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Abstract

The development towards increasing use of renewable energy sources and smart grid
applications represent a paradigm shift in power system operation. Due to the large share
of variable generation and more dynamic load patterns, operation conditions in the future
grid will change faster than today’s situation. This will render the grid less predictable and
consequently affect system operation, and voltage stability will undoubtedly remain one
of the major concerns. In this scenario, it is necessary to have new real-time monitoring
tools to timely identify operational limits in order to devise preventive and corrective
schemes to maintain security of operation.

Aiming at developing new online monitoring tools for power systems, the PhD project
has produced two methods to assess voltage stability in real time. Both are based on esti-
mation of the Thevenin impedance and consequently the maximum power transfer. The
first one estimates the Thevenin impedance by only local phasor measurements; mean-
while, the second approach obtains the Thevenin impedance by combination of system
topology and measurements from phasor measurement units (PMUSs). Although the sec-
ond method takes the system topology into its calculation, it requires only information
of the studied area, which is quite small since it is limited by boundary nodes. There-
fore, both proposed methods are suitable for online implementation. Through simulations
of the dynamic model of the Norwegian transmission system, the two algorithms result
in comparable estimations of the Thevenin impedance, and both successfully detect the
margin to voltage instability. In addition, with the topology-based method, it is able to
estimate the post-contingency Thevenin impedance in real time. Thanks to this capa-
bility, it is possible to issue early warning of impact of critical disturbances on voltage
stability, which is vital for the secure and reliable operation of power systems.

Apart from the estimation of the Thevenin impedance, the PhD work also introduces a
new indicator called S-Z sensitivity indicator (S-ZI) for online voltage stability monitoring.
The algorithm for the new indicator is simple and requires only PMU measurements of
voltage and current of the considered load. Since the S-ZI is computed directly from the
local phasor measurements, the method works robustly; it does not face any problems
with divergence as often experienced in other approaches. The proposed indicator also
shows a good performance in detecting the margin to the voltage stability limit, with both
simulation and real PMU data. In addition, the S-ZI also functions as a calibrating tool to
verify accuracy of the online estimated Thevenin impedance. Based on this new indicator
and the proposed algorithm for estimation of the Thevenin impedance, a prototype of
online voltage stability monitoring has been built and tested with live stream of PMU
data obtained from the Norwegian transmission system. The results from the tests at two
locations in the 420kV and 130kV networks have shown that the proposed methods have
performed very well with real measurements in power systems.

Additionally, a scheme for coordinated secondary voltage control for systems with



multiple VAr reserves has been introduced in the PhD project. The proposed scheme is
inspired by the concept of multi-agent system. Like an agent, the local controller takes on
the assigned tasks itself and contacts its neighbors for support when needed. The control
structure incorporates not only controllable VAr sources but also mechanically switched
capacitor banks and reactors, resulting in increased online reactive power reserves for
critical contingencies. The approach is suitable for areas with high penetration of FACTS
devices, distributed generation connected to power systems through voltage source con-
verters (VSCs), or VSC-HVDC systems. Moreover, the proposed scheme is also simple
and flexible in terms of coordination, implementation and expansion. Through simula-
tions, the control scheme has shown a good performance in coordinating reactive power
sources to obtain a flat voltage profile and sufficient reactive power reserves, not only in
normal operation but also under disturbance conditions.

vi



Table of Contents

Preface i
Acknowledgments iii
Abstract v
Table of Contents vii
List of Tables xi
List of Figures xiii
Abbreviations and nomenclature xvii
1 Introduction 1
1.1 Motivation . . . . . . ... 1

1.2 Main contributions . . . . . .. ..o Lo 3
1.3 List of publications . . . . . .. ... ... 4
1.4 Thesisoutline . . . . . . . ... 4

2 Review of voltage stability 7
2.1 Power system stability . . . . .. ... 7
2.1.1 Rotor angle stability . . . . . ... ... ... 00 8

2.1.2  Frequency stability . . . . .. .. ... o 9

2.1.3 Voltage stability . . . . . . .. ... o 9

2.2 Voltage stability phenomenon . . . . . . ... ... ..o 9
2.2.1 Definitions . . . . . ... 9

2.2.2 C(lassification and time scale of voltage stability . . . . . ... ... 10

2.3 Key features in voltage stability . . . . . ... ... 0oL 11
2.3.1  Generator . . . . . ... 11

2.3.2 Network . . . . . . . . 14

2.3.3 Load dynamics . . . . . . ... 18

2.4 Countermeasures against voltage collapse . . . . . . . .. . ... ... ... 20
2.4.1 Switching of reactive power compensation . . . . . ... ... ... 21

2.4.2 Blocking OLTC operation . . . . . . .. ... ... ... ...... 21

2.4.3 Actions on generation . . . . . .. ... ... 21

2.4.4 Undervoltage protection . . . . . . . ... ... ... 22

2.5 Voltage stability analysis . . . . . . ... ... 0L 23
2.5.1 Continuation power flow . . . . . . . .. ... 23

vii



viil

2.5.2 Steady state analysis . . . . . ... ... 26

2.6 Online voltage stability assessment . . . . . . . ... ... ... ... ... 28
2.6.1 Principle of Thevenin equivalent-based methods for online voltage
stability assessment . . . . ... ..o 28
2.6.2 Voltage instability predictor (VIP) . . .. ... ... ... ... .. 29
2.6.3 The CT method . . . .. .. ... ... ... .. ... .. ..... 31
2.7 Discussion on methods for voltage stability assessment in the literature and
online voltage stability monitoring . . . . . . . . ... ... 00 34
2.8 Major blackouts in power systems and the role of load curtailment based
on voltage instability indicators . . . . . . . . .. ... L. 35
2.8.1 Major blackouts in power systems . . . . .. ... ... ... 35
2.8.2 Role of load shedding based on voltage stability indicators . . . . . 37
Online voltage stability monitoring and protection based on local PMU
measurements 39
3.1 Estimation of the Thevenin impedance based on S-Z sensitivity: the S-Z
method . . . . .. 39
3.1.1 Estimation of the Thevenin impedance . . . . . .. ... ... ... 39
3.1.2  TImpact of the ratio Xop/Rrn  + o v o v v o i e 41
3.1.3 Impact of abrupt variations of the load current . . . . . . .. .. .. 42
3.2 S-7 sensitivity used as a new indicator for online voltage stability monitoring 42
3.2.1 S-Z sensitivity indicator (S-ZI) . . . . . .. ... 42
3.2.2  Early warning of voltage instability . . . . ... ... ... ... .. 45
3.3 Online voltage stability monitoring based on the Thevenin impedance and
S-Z1 o 46
3.3.1 Indicator based on the Thevenin impedance . . . .. .. ... ... 46
3.3.2  Applications of the S-Z1 . . . . . .. .. ... L. 46
3.3.3 S-ZI as an indicator for online voltage stability monitoring . . . . . 48
3.3.4 S-ZI as a validation tool . . . . . . ... ... L 48
3.4 Voltage instability protection and load shedding . . . . . .. ... ... .. 49
3.5 Signal filtering . . . . . . ..o 51
Online voltage stability monitoring based on system topology and pha-
sor measurements 55
4.1 The Thevenin impedance in power systems with large generation . . . . . . 55
4.1.1 Estimation of the Thevenin impedance . . . . . .. ... ... ... 55
4.1.2  Treatment of shunt compensation . . . . . ... ... ... ... .. 59
4.2  FEffect of active power dispatch on the Thevenin impedance . . . . . . . .. 60
4.2.1 TImpact of small generators on the Thevenin impedance . . . . . .. 60
4.2.2  Active power injection modeled as a reactance . . . . . .. ... .. 62
4.3 Topology- and PMU-based approach . . . . . . ... ... ... ...... 65
4.3.1 Introduction . . . . . . ... 65
4.3.2  Description of the topology- and PMU-based approach . . . . . .. 65
4.4 Real time estimation of the post-contingency Thevenin impedance . . . . . 68
4.5 Summary of the topology-based method . . . . .. .. .. ... ... ... 70
4.6 Remarks on impacts of shunt compensation . . . .. ... ... ... ... 72
4.6.1  Effect of shunt compensation on the Thevenin impedance . . . . . 72



4.6.2 Relation between the maximum power transfer and the peak load

power in highly overcompensated systems . . . . .. ... ... .. 72
5 Case study for online voltage stability monitoring 79
5.1 Case study on a 130 kV subsystem in the northern Norway . . . . . . . .. 79
5.2 Case study at the Hasle corridor . . . . . . . . .. ... ... ... ..... 84
5.2.1 Load increase . . . . . . . . . . ... 84
5.2.2  Load recovery after a line outage . . . .. . ... ... ... ... . 89
5.3 Prototype of online voltage stability monitoring - Vgp, . . . . . . 0 0 L L. 93
5.3.1 Results from the Hasle corridor . . . . . . . ... ... ... ... .. 95
5.3.2  Results from the Alta substation . . . ... ... ... ....... 108
5.4 Case study on the modified CIGRE Nordic32 test system . . . . . . . . .. 112
5.5 Load curtailment based on online voltage stability indicators . . . . . . . . 118
6 Coordinated secondary voltage control 121
6.1 Review of the secondary voltage control . . . . . . . . ... ... ... ... 121
6.1.1 Voltage control structure in power systems . . . . . . . . ... ... 121
6.1.2 Secondary voltage control . . . . . ... ... 123
6.1.3 Coordinated secondary voltage control . . . . . . . ... ... ... 125

6.2 A new scheme for coordinated secondary voltage control for systems with
multiple VAr reserves . . . . . . ... 127
6.2.1 Motivation for the proposed control scheme . . . .. ... ... .. 127
6.2.2  Overview of the proposed control scheme . . . . . . ... .. .. .. 128
6.2.3  Detail of controller design for controllable VAr sources . . . . . .. 130

