.e. the loads were reduced too many times, and
reached a value close to O p.u. On the other hand, a percentage
higher than 40% tend to extensively reduce a load at one bus,
or completely eliminate it. However, the main goal is to shed
loads at buses at or closest to the weak bus, and load-shedding
should occur at couple of buses to improve the stability of the
system. Therefore, 35% was decided to be an acceptable value,
although a percentage of 25% could have been used.

C. Discussions

It was shown that the coordinated control proved to be
able to prevent voltage collapse. The cascaded increase of
the AVR-setpoints proved to be insufficient to avoid voltage
collapse. Load-shedding proved to be essential, although it
should be considered as a last case scenario. However, tripping
an important generator that was producing 630 MW proved to
be severe, and load-shedding turned out to be the only solution
for the time being. Although voltage collapse was avoided, the
voltage level at both buses 1044 and 1045 overshot and was
above 1.2 p.u for a small period of time, which should have
been avoided. The filtered ISI indicator proved to be acceptable
in detecting voltage instability, but it is not enough to show
all of the weaknesses in the system. It is needed to combine
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Figure 5: (a) Voltage and filtered ISI at bus 1041 without SPS.
(b) Voltage and filtered ISI at bus 1041 with SPS.

different indicators in order to observe all of the weaknesses
in the system., and increase the robustness and efficiency of a
coordinated control of different generators, which also could
lead to an increase in the computational burden.

V. CONCLUSIONS

This paper has developed a system protection model against
voltage collapse using ISI. The ISI has been efficiently com-
puted in real-time based on the network admittance matrix,
and continuous voltage and angle measurements. The system
protection model as developed in PSS/E with the ISI and OEL
signals treated as inputs.

The control measures are changing of AVR setpoints and
load shedding which are triggered by threshold of ISI. From
the simulation study, it can be concluded that the system
protection model performs as expected. However, there are
some challenges in applying the model which are related to
the oscillations and transients of the indicators as found in the
study case with the Nordic-32 test system.

These are mainly due to voltage angle variations caused by
disturbances. To overcome this challenge, a filter was used to
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Figure 6: (a) Voltage and filtered ISI at bus 1044 without SPS.
(b) Voltage and filtered ISI at bus 1044 with the SPS.

dampen the oscillation.

This should by no means be seen as the best solution, but
rather be an acceptable solution. More work can be further
done to improve the design of this filter.
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