6.2.4 Detail of controller design for mechanically switched shunt capaci-
tor/reactor . ... 134
6.2.5 Simulation results . . . . . . ... o 135
7 Conclusions and future work 143
7.1 Conclusions . . . . . . . . . 143
7.2 Future work . . . . . .. .. 145
References 147

Appendix A Dynamic models of the modified CIGRE Nordic32 test sys-
tem 155

X






List of Tables

1.1
2.1

4.1
4.2

Some voltage instability incidents with collapse in the past [1]. . . . . . .. 2
An example of fractional load exponents [14] . . . . .. ... ... ... .. 20
Maximum loadability and corresponding load impedance. . . . . . . . . .. 61
Load impedance and the Thevenin impedance at the nose point. . . . . . . 63

xi



xii



List of Figures

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

3.9

3.10
3.11

3.12

Classification of power system stability [12]. . . . .. ... ... ... ... 8
Voltage stability phenomena and time scale [1]. . . . . ... .. ... ... 11
Schematic diagram of AVR. . . . . ... ... ... L 12
Simplified generator capacity curve [14,19,20]. . . . . . . .. ... ... .. 13
Thermal limit of the field and armature windings [17]. . . . . . .. . . . .. 14
A two-bus system. . .. ..o 15
The well-known normalized PV curves. . . . . . ... ... ... ... .. 16
The QV curves. . . . . . . . . 18
Mlustration of impact of OLTC on voltage instability [14]. . . . . . . .. .. 19
Adjustment of generator’s output power to mitigate voltage instability. . . 22
Description of the continuation power flow method. . . . . . . . .. .. .. 24
Thevenin equivalent of power system seen at a load bus. . . . . .. .. .. 28
Voltage instability monitoring based on the Thevenin impedance [45]. . . . 30
Hlustration of maloperation of undervoltage protection [45]. . . . . . . . .. 31
Phasor diagram of voltages and current in Fig. 2.12 [47]. . . . . .. .. .. 32
Example of power system structure. . . . . . . . ... ... ... ... 37
The Thevenin equivalent circuit. . . . . . . . .. .. ... .. ... ..... 40
Impact of the ratio Xy, /Rrp, on the estimated Thevenin impedance. . . . . 42
Impact of deviation of load current on the estimated Thevenin impedance. 43
Sketch of another shape of the PV curve [50]. . . . . ... ... ... ... 43
Trajectories of the S-ZI with different Thevenin impedance. . . . . . . . . . 45

Trajectories of the S-ZI when load is approaching the voltage stability limit. 46
Magnitudes of the load impedance and the Thevenin impedance estimated
in real time; white curve: the load impedance; red curve: the Thevenin

impedance; . . . ... 47
Apparent power of the load and the maximum loadability estimated in real
time; white curve: load; red curve: the estimated loadability. . . . . . . .. 47

Performance of the S-Z sensitivity at a 420 kV bus; x-axis is magnitude
of load impedance, y-axis is the S-ZI (MVA/Q); the red point is the S-
ZI computed from phasor measurements and the thick blue curve is the
trajectory of the currently estimated Thevenin impedance. . . . . . . . .. 48
Estimated Thevenin impedances obtained from different algorithms. . . . . 49
Illustration of inaccurate estimation of the Thevenin impedance, verified
by the S-Z sensitivity. . . . . . . . ... o 50
Schematic diagram of voltage instability protection deployed at a substation. 51

xiil



Xiv

3.13 Voltage instability protection based on the S-ZI and Thevenin impedance;
Zry, is the Thevenin impedance, Z; is the load impedance and Z ¢ is the
load impedance of feeders. . . . . . . . ... oL

3.14 The S-Z sensitivity computed from raw data. . . . . . . . .. ... ... ..

3.15 Variations of the load impedance and apparent power during a period of
four seconds obtained from real PMU measurements; reporting frequency
is 50 data frames per second. . . . . . .. ...

3.16 The S-Z sensitivity (¢ = dSp/dZy) after filtering. . . . . . ... ... ...

4.1 A 3-bus system to illustrate the Thevenin impedance in systems with large
generation. . . . . . .. L
4.2 Equivalent circuit of the 3-bus system. . . . . ... ... .00 0.
4.3 The Thevenin equivalent circuit. . . . . . . . . . .. . ... ... ... ...
4.4 A 130 kV subsystem of the Norwegian transmission system. . . .. .. ..
4.5 Graphical illustration of the Thevenin impedance estimation. . . . . . . . .
4.6 A simple system to analyze the influence of dispatch of active power on the
Thevenin impedance. . . . . . . . . . . ...
4.7 The PV curves under different scenarios of active power injection at bus 2.
4.8 Model of active power limitation by an reactance. . . . . . . ... ... ..
4.9 The equivalent grid after applying the modeling reactance concept.
4.10 The estimated Thevenin impedance after applying the modeling reactance
for active power injection; the blue curve is load impedance, the red and

dashed curve is the Thevenin impedance and the green curve is load power.

4.11 The Nordic32 test system [60]. . . . . . . . . ... .. ... ...
4.12 Direct connection between A-P nodes and the considered load bus after the
simplification of the studied area. . . . . . . . .. .. .. ... ... ....
4.13 Tllustration of the Thevenin impedance estimation under contingency. . . .
4.14 A small system to demonstrate the post-contingency Thevenin impedance.
4.15 Performance of the post-contingency Thevenin impedance estimation. . . .
4.16 Flow chart of the proposed approach to online voltage stability monitoring
based on system topology and PMU measurements. . . . . . .. ... ...
4.17 A simple system with shunt capacitor. . . . . . .. ... ... ... ... .
4.18 A 2-bus system with static VAr compensator. . . . . .. . ... ... ...
4.19 The Thevenin impedance and load power when rated power of the SVC is
56 MVAT. . . .
4.20 The Thevenin impedance and load power when rated power of the SVC is
169 MVATr. . . . o
4.21 Load voltage and reactive output power when rated power of the SVC is
169 MVATr. . . .
4.22 PV curves to illustrate the trajectory of the operation point when the
system is highly overcompensated by the 169 MVAr SVC. . .. .. .. ..
4.23 Load power versus R and X.. . . . . . . ... ... ... ...
4.24 Load trajectory on the R-X. plane under SVC’s constant voltage control. .
4.25 Maximum power transfer condition curve and load trajectory under con-
stant voltage control. . . . . . . .. ... L

5.1 Simplified single line diagram of the studied 130 kV subsystem. . . . . ..
5.2 Voltage and the PV curve at bus 21 during the load increase period. . . . .

64

71

82



5.3
5.4
5.5
5.6
0.7

5.8

5.9

5.10
o.11

5.12

5.13

5.14
5.15

5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28

5.29

5.30

5.31

5.32

The Thevenin impedance seen at bus 21. . . . . . .. ... ... ... ... 82

Estimated maximum loadability at bus 21. . . . . . . ... ... ... .. 83
Trajectory of the S-ZI during the load increase period. . . . . . ... ... 83
The transmission system in the southern Norway [63]. . . . . . . . . .. .. 85
Voltage and the PV curve at the Hasle corridor when power transfer on
the corridor is increased until it crosses the maximum loadability. . . . . . 86
Thevenin impedance at the Hasle corridor when power transfer on the
corridor is increased until it crosses the maximum loadability. . . . . . . . 87
Estimated maximum loadability at the Hasle corridor when power transfer
on the corridor is increased until it crosses the maximum loadability. . . . . 88
Trajectory of S-ZI during load increase period at the Hasle corridor. . . . . 88
Estimation of the Thevenin impedance under contingency at the Hasle
corridor, obtained from the topology-based method. . . . . . .. ... ... 89
The Thevenin impedance at the Hasle corridor obtained from the S-Z and
CT methods during the load recovery period. . . . . ... ... .. ... .. 90
Estimated maximum loadability at the Hasle corridor obtained from the
topology-based, S-Z and CT methods in the load recovery case study. . . . 91
Trajectory of the S-ZI during the load recovery at the Hasle corridor. . . . 91
Variations of the apparent power between two consecutive measurements
at the Hasle corridor. . . . . . . . . . ... 92
Online voltage stability monitoring application V,,, at the Hasle corridor. . 93

The PMU Recorder Light (PRL) developed for the STRONg?rid project. . 94

Prototype of the online voltage stability monitoring Vj,, at the Hasle corridor 96
Snapshot of V,,,, at the Hasle corridor on Feb. 18, 2014.. . . . . .. . . .. 97
Snapshot of V,,, at the Hasle corridor on Mar. 19, 2014. . . . . .. .. .. 98
Snapshot of V,,, at the Hasle corridor on Mar. 28, 2014. . . .. .. .. .. 98
Snapshot of V,,,, at the Hasle corridor on Mar. 31, 2014. . . .. . ... .. 99
Snapshot of V,,,, at the Hasle corridor on Dec. 10, 2014. . . . . .. . . .. 99
Snapshot of V,,,, at the Hasle corridor on Dec. 15, 2014. . . . . . . .. .. 100
Snapshot of V,,,, at the Hasle corridor on Dec. 15, 2014. . . . . .. .. .. 100
Snapshot of V,,,, at the Hasle corridor on Feb. 11,2014.. . . . . .. .. .. 101
Snapshot of V,,,, at the Hasle corridor on Feb. 11, 2014.. . . . . .. .. .. 102
Snapshot of V,,, at the Hasle corridor on May 2, 2014; the red curve is

from the S-Z method, the green curve is from the CT method. . . . . . . . 103
Snapshot of V,,,, at the Hasle corridor on May 21, 2014; the red curve is

from the S-Z method, the green curve is from the CT method. . . . . . . . 104
Snapshot of V,,, at the Hasle corridor on Dec. 15, 2014; the red curve is

from the S-Z method, the green curve is from the CT method. . . . . . .. 104
Snapshot of V,,, at the Hasle corridor on Dec. 15, 2014; the red curve is

from the S-Z method, the green curve is from the CT method. . . . . . .. 105
Snapshot of V,,, at the Hasle corridor on Apr. 28, 2014; the red curve is

from the S-Z method, the green curve is from the CT method. . . . . . . . 105
Snapshot of V,,, at the Hasle corridor on Apr 29, 2014; the red curve is

from the S-Z method, the green curve is from the CT method. . . . . . . . 106
Online voltage stability monitoring at the 130 kV substation Alta . . . . . 109
Snapshot of V,,, at the 130 kV substation Alta on Dec. 18, 2014; the red

curve in graph 1 is the result from the S-Z method. . . . . . .. .. .. .. 110

XV



XVi

5.36
5.37
5.38
5.39
5.40
5.41
5.42

5.43

5.44
5.45
5.46
5.47

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

6.16

6.17
6.18

Estimated Thevenin impedance from the CT method at Alta substation. . 111

Single line diagram of the Nordic32 test system [60]. . . . . . . . . ... .. 113
Load recovery in the central area. . . . . . . . . . .. ... ... ... ... 114
S-7Z1 of all the loads in the central area. . . . . . . . .. ... .. .. ... .. 115
Thevenin impedance from the topology-based method as seen at bus 1041. 116
Thevenin impedances from the S-Z and CT methods seen at bus 1041. . . 116
Load power at bus 1041 when there is only load recovery at the monitored

bus. . .. 117
The Thevenin impedance and the load impedance at bus 1041 when there

is only load recovery at the monitored bus. . . . . . . . . ... ... ... 117
System performance when load 1 and 3 are curtailed. . . . . . . . ... .. 118
System performance when load 4 is curtailed. . . . . . . .. ... ... .. 119
System performance when load 5 is curtailed. . . . . . . .. ... ... .. 119
System performance when load 43 is curtailed. . . . . . . .. .. ... ... 119
Structure of voltage control in power systems. . . . . . .. ... ... ... 122
Sketch of block diagram of secondary voltage control. . . . . .. ... ... 124
Structure of coordinated secondary voltage control in power systems. . . . 126
Example of a subsystem with shunt compensators. . . . . . ... ... ... 129
One of possible control schemes for the system in Fig. 6.4. . . . . ... .. 130
A simplified primary controller of SVC. . . . . . . ... ... 0. 130
Control structure for controllable VAr reserves. . . . . . . . ... ... .. 132
Logic to obtain support from the neighboring controllers. . . . . . . . . .. 133
Logic to lower support from the neighboring controllers. . . . . . . . .. .. 133
Criterion to decide the state of lack or surplus of reactive power reserve. . . 134
Algorithm of the Incoming Support Handler block (ISH). . . . .. ... .. 134
Control logic for capacitor bank. . . . . . . . ... ... 135
A 5-bus system and the coordinated control scheme. . . . . . . . .. .. .. 136
Five-bus system’s performance during load variation. . . . . ... ... .. 137
Voltage and SVC’s susceptance in the five-bus system without coordinated

control. . . . L 138
The simplified 420 kV system in the southern part of Norway and its co-

ordinated control scheme. . . . . . ... ... 0oL 139
The 420 kV system performance during the test. . . . . . . . .. ... ... 140
Voltage and SVC susceptance without the coordinated control. . . . . . . . 141



Abbreviations and nomenclature

Abbreviations
AGC Automatic generation control
A-P A bus type with positive net active power injection
AVR Automatic voltage regulator
CT The name of a method to estimate the Thevenin impedance [47]
EHV Extra-high voltage
FACTS Flexible AC transmission system
HVDC High voltage direct current
IED Intelligent electronic device
ISI Impedance stability index
LTC Load tap changer
MSC Mechanically switched capacitor
OLTC Onload tap changer
OXL Overexcitation limiter
PDC Phasor data concentrator
PMU Phasor measurement unit
PRL PMU Recorder Light
S-7Z1 S-7Z sensitivity indicator
STATCOM Static synchronous compensator
SVC Static VAr compensator
TCR Thyristor-controlled reactor
TSC Thyristor-switched capacitor
Vapp The prototype of online voltage stability monitoring
VIP Voltage instability predictor
VSC Voltage source converter

Xvii



Symbols

Thevenin voltage, ET;L = Erpe + jErn:

ETh

I Current, I= L.+ 31

D Normalized active power

P Active power

q Normalized reactive power

Qerit Normalized reactive power at the critical point of the QV curve
Q Reactive power

S Apparent power, S = /P2 + ()2

S Apparent power as a complex number, S = P + jQ

v Normalized voltage, v = V/Erp,

Verit Normalized voltage at the critical point of the QV curve
1% Voltage, V =V /5§ =V, + jV;

Va Voltage drop on the Thevenin impedance

Z; Load impedance of feeder(s)

Zr Load impedance, Z; = Z; /¢ = Ry + j X1

ZTh Thevenin impedance, ZTh = ZThAO[ = RTh + ]XTh

Q@ Phase angle of the Thevenin impedance

15} Angle between the Thevenin voltage and load current
) Voltage angle

¢ S-Z sensitivity, ¢ = dS/dZ

0 Angle between Zp;, and Z,

K Load parameter in the continuation power flow method
10) Power factor angle

n Left eigenvector matrix

A Eigenvalue

¢ Right eigenvector matrix

A Diagonal eigenvalue matrix

Xviil



Chapter 1

Introduction

This chapter starts with the need for online voltage stability monitoring in power systems
at the present time and in the foreseeable future. That is also the main motivation for
the PhD work. In the next section, main contributions of the PhD project are presented.
It is then followed by a list of publications, which have been produced during the period
of the PhD project. Finally, the chapter is closed with an outline of the thesis.

1.1 Motivation

Among other stability problems in power systems, voltage stability remains one of the
major concerns. Depending on a particular operation condition, load characteristics and
other factors, voltage instability can lead to a system collapse or blackout, which can
affect millions of customers. Indeed, several voltage collapse incidents around the world
have been observed as listed in Table 1.1 [1]. An early incident took place in France in
1965, but most of the events occurred in the 1980s. In addition, voltage collapse has
been experienced in USA [2,3] and southern Sweden and eastern Denmark [4] in 2003. In
the same year, it was also observed that voltage instability contributed to the blackout
in the Italian power system [3,5-7]. Although significant investments have been made
to strengthen the power networks and many measures have been taken in both planning
and operation stage, the grid is still vulnerable to stability problems. Recent blackouts
in India in 2012 [8] and Turkey in 2015 [9] indicate that more work needs to be done to
secure reliable operation of power systems.

Although operation of power systems was very well planned, unexpected disturbances
and other factors have pushed the system out of their limits and finally led to interruption
of power supply. Under condition of high penetration of renewable energy sources, concern
about stability problems of power systems is growing. Due to its variable characteristics,
the renewable generation can cause fast changes of operation condition, which can go
beyond the worst scenarios identified in the planning stage. Under these circumstances,
it is necessary to have good monitoring tools, which are able to properly detect operational
limits in real time. These tools are needed for timely remedial actions to maintain secure
and reliable operation of the grid.

Recently, the smart grid has attracted huge attention from researchers and stakehold-
ers in the power industry. It is widely acknowledged that in the future smart grid, the
distribution network is no longer passive; it will become more and more active. This shift
requires better coordination between the transmission and distribution networks in order



Chapter 1. Introduction

Table 1.1: Some voltage instability incidents with collapse in the past [1].

Date

Location

Time frame

13 April 1986

Winnipeg, Canada. Nelson
River HVDC link

Transient, 1 sec.

30 Nov. 1986 SE Brazil, Paraguay. Itaipu Transient, 2 sec.
HVDC link

17 May 1985  South Florida, USA Transient, 4 sec.

22 Aug. 1987 Western Tennessee, USA Transient, 10 sec.

27 Dec. 1983  Sweden Longer term, 55 sec.

02 Sept. 1982 Florida, USA Longer term, 1-3 min.

26 Nov. 1982  Florida, USA Longer term, 1-3 min.

28 Dec. 1982  Florida, USA Longer term, 1-3 min.

30 Dec. 1982
22 Sept. 1977

Florida, USA
Jacksonville, Florida

Longer term, 1-3 min.
Longer term, few min.

04 Aug. 1982 Belgium Longer term, 4.5 min.
12 Jan. 1987  Western France Longer term, 6-7 min.
09 Dec. 1965  Brittany, France Longer term

10 Nov. 1976  Brittany, France Longer term

23 July 1987  Tokyo, Japan Longer term, 20 min.
19 Dec. 1978  France Longer term, 26 min.
22 Aug. 1970 Japan Longer term, 30 min.

to secure operation of the power system as a whole. In this context, remedial actions can
be taken at the distribution level to alleviate critical operation conditions in the transmis-
sion system. To achieve this goal, there is a need for online indicators that can detect the
margin to operational limits in the transmission network. These indicators are then used
to determine effective and timely countermeasures in the distribution grid. Regarding
this issue, real-time indicator for voltage stability monitoring is one of the indispensable
tools, not only for the present but also for the foreseeable future.

Additionally, in order to meet the growing demand, especially potentially massive
influx of electric vehicles in the years to come, the grid needs to be expanded and upgraded.
To reduce the cost, resources of power systems are expected to be better utilized. Hence,
it is expected that power systems are about to be operated closer to their limits, in which
voltage stability is one of the active constraints. In order to obtain higher utilization of
the grid, system operators need good awareness of the system’s operational limits in real
time. This requirement encourages researchers to develop new monitoring tools for online
applications. In response to this, the project “Smart transmission grid operation and
control” (STRONg?rid) funded by Nordic Energy Research was launched in 2011. Among
other objectives, “this project seeks to develop better tools for addressing the increasing
need to move electricity across national borders” and “develop a solid interdisciplinary
theoretical foundation supporting development of better tools for planning, operation and
control of power grids interconnected across traditional national boundaries and at various
voltage levels” [10].

Motivated by the need for online monitoring tools for power systems as mentioned
above and in combination of pursuing the objectives of the STRONg?rid project, the PhD
work focuses on developing new online indicators for voltage stability monitoring, which
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utilizes PMU measurements to properly detect voltage stability limit in both transmission
and sub-transmission systems. In addition, the PhD study also aims at developing a
scheme for coordinated secondary voltage control, which is able to keep voltage in the
controlled area within the permissible band and to maintain a sufficient dynamic VAr
reserves for fast remedial actions against voltage collapse.

1.2 Main contributions

The main contributions of the PhD work are as follows:

e Development of two new methods to estimate, in real time, the Thevenin impedance
in power systems seen at a load bus. This impedance is the key parameter for the
online voltage stability assessment.

— The first algorithm is model-free; it requires only phasor measurements of
voltage and current of the considered load.

— Unlike the first one, the second approach utilizes both information of system
topology and phasor measurements.

e Proposition to a novel indicator for online voltage stability monitoring. The indi-
cator is computed directly from phasor measurements of voltage and current of the
considered load and works properly in any loading condition.

e Estimation of the Thevenin impedance under contingency in real time. This post-
contingency impedance reflects impacts of disturbances on voltage stability at the
current operating point.

e Introduction of a new tool to verify the online estimated Thevenin impedance.
Thanks to a significant amount of research on voltage stability, several methods
to estimate the Thevenin impedance in real time have been proposed. However,
accuracy and performance of these algorithms can vary. In normal operation, all
the estimated values can be claimed reasonable as long as they are smaller than
the load impedance. However, at one instant of time, the Thevenin impedance seen
at the same observation location in the grid is unique. Addressing this issue, an
approach has been proposed in the PhD project; it functions as an online calibrating
instrument to validate the Thevenin impedance estimated by different algorithims.

e Formation of a load curtailment scheme to prevent voltage instability. The method-
ology secures selectivity of the load shedding. In addition, it also avoids excessive
load curtailment with respect to voltage instability.

e Development of a new scheme for coordinated secondary voltage control for systems
with multiple VAr reserves. Objectives of the control scheme are to avoid voltage
violation, both in normal operation and after disturbances, to keep sufficient reac-
tive power reserve of fast-acting compensators available for other functions, and to
improve voltage stability in critical contingencies.

e Enhanced understanding of the Thevenin impedance in power systems and the re-
lationship between the Thevenin impedance, the maximum power transfer theorem
and the peak power of the load when the system is highly overcompensated.
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1.3 List of publications
The main contributions in this thesis are presented in the following publications:

Publication A. Dinh Thuc Duong and Kjetil Uhlen, “S-Z Sensitivity: an Indicator and
a Tool for Online Voltage Stability Monitoring,” submitted to the IEEE
Transactions on Power Systems.

Publication B. Dinh Thuc Duong, Kjetil Uhlen, Glauco Nery Taranto and Stig Lgvlund,
“A comparative case study of online voltage instability monitoring,” in
Proc. Conf. PowerTech 2015, Eindhoven, Netherlands, 2015.

Publication C. Dinh Thuc Duong, Lester Kalemba, Kjetil Uhlen and Stig Lgvlund, “A
Scheme for coordinated secondary voltage control for systems with mul-
tiple VAr reserves,” in Proc. Conf. Innovative smart grid technologies

North Amarica ISGT 2015, Washington D.C., USA, 2015.

Publication D. Dinh Thuc Duong, Kjetil Uhlen and Stig Lgvlund, “A method for real
time voltage stability monitoring in sub-transmission networks,” in Proc.
Conf. Power Systems Computation PSCC2014, Wroclaw, Poland, 2014.

Publication E. Dinh Thuc Duong and Kjetil Uhlen, “Analysis of impacts of SVC on
voltage collapse mechanism and maximum loadability,” in Proc. Conf.
International Conference and Utility Exhibition on Green Energy for Sus-
tainable Development ICUE 2014 , Pattaya, Thailand, 2014.

Publication F. Dinh Thuc Duong and Kjetil Uhlen, “Online voltage stability monitoring
based on PMU measurements and system topology,” in Proc. the third
International Conf. FElectric Power and Energy Conversion Systems, Is-
tanbul, Turkey, 2013.

In addition, the PhD project has produced another publication, which is not included in
the thesis:

Publication G. Dinh Thuc Duong, Kjetil Uhlen and Erik Alexander Jansson, “Estimation
of Hydro Turbine-Governor System Transfer Function from PMU Mea-
surements,” presented at the PES General Meeting 2016, Boston, USA,
2016.

1.4 Thesis outline

The first chapter of the thesis, Chapter 1, presents the motivation for the PhD work. It
is followed by the summary of the main contributions of the research carried out during
the PhD project period. The chapter ends with the list of publications and the outline of
the thesis.

Chapter 2 reviews the literature on voltage stability phenomenon in power systems.
First, an overview of power system stability is presented. Then, the voltage stability
phenomenon is described in the next section. It is followed by the next two sections,
addressing key factors involved in voltage instability and countermeasures against voltage
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collapse. Next, the continuation power flow method and steady state analysis of volt-
age stability are presented. The chapter continues with the review of some well-known
methods, which have been proposed for online voltage stability assessment before a brief
summary of major blackouts in power systems is made and the role of load shedding based
on voltage stability indicators is discussed at the end of the chapter.

Chapter 3 starts with a new method to estimate the Thevenin impedance based on
local PMU measurements. In the next section, a new indicator for voltage stability
assessment is presented. Based on these tools, applications for online voltage stability
monitoring scheme are introduced, followed by a scheme for voltage instability protection
based on load curtailment. The chapter ends with a brief description of signal filtering.

Chapter 4 introduces another approach to estimate the Thevenin impedance in power
systems. First, systems with only large generation is considered. Then, the analysis is
carried out to explore the impact of small generators on the Thevenin impedance. Based
on this, a concept of modeling active power injection by a reactance is proposed. It
paves the way for development of a method for online voltage stability monitoring based
on system topology and PMU measurements. Finally, remarks on the impact of shunt
compensation on the Thevenin impedance and maximum power transfer are presented.

Chapter 5 shows a performance of all of the proposed approaches in the case study,
which includes the studies on a 130 kV sub-system in the northern Norway, the main
420 kV corridor between Norway and Sweden, and the Nordic32 test system.

Apart from the topic on online voltage stability monitoring, Chapter 6 concentrates
on the coordinated secondary voltage control. The chapter starts with a review of litera-
ture on the secondary voltage control before it introduces a new scheme for coordinated
secondary voltage control. Finally, the simulation results are presented.

After all of the research work is presented, conclusions are drawn in Chapter 7, where
a discussion about the entire thesis and future work are also presented.
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Chapter 2

Review of voltage stability

This chapter presents the background to voltage stability in power systems, which is the
main research area of the PhD project. First, a definition of stability in power systems
is presented. It is followed by an in-depth analysis of voltage stability phenomenon.
Then the chapter continues with key features in voltage stability. In the next section,
countermeasures against voltage collapse are presented, followed by well-known meth-
ods for steady-state voltage stability analysis. The chapter goes on with state-of-the-art
approaches for online voltage stability monitoring and ends with a summary of major
blackouts in power systems and a discussion of the role of load shedding based on real-
time voltage stability indicators.

2.1 Power system stability

Since operation of the first complete electric power system in September 1882 [11], power
systems have expanded significantly and become highly complex electrical networks, con-
sisting of an enormous number of electrical components. Along with interconnections
among power systems and penetration of renewable generation, the rapidly growing num-
ber of applications based on power electronics in the modern grid, like HVDC and FACTS
devices, has contributed to the increase in system complexity. In order to supply energy
to loads continuously and reliably, power systems must be stable under various operating
conditions and subject to a range of disturbances. This requirement poses huge chal-
lenges. Therefore, power system stability continues to be of high interest. To analyze
this issue, it is necessary to have a practical definition of stability in the grid. According
to [12], power system stability is defined as:

“Power system stability is the ability of an electric power system,
for a given initial operating condition, to regain a state of operat-
ing equilibrium after being subjected to a physical disturbance, with
most system variables bounded so that practically the entire system
remains intact.”

Although the main subject of this section is voltage stability, this phenomenon is inter-
related to other stability problems. Therefore, it is necessary to have an overview of all
stability issues in power systems. Mathematically, stability has a single precise definition,
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but from a practical point of view, power system stability can be classified into different
categories as shown in Fig. 2.1. This classification [12] is based on the following aspects:

e The physical nature of the phenomenon that leads to instability, as indicated by the
main system variable in which instability can be observed.

e The size of the disturbance considered, which influences the preferred method for
analyzing the problem.

e The time span and modeling details that must be taken into consideration in order
to assess stability.

Power system

stability
Rotor angle Frequency Voltage
stability stability stability
Small-disturbance Transient Large-disturbance| [Small-disturbance
angle stability stability voltage stability || voltage stability
| Short term | | Short term || Long term || Short term || Long term |

Figure 2.1: Classification of power system stability [12].

2.1.1 Rotor angle stability

In Fig. 2.1, the first stability category is rotor angle stability. This issue is related to the
synchronism of generators in interconnected systems. In normal operation, the generator
is synchronous to the grid; but the synchronism can be lost after the machine is subjected
to a disturbance. To carry out in-depth analysis of the nature of rotor angle stability,
it is convenient to divide the phenomenon into two categories: small-disturbance angle
stability and transient stability. A disturbance is considered as small if it allows linearized
system models to be used in the analysis with permissible errors. Regarding this kind
of stability, the main concern in modern power systems is low damped or un-damped
power oscillations. The oscillation can be local, where local generators oscillate against
the system or against each other, or inter-area, where one group of generators oscillates
against other distant groups. In contrast to the small disturbance stability, transient
stability is associated with large disturbances like short circuits, which can lead to loss
of synchronism. Both small disturbance and transient stability are considered as short
term stability since they have the time spans ranging from 10 to 20 seconds and 3 to 5
seconds (maybe up to 10 to 20 seconds for very large systems with dominant inter-area
swings [12]), respectively.

8
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2.1.2 Frequency stability

Frequency is an indicator for continuous active power balance in the grid. The frequency is
unchanged if generation is equal to consumption (including losses); it will go up when the
dispatched generation is larger than the consumption and it will go down if the relation
between generation and consumption is opposite.

Short-term frequency instability is related to the deficiency of active power of an
island system with insufficient underfrequency load shedding such that frequency decays
rapidly and leads to blackout within a few seconds. On the other hand, more complex
situations, in which frequency instability is caused by steam turbine overspeed controls or
boiler /reactor protection and controls, are longer-term phenomena with the time frame
of interest ranging from tens of seconds to several minutes [12].

2.1.3 Voltage stability

Voltage stability is the main focus of the PhD work. This issue is presented in detail in
the next section.

2.2 Voltage stability phenomenon

2.2.1 Definitions

Voltage stability is a complex phenomenon, which involves dynamic characteristics of
power system components. Depending on the point of view, voltage stability can be
interpreted by different definitions. In [14], voltage stability is not defined, but a definition
of voltage instability is given instead, as:

Voltage instability stems from the attempt of load dynamics to
restore power consumption beyond the capability of the combined
transmission and generation system.

This definition encompasses key factors involved in voltage instability. Here, the main
actors in the phenomenon are load dynamics, capacity of the transmission network and
generation. The definition is further elaborated as [14]:

e Voltage: the phenomenon is manifested in the form of large uncontrollable voltage
drops at a number of network buses.

e [nstability: having crossed the maximum deliverable power limit, the mechanism of
load power restoration becomes unstable, reducing instead of increasing the power
consumed. This mechanism is the heart of voltage instability.

e Dynamics: any stability problem involves dynamics. These can be modelled with
either differential equations (continuous dynamics), or with difference equations
(discrete dynamics).

e Loads are the driving force of voltage instability. Note, however, that loads are not
the only players in this game.
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e Transmission systems have a limited capacity for power transfer, as well known
from circuit theory. This limit (as affected also by the generation system) marks
the onset of voltage instability.

e (leneration: generators are not ideal voltage sources. Their accurate modelling
(including controllers) is important for correctly assessing voltage stability.

Alternatively, the Cigre Task Force 38-02-10 [15] considers the power system as a dynamic
system and embraces definitions of stability for dynamic systems. From this point of view,
several aspects of voltage stability are defined as follows:

o Small-disturbance voltage stability:

A power system at a given operating state is small-disturbance
voltage stable if, following any small disturbance, voltages near
loads are identical or close to the pre-disturbance values. (Small-
disturbance voltage stability corresponds to a related linearized dy-
namic model with eigenvalues having negative real parts. For anal-
ysis, discontinuous models for tap changers may have to be replaced
with equivalent continuous models.)

e Voltage stability

A power system at a given operating state and subject to a given
disturbance is voltage stable if voltages near loads approach post-
disturbance equilibrium values. The disturbed state is within the
region of attraction of the stable post-disturbance equilibrium.

e Voltage instability

Voltage instability is the absence of voltage stability, and results
in progressive voltage decrease (or increase). Destabilizing controls
reaching limits, or other control actions (e.qg., load disconnection),
however, may estalish global stability.

e Voltage collapse

Following voltage instability, a power system undergoes voltage col-
lapse if the post-disturbance equilibrium voltages near loads are be-
low acceptable limits. Voltage collapse may be total (blackout) or
partial.

2.2.2 Classification and time scale of voltage stability

As shown in Fig. 2.1, voltage stability is categorized as a large- and small-disturbance
phenomenon. The large-disturbance stability considers the effect of large disturbances
such as outage of generators, faults and changes of network topology on voltage stability
of power systems. On the other hand, small-disturbance stability is related to impact
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of small perturbations, like load increase, on the system’s capability to maintain voltage
stability.

Regarding the time scale, voltage stability may be divided into two categories: tran-
sient or short term and long-term stability as illustrated in Fig. 2.2. The former has
the time response about several seconds, and the latter can vary from several seconds to
many minutes, typically two to three minutes [1].

Transient voltage stability involves fast acting components, such as induction ma-
chines, generator excitation, SVCs, HVDC substations and protective relays, which may
cause a sudden increase or loss in reactive power. The long-term instability on the other
hand is influenced by several factors. After the system survives the transient voltage sta-
bility, slow load recovery and operation of OLTCs can cause more stress on the network.
During this period, the system operation goes through critical phases under condition of
highly complex reactions and interactions among electrical components, intervention of
system operators and other factors.

Transient voltage stability Long-term voltage stability
Induction Motor Dynamics Load/Power transfer increase
Generator/Excitation Dynamics LTC Transf. & Dist. Voltage Reg.
Prime mover control Load diversity/Thermostat
Mech. switch capacitors/reactors Excitation limiting Gas Turbin start-up
Undervoltage load shedding Power plant operator
SVC Generation change/AGC
Generator initial dynamics Boiler dynamics Line/Transf. overload
DC DC converter LTCs System operator
Protective relaying including overload protection
1 minute 10 minutes 1 hour
IIIIIIIII IIIIIIIII IIIIIIIII IIIIIIIII T 1 1 1T 1171
0.1 1 10 100 1000 10000

Figure 2.2: Voltage stability phenomena and time scale [1].

2.3 Key features in voltage stability

2.3.1 Generator

Synchronous generators are the main reactive power sources used to control voltage in
power systems. The machine is able to inject or absorb reactive power smoothly to
regulate its terminal voltage as desired. As observed from many voltage collapse incidents
in the past [2-5], lack of reactive power support from generators or disconnection of the
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machine was one of the main causes of voltage instability. Reactive power is controlled
by means of adjusting the field current, which is carried out by the automatic voltage
regulator (AVR) as shown in Fig. 2.3. As operated in voltage control mode, the AVR
senses the generator terminal voltage and compares this value with the reference voltage.
If mismatch between the two quantities appears, the AVR will adjust the field current to
eliminate the error. The time response of AVR is from 100ms to some seconds [16].

Generator Step-up

Field . Armature vojtage transformer
current

power syste

Automatic  |4_S€tRoints
voltage
regulator (AVR)

Exciter -

Figure 2.3: Schematic diagram of AVR.

Although synchronous machines are a powerful tool to control voltage, they also have
certain physical limits. Therefore, the machine is equipped with protective relays or
other functions to maintain operating parameters within its constraints. These factors
have a large impact on voltage instability; hence they should be taken into consideration.
The two protective functions that have influence on voltage control are overexcitation
limiter (OXL) and armature current limiter as shown in Fig. 2.4. When terminal voltage
is around the nominal value, the maximum limit on reactive power is normally set by
the OXL. In case the terminal voltage is low (normally in critical conditions), armature
heating is the one that imposes the limit.

e Overexcitation limiter: the field winding is designed to work under a certain
current limit. The machine is also allowed to operate at higher field current, but
within a certain time limit. Otherwise, the winding will be overheated and damaged.
The overload capability is defined by the standard TEEE Std C.50.13-2014 [17] as
shown in Fig. 2.5a. This curve passes the following four points as listed in the table
below.

Time (s) | 10 30 60 120
Rotor current (percent) | 209 146 125 113

The OXL continuously measures the field current and compares it to the predefined
threshold. If the current has been above the limit for a period of time, which is
longer than the predefined time delay, the OXL will act through the voltage regu-
lator to bring the field current back to the limit. The delay time can be fixed time
(for old exciters) or inverse time, which is a function of field current. To protect the
generator from overheating, the OXL curve must be coordinated with the thermal
capability curve of the field winding, ensuring that the field current cannot reach
the thermal limit.

12
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The OXL has an important role in voltage instability. When the system is approach-
ing voltage collapse, demand for reactive power rises significantly. Generators con-
sequently increase their reactive power to maintain the terminal voltage until the
OXL is activated. After this event, the field voltage (or current) is kept constant
at the permissible maximum limit; generators are no longer able to maintain the
terminal voltage while the demand is still rising. As a result, voltages in the grid
drop more drastically and the pace of voltage collapse is accelerated.

Armature current limiter: similar to the field winding, the armature winding is
also protected against overheating. As the limiter detects that the armature current
is above the limit, it will act through the voltage regulator to reduce reactive power
output by means of decreasing the field current. The thermal overload capability of
armature winding is defined in [17]. The capacity curve is illustrated in Fig. 2.5b.
This curve also goes through the following points as listed in the table below.

Time (s) | 10 30 60 120
Armature current (percent) | 218 150 127 115

As seen in Fig. 2.4, the limit on armature current becomes the active constraint
when terminal voltage is low, after the generator has reached the excitation limit.
When the system is on the brink of voltage instability, the armature current de-
teriorates the situation further because it decreases the machine’s reactive power
output, causing further voltage drop and speeding up the voltage stability problem.

Although the armature current limiter is one of the constraints, it can be utilized
to mitigate voltage instability. The study in [18] has shown that under the active
constraint set by armature current, adapting active and reactive power of the local
generator is able to maximize power transfer, hence possibly preventing voltage
collapse at the local concerned load.

P Field
heating limit

Armature
heating limit

Stability
limit

Figure 2.4: Simplified generator capacity curve [14,19,20].
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Figure 2.5: Thermal limit of the field and armature windings [17].

2.3.2 Network
2.3.2.1 The PV curve

In power systems, energy is transported from power plants to loads through a network
of power lines. Since the transportation incurs losses due to the line impedances, voltage
drop and maximum power transfer are heavily dependent on the strength of the network.
Consider a simple system shown in Fig. 2.6, where the load is supplied by the infinite
system represented by an ideal voltage source ETh = FEr, /0. The transmission line is
considered as lossless and treated as a reactance jXry,. According to the Kirchhoff’s law,
the load voltage V =V /4§ is calculated as

V = Em — jXonl (2.1)
and the load power is
B o . [ _ ‘7*
S=P+;Q=VI"=V ThX
_ —JATh (2.2)
— L (EpV cosé + jErVsing — V?)
Xrn

From (2.2), the load active and reactive power are extracted as

_EnV

P= sin § (2.3a)
Th
V2 ErnV
=— + cos 2.3b
Q XTh XTh ( )

Using the relation sin®§ + cos?§ = 1, one can eliminate § in (2.3a) and (2.3b) and
obtain

(V2?2 + (2QX7n — E5,)V? + X7,(P*+ Q%) =0 (2.4)
This equation is a quadratic equation in V2. To obtain a physically meaningful solution
for the voltage magnitude V', one of the conditions, which must be fulfilled, is

(2QX7h — Efy)* = 4X3,(P* + Q%) > 0 (2.5)
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Then, the solution for (2.4) is found as [14]

E%h
4

E2
V= TTh — QX+ \/ - X2, P? — X5, E2,Q (2.6)

X V=vss

ETh =E, 20 @

Figure 2.6: A two-bus system.

Assuming that the ideal voltage source ET;L is known, the load voltage is a function
of the load active and reactive power. Let the reactive power be () = P tan ¢, where ¢ is
the power factor angle. Equation (2.6) becomes

2 4
ETh ETh

V= T—PXThtaIubi —X2

1 2, P? — Xp, E2, Ptan ¢ (2.7)

Normalizing (2.7) by v = V/Er;, and p = PX7y,/EZ,, yields

1 1
v—\/tha11¢j:\/4p2ptan¢ (2.8)

Based on (2.8), the well-known PV curve is established and presented in Fig. 2.7.
The PV curve is a useful tool to obtain insights into voltage stability and provides a good
explanation about this phenomenon:

e As the load power increases, the load voltage drops accordingly (if tan ¢ > 0). The
load power can grow until it reaches the limit - the maximum loadability (this point
is also called the nose point). Here, the limit is imposed by the network; it is the
line impedance j X7, which results in voltage drop and losses on the transmission
network. Consequently, the maximum power transferred to the load is limited.

e After the load has crossed the nose point, the system cannot supply more power to
the load. If the demand continues to increase, the load power does not rise. On
the contrary, it drops, and so does the load voltage. The instant voltage insta-
bility occurs depends on the load dynamic characteristics; it is the time when the
operating point no longer exists. For example, an induction motor stalls when it
does not provide sufficient torque to meet the mechanical demand under low voltage
condition. It is noted that although “permanent operation at the lower solutions is
unacceptable” [14], the system can be stably operated in this area under certain cir-
cumstances. For instance, there is no voltage instability if the load is an impedance.
Therefore, it is not precise to call the lower part of the PV curve the unstable region.
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e In case the load is overcompensated (tan¢ < 0), voltage will increase as the load
power rises. This results from the assumption that the load has constant power
factor. In practice, overcompensation frequently takes place, but not in the manner
of constant power factor. Reactive power is increased gradually to keep the voltage
(not power factor) within the permissible limit. Nevertheless, it is worth noticing
that the voltage instability can arise at nominal voltage when the load is overcom-
pensated. This makes the voltage magnitude a poor indicator for voltage stability

assessment.
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Figure 2.7: The well-known normalized PV curves.

The maximum loadability is the critical point, representing the transfer capacity of
the grid. To assess voltage stability at a load bus, it is necessary to identify the maximum
power, which the load can draw from the network. As can be seen in Fig. 2.7, at the
maximum loadability point, there is only one solution for the voltage V. That means, at
this point, the condition (2.5) now becomes

(QQmamXTh, - E%h)2 - 4X72“h(Pnzmx + anax) =0 (29)

where P, and Qq. are active and reactive power at the maximum loadability point,
respectively.
After the insertion of Quae = Pas tan ¢ into (2.9) and rearrangement, it leads to

max

4X72—'}LP2 + 4XTILE%]7, tan ¢Pmax - Eél"h =0 (210)

Once this quadratic equation in P, is solved, P,,.., which must be a positive number,

is identified as: =
Pz = 537=(— tan ¢ + /1 + tan® g) (2.11)
Th

Further simplification gives
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EZ, 1—sing

Pmaz =
2X7 coso

) (2.12)

Consequently, the normalized maximum active power of the PV curve is

_!

(1fsin¢
pmax - 2

p— ) (2.13)

2.3.2.2 The QV curve

Reactive power is highly related to voltage; variation of this power at a load bus affects
not only the voltage but also the maximum power transfer limit at that bus. The QV
curve is a tool to gain the insights into this relation. Based on (2.8), one can establish
the relation between load voltage and reactive power as [21]:

o =1+ Vg1 - 407 + @)

5 (2.14)

where ¢ is the normalized reactive power defined by ¢ = QX711 /F2, and p is the normalized
active power as defined in the above section about the PV curve.

To analyze the effect of reactive power on the voltage, let p be assumed unchanged
and ¢ be considered negative if the load absorbs reactive power. For each given value of p,
the QV curve is computed by (2.14) and plotted in Fig. 2.8. At a given loading condition
of active power, the QV curve provides information about the required reactive power
to keep the load voltage at the desired value. In normal operation, the operating point
is located on the right portion of the curve, where voltage will increase if more reactive
power is injected and vice versa. It is noted that the angle of the slope of the curve or
the derivative dg/dv is quite large at the current operating point, meaning that variation
of reactive power has small impact on the voltage. As reactive power goes down, voltage
becomes more and more sensitive to change of reactive power. At the the critical point
where dg/dv = 0, the maximum loadability limit is reached; the system cannot supply
more power as demanded. This point is actually equivalent to the nose point of the PV
curve, and the segment on the left of this point is equivalent to the lower part of the PV
curve.

Based on the QV curve, the margin of reactive power is easily computed. It is the
distance between the reactive power at the current operating point and that at the critical
point. The margin indicates the local reserve of reactive power at the considered bus in
order to meet the current demand of active power. From (2.14), the critical point is
obtained by letting the term in the square root equal to zero, which gives

1
Qerit = Z - p2 (215)
and
1
Verit = 5(1 - Qqcm‘t) (216)
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Figure 2.8: The QV curves.

2.3.3 Load dynamics

Load dynamics is a key element in voltage instability. After a severe disturbance like
outage of a large generator or tripping of an important line, the system can establish a
new stable operating point at lower voltage level. Since most of loads are dependent on
the voltage, load power at lower voltage normally becomes smaller. Due to the dynamic
characteristics, the demand tends to restore its power to the pre-event level. This causes
higher stress on the grid, which has been weakened by the disturbance. As a result,
the increasing demand can go beyond the maximum power transfer limit, pushing the
operating point to the lower part of the PV curve.

2.3.3.1 Onload tap changer (OLTC)

OLTC is equipment used to regulate voltage at one side of power transformers. OLTC
plays an important role in voltage instability; it has large contribution to the load restora-
tion, which is illustrated in Fig. 2.9. This issue has been studied by many works; among
these, [23] and [24] provide a deep insight into the matter. Before a disturbance, the
system is operating at point O. After a disturbance, the system is characterized by a new
PV curve and a new operating point is established at the intersection of the PV curve
and the demand curve (point A). At this point, voltage falls below the lower limit of
the deadband; load power also drops. However, after a predefined time delay, the OLTC
starts tapping to restore the voltage. This action increases the power demand drawn from
the system. As a result, voltage in the grid falls further. This in turn triggers further
tapping of the OLTC. Consequently, the operating point moves from A to B. The process
goes on until voltage instability occurs or the OLTC reaches its limit. With such char-
acteristics, the OLTC speeds up the load restoration process and accelerates the pace of
voltage instability. Therefore, under low voltage conditions, OLTC should be blocked to
prevent voltage collapse.
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Figure 2.9: Illustration of impact of OLTC on voltage instability [14].

2.3.3.2 Thermostat-controlled load

Thermostat-controlled load is a heating system, which is controlled by a thermostat.
This device has the main function to keep temperature at desired value. To maintain
the reference temperature, the thermostat switches the heater on during a certain period
(ton); in the rest of the cycle, the heater is off. When the grid voltage drops below the
nominal value, the load power during the period t,, is reduced, not sufficient to maintain
the temperature. Consequently, the thermostat increases t,, to draw more power from the
system. The lower the voltage, the higher ¢,,. From the grid side, thermostat-controlled
load acts like a constant power load with large time response, contributing to the whole
load recovery process.

2.3.3.3 Static load models

In general, loads are dependent on voltage. As voltage changes, load power also varies
accordingly. However, this relationship is very complex. As seen from the system side,
loads comprise a very large number of electric devices, such as motors, fridges, washing
machines, fluorescent lamps, heaters, computers, compressors, furnaces, etc. Each device
has its own characteristics with respect to voltage. In addition, load composition is
unknown; it also changes from time to time. These features make it impractical to fully
represent all types of loads in voltage stability analysis. Therefore, it is useful to represent
the load characteristics by simple static models, in which active and reactive power are
separately modeled as functions of voltage.

e FExponential model: this model is a widely used one, in which the relationship
between power and voltage is determined by [11]:
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P=p, (“;())a (2.17)
Q=q (go)b (2.18)

where Py and @ are active and reactive power at the initial voltage Vj; the exponent
a and b determine the load model. For instance, the load is considered as constant
power, constant current or constant impedance if a and b are equal to 0, 1 or 2,
respectively. In case the load has none of these types, a and b can take other values
that match the actual load behaviors, which is illustrated in Table 2.1 [14].

Table 2.1: An example of fractional load exponents [14]

Load component a b
Incandescent lamps 1.54 -
Room air conditioner 0.50 2.5
Furnace fan 0.08 1.6
Battery charger 2.59 4.06
Electronic compact fluorescent 0.95-1.03 0.31-0.46
Conventional fluorescent 2.07 3.21

e Polynomial model: this model is commonly known as the ZIP model since active
and reactive power consist of the three components of constant impedance, constant
current and constant power, which are defined as

2

P=F <p1 (;) +P2% + pg) (2.19)
2

Q=0Qo <Q1 (“//o) + QQ% + Q3> (2«20)

where pi, po and p3 define the percentage of each component in active power; qq, go
and ¢3 have the same meaning for reactive power.

2.4 Countermeasures against voltage collapse

In essence, voltage instability is caused by excessive demand that exceeds the system
transfer capacity. This leads to disconnection of power system components and finally
ends up with a blackout in the affected area. As the system is approaching voltage
collapse, countermeasures against voltage collapse are actions that help the grid increase
transfer capacity and reduce or slow down load demand during the critical period. This
issue has been thoroughly examined and presented in several works [1,11,14,30-36].
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2.4.1 Switching of reactive power compensation

e Shunt capacitors are widely used by utilities to increase transfer capacity and im-
prove the voltage profile throughout the network, ranging from the transmission
system down to the distribution grid. In normal operation, not all capacitor banks
are connected. Depending on the loading condition, a certain number of capacitor
banks are selected; some are in service and others can be switched out. Therefore, to
mitigate voltage instability, capacitor banks in the affected area should be switched
in as soon as possible to increase the network capacity and improve the voltage
profile.

e SVC and STATCOM are fast-acting devices. They are effective instruments to
prevent short-term voltage instability. To maximize the device effectiveness, their
reactive power reserve should be maintained at a certain level. This requirement is
not always fulfilled in normal operation. Since the main function of SVC/STATCOM
is to regulate the voltage, in some cases, they can run out of reserve of reactive
power for emergency control. Moreover, the number of these shunt compensation
systems deployed in power systems has been increased in recent years. This opens
up possibilities to coordinate VAr resources in order to maintain sufficient dynamic
VAr reserve to cope with voltage collapse, especially the short-term instability. This
issue is addressed in Chapter 6.

e Shunt reactor is used in the transmission system to absorb reactive power generated
by long and lightly loaded transmission lines. In case voltage instability is about to
occur, disconnection of this component reduces reactive power demand and improves
the voltage profile and power transfer capacity.

2.4.2 Blocking OLTC operation

e Operation of OLTC has been observed as one of the main actors that drive the
system to voltage collapse. As mentioned in the above section, OLTC operation,
in an effort to restore voltage at the distribution side, increases power demand.
This action imposes more stress on the network, further deteriorating the voltage
and finally causing cascading tripping and blackout. Blocking OLTC operation
suppresses the load recovery process; therefore, system operators have more time to
perform other remedial actions to prevent voltage collapse.

2.4.3 Actions on generation

e Start-up of gas turbine of local power plants and synchronous condenser: long-term
voltage instability is a slow process. It has the time response up to one hour or even
more. This period is long enough to start up local gas turbines and synchronous
condensers, which are not in operation. This action is one of the most effective
remedial measures against voltage collapse. Once these machines have been in
operation, their reactive power output is an important resource to alleviate the
critical operation condition in the grid.

e Increase of voltage setpoint: this action is valid for generators that have not reached
the capacity limits. Increase of the voltage setpoint will result in a higher reactive
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power output from the generator and raise voltages in the network. This in turn
helps shunt capacitors inject more reactive power into the grid. However, reactive
power can be increased to a certain level, where the OXL starts taking effect and
then keeps the field current at the maximum permissible limit. From this time on,
the excitation is kept unchanged although reactive power output can increase if
voltage in the grid continues dropping.

e Adjustment of generator’s output power: those generators, which are located in the

area vulnerable to voltage instability, have a certain degree of freedom to mitigate
voltage collapse. They can, within the capacity curve, adjust both active and reac-
tive power to increase maximum loadability of the network. This aspect has been
studied by [18]. Tllustration of this idea is presented in Fig. 2.10. Assume that point
1 is the current operating point. If the generator delivers maximum active power
at point 2, active power transmitted from remote areas is reduced. This might
increase loadability. But at the same time the generator must reduce its reactive
power output. This leads to voltage drop in the load area and consequently lowers
the transfer capacity. At point 3, the local generator injects more reactive power,
but less active power. Both operating points 2 and 3 have impact on the network’s
maximum loadability. To conclude which action is more effective, it depends on
other factors, for example: output power of other generators in the concerned area,
location of the most vulnerable load bus, load dynamics, network topology, etc. To
solve the problem, one might need optimization approaches. Here, the challenges
are the robustness of the optimization algorithms, reliability of data management
to obtain full observability and limited time to find solutions while the system is
changing quickly and approaching the critical point of voltage collapse.

Figure 2.10: Adjustment of generator’s output power to mitigate voltage instability.

2.4.4 Undervoltage protection

It has been observed in the past that voltage collapse occurred at low voltage level.
Hence, it is reasonable to use voltage magnitude as a criterion to shed loads in order
to prevent voltage instability. If voltage drops below the threshold and remains low
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continuously during the predefined time delay, the undervoltage protection will operate
and shed a certain amount of load, which has been determined in advance. Since the
demand falls, the voltages will be restored and the system comes back to normal operation.
This is the main idea of the approach. However, the challenge is how to determine
properly the threshold for voltage magnitude; this quantity is a poor indicator for voltage
stability assessment. Voltage magnitude at the maximum power transfer condition varies
under different operating conditions; it can be low, but also can be high if the system is
overcompensated. Using voltage magnitude to shed loads could lead to unnecessary or
untimely load shedding. The next challenge is related to how to identify minimum amount
of loads that needs to be shed. These challenges have been addressed and presented in
several works [31,32,34-36]. In addition, selectivity is also another challenge while using
undervoltage protection as a countermeasure against voltage instability. Voltages in the
affected area can be low, but it does not mean that all the loads have crossed the maximum
loadability.

2.5 Voltage stability analysis

2.5.1 Continuation power flow

As presented in Section 2.3.2, the maximum loadability point (the nose point) is the
critical point; operation beyond this point can lead to voltage instability. Estimating the
margin between the current operating point and the maximum power transfer gives an
indication of voltage stability at the considered load bus. This task cannot however be
done by conventional power flow methods. The challenge is that power flow calculation has
convergence problems when load is approaching the maximum loadability. It is because
the Jacobian becomes singular at the nose point. Continuation power flow is a well-known
method, which can overcome this challenge [11,21,37]. Recently, another power flow
based method has been proposed. To tackle the singularity problem, this new approach
introduces a new type of bus called AQ bus, whose voltage phase angle and reactive power
must be specified. Details of the algorithm are presented in [38].

The main idea behind the continuation power flow method is to reformulate the power
flow equations by adding a new variable called the load parameter and a new row into
the Jacobian matrix. With this modification, the Jacobian matrix is not singular at the
maximum power transfer condition. The approach is an iterative process as illustrated in
Fig. 2.11. First, the tangent vector at the current operating point (point A) is computed
by the predictor. In this step, loads are increased by a small predefined amount, and then
variation of the state variables caused by the load increase are detected (point B). In the
next step, the corrector finds a new operating point (point C), assuming that one state
variable or the loading level is fixed to the value found by the predictor. The approach
to obtain state variables in this step is the conventional power flow algorithm with minor
modification of the Jacobian matrix. After the new operating point is determined, the
process advances with a repetitive cycle of prediction and correction until the PV curve
is complete.
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Figure 2.11: Description of the continuation power flow method.

2.5.1.1 Mathematical formulation

One of the principles used in conventional power flow is that the sum of all power injection
into each node in the network must be equal to zero, which is mathematically expressed
as [37]

Pg, — Pu,— Pr, = 0,Pr, = > ViViys; cos (8 — 6; — vyj) (2.21)
j=1

Qc, — Qu, — Qr, = 0,Qr, = Y _ ViV sin (6; — 6; — v;) (2.22)
j=1

for each bus i of a n-bus system, where P is active power, () is reactive power, and the
subscripts L, G and T denote load, generation and flow, respectively. Meanwhile, voltages
at bus ¢ and j are V;Z9; and V;Z£6;, and y;;Zv;; is the admittance of the line connecting
bus i and bus j.

Considering the whole system, power flow equations can take a general expression as

F(6,V)=0 (2.23)
Let x represent the load parameter in the way that

0 S R S Reritical (224)

where k = 0 corresponds to the base case and k = Kepjricar T€Presents the maximum power
transfer condition.
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One of the reasons to introduce & is to involve the increase of load and generation in
the power flow equation as expressed in the following formulation:

Pri(k) = Prio [1 + £ K] (2.25)
Qri(rk) = Priotan ¢; [1 + r K] (2.26)
PGi(K) = PGiO [1 + KKGi] (227)

where Pp;o and Qo are active and reactive power of the load, ¢; is the power factor angle
of load change at bus 7, and Pg; is generation active power at bus ¢ in the base case.
The constant K; and Kg; are used to specify the rate of change of load and generation
power at bus i, respectively. It is noted that the number of buses involved in the variation
of the load and generation power is not limited; one can select as many buses as desired.
Now, the modified power flow equations can be expressed in the form of

F(6,V,k) =0 (2.28)
Predictor

The main purpose of this step is to find deviation of the state variables in response to
the small variation of either loading condition (the load parameter k) or a state variable
(V or ¢). Taking the derivatives of two sides of (2.28) with respect to the state variables
and K gives

Fsdd + FydV + F.dk =0 (2.29)
or
dd
[Fs Fy F] |[dV| =0 (2.30)
drk

The vector [dé dV dli]T is called the tangent vector, which is to be sought in the predictor
step. In (2.30), k is an additional unknown. Therefore, to solve this equation, one more
equation is needed. This challenge is overcome by setting one element in the tangent
vector equal to +1 or -1. This element is called the contiuation parameter. Inserting the
new equation into (2.30) yields

do
[F‘5 v F"} dv —[0] (2.31)
€L dk +1

where ¢, is a row vector, which has the k' element equal to 1 (this element corresponds
to the continuation parameter) and all other elements are equal to zero. After this modi-
fication, (2.31) is solvable, consequently giving solution to the tangent vector [d6 dV d/f}T.
Based on this information, all the state variables and x are advanced by

) do dd
V= 1|W|+o |dV (2.32)
K Ko dk

W

where the subscript “y” denotes the operating point at the beginning of the predictor step
(point A or C or E, etc. in Fig. 2.11), and o is a constant that decides the step size. The
result obtained from this step is point B (or D or F, etc). It is then used for the next
corrector step.
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Corrector

In this step, the continuation parameter is kept equal to the value determined in the
previous step. The objective here is to identify the values of the other variables. This
task is done by solving the following equation:

F(5,V, k)
T =10 2.33

[ T — M [ ] ( )
where x; is the continuation parameter and p is its value obtained in the predictor step.
Compared to the set of equations in the conventional power flow methods, (2.33) has
only one difference; it has one additional equation and one more variable. Applying the
Newton-Raphson method, the problem can be formulated as

ds AP
[JV Js ‘]ﬁ} av| = |AQ (2.34)
Ek dr 0

where Jy, Js and J,, constitute the Jacobian matrix with respect to the state variables
and k; e is the row vector mentioned in (2.31). This problem is solved as it is done in
the conventional power flow method. Once all the state variables and « are identified, the
continuation process continues with a new sequence of the predictor and corrector steps
until the maximum loadability point is reached. Details of the continuation power flow
method are thoroughly presented in [21,37].

2.5.2 Steady state analysis
2.5.2.1 V-Q sensitivity analysis

As observed from the QV curve shown in Fig. 2.8, the variation of voltage magnitude at
a bus with respect to that of the reactive power injection at that bus indicates the degree
of voltage stability. In normal operation, this sensitivity (AV/AQ) is small, meaning that
the load power is far from the maximum loadability. As the load approaches the voltage
stability limit, the sensitivity increases significantly; this value is going to infinite at the
nose point, after that it will become negative.

At a particular operating point, the linear relation between power and voltage can be

described as: A As
Pl _ [Jes Jrpv
[AQ} a [JQé JQV] [AV} (2:35)
where

AP = incremental change of active power
AQ = incremental change reactive power
Ad = incremental change of voltage angle
AV = incremental change of voltage magnitude
To obtain the V-Q sensitivity, let AP = 0. This results in [11]

AQ = JrAV (2.36)

where the reduced Jacobian matrix Jg is defined as
Jr = [Jov — JosJps Jpv] (2.37)
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From (2.36), the V-Q sensitivity is found as
AV = J'AQ (2.38)

The diagonal of the matrix J5' contains the information about the sensitivity AV/AQ
at all the buses in the network. The sensitivity at bus i is indeed the (i, i'*) element on
the diagonal of the matrix.

2.5.2.2 V-Q modal analysis

The reduced Jacobian matrix Jp contains information about correlations between volt-
ages and reactive power injection throughout the network. Hence, its eigenvalues and
eigenvectors indicate the degree of voltage stability at load buses in the grid. This matrix
can be expressed as [39]

Jr = EAn (2.39)

where
& is the right eigenvector matrix of Jg
7 is the left eigenvector matrix of Jp
A is the diagonal eigenvalue matrix of Jg

From (2.39), the matrix J;' is computed by

Jpt=EN 1 (2.40)
Replacing J5' in (2.36) results in
AV = ENIAQ (2.41)
or
_ §imi
AV = Z y AQ (2.42)

where &; is the i'" column right eigenvector and 7 the i** row left eigenvector of Jg
Inserting €71 = 7 into (2.41) gives

nAV = A 'nAQ (2.43)

or

v=A"q (2.44)

where
v =nAV is the vector of modal voltage variations
q = nAQ is the vector of modal reactive power variations

Since A~1 is the diagonal matrix, from (2.44) the following relation for the i'* mode
holds
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where \ is the "

eigenvalue.

In this equation, the sign of )\; can be used to evaluate voltage instability of the grid.
If \; > 0, variations of reactive power and voltage are in the same direction. This means
the system is stable. On the contrary, A; < 0 indicates that the system is unstable. In
addition, the magnitude of \; reflects the degree of stability of the i** modal voltage.
In normal operation, A is positive. As the system is approaching voltage instability, the
magnitude of A becomes smaller and smaller until it it reaches zero, which is the limit of

voltage instability.

2.6 Online voltage stability assessment

2.6.1 Principle of Thevenin equivalent-based methods for online
voltage stability assessment

The idea of using the Thevenin impedance to establish an indicator for online voltage
stability assessment based on phasor measurements was proposed by [40]. The notion has
initiated several works from researchers in the field, including this PhD project. Consider
a particular load bus in the grid. The rest of the system can be represented by a Thevenin
voltage source ETh behind the Thevenin impedance Zpy, as illustrated in Fig. 2.12. Ac-
cording to the maximum power transfer theorem [41], when the load power reaches the the
maximum loadability, the magnitude of load impedance is equal to that of the Thevenin
impedance:

7y = Zrn (2.46)

Therefore, by comparing the magnitude of the two impedances, one can establish an
indicator for voltage stability. This indicator [42] is called the Impedance Stability Index
(ISI) and defined by

Zrh,
IS = — 2.4
s1- 7 (2.47

L

With this indicator, IST = 1 is the limit when the load is located at the nose point. In
normal operation, IST < 1.

ZTh =Ry, + jXp, V=vz6
—1 |
LI

ETh = EThZO@ Z, Load

Figure 2.12: Thevenin equivalent of power system seen at a load bus.

Furthermore, when the Zp), is known, the Thevenin voltage source can be identified
by
Epn =V + I Zp, (2.48)
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where V and I are voltage and current of the load, respectively.

Given the Thevenin equivalent, it is possible to estimate the maximum loadability by
assuming that the magnitude of the load is equal to that of the Thevenin impedance.
This results in [43]

EZ, [ZTh — (imag(Zpy,) sin ¢ + real(Zzy,) cos gb}
2 [imag(ZTh) cos ¢ — real(Zry,) sin ¢] :
where Sp,.; is the estimated maximum loadability, ¢ is the power factor angle. After
crossing the maximum loadability, voltage collapse can occur at a certain instant of time,
depending on the load characteristics. Different load models may exhibit different voltage
collapse scenarios. Nomnetheless, operation beyond the limit is not expected. From the
voltage stability monitoring point of view, it is reasonable to consider the maximum power
transfer as the limit for voltage stability. Thus, the distance from the current operating

Smaz =

(2.49)

point to voltage stability limit is the power margin to the estimated maximum loadability
determined by [43]

Power margin = w x 100% (2.50)
L

where Sy, is the current apparent power of the load.
Alternatively, [44] computes the power margin by

(V — Zpp1)?

In summary, the main task of online voltage stability assessment based on the Thevenin
equivalent is to estimate properly the Thevenin impedance of the rest of the system.
Then, assisted by local phasor measurements of voltage and current of the load, the
maximum power transfer is computed. Finally, the indicator for real time voltage stability
monitoring is established either by comparing the magnitude of load impedance to that
of the Thevenin impedance by (2.47) or by identifying power margin by (2.49) and (2.50)
or (2.51). Overall, the essence of the method is to estimate appropriately in real time the
Thevenin impedance seen at a load bus.

Power margin = (2.51)

2.6.2 Voltage instability predictor (VIP)
2.6.2.1 Description of the VIP method

The VIP method evaluates voltage instability in real time by continuously tracking the
Thevenin impedance and comparing its magnitude with that of the load impedance
[40,44-46]. The idea is illustrated in Fig. 2.13. In normal operation, the magnitude
of load impedance stays outside the circle, whose radius is the magnitude of the esti-
mated Thevenin impedance. The maximum power transfer condition occurs when the
load reaches the edge of the circle.

Denoting Ery = Erny + jErni, V=Y, +jViand I = I, + jI;, (2.48) can be expressed as

ETh'r

10 I, I Erni| V2

{o - —IJ | R M (2.52)
XTh
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Figure 2.13: Voltage instability monitoring based on the Thevenin impedance [45].

In this equation, V;., V;, I, and I; are directly obtained from local phasor measurements
of the load current and voltage. Here, the unknowns are Erp,., Erp, Rrp and Xpp,. To
find the solution for (2.52), at least two measurements at different time instants are
needed. However, to minimize errors caused by measurement accuracy, noise, system’s
transients, etc., several measurements over an observation window time are needed to
form an overdetermined set of equations. Then, it is possible to apply the least-squares
method to estimate the unknowns.

2.6.2.2 Comparison of the VIP and undervoltage load shedding

Undervoltage load shedding is often used to prevent voltage collapse. The principle is
that the relay compares the measured voltage with the fixed threshold. If the voltage
drops and stays continuously below the threshold during a certain period (time delay),
the relay will shed a predefined block of load as a remedial action to prevent voltage
instability. However, as discussed in Section 2.4, voltage magnitude is a poor indicator
for voltage instability. Voltage collapse can occur at different voltage levels, depending
on the operating conditions and reactive power reserve in the grid. In some cases, voltage
instability can even take place at nominal voltage when the system is overcompensated
by capacitors. To demonstrate this issue, let the operation of undervoltage protection be
mapped into the impedance plane.
From Fig. 2.12, this relation holds

Ern  Er/I  |Zo+ Zrn

vV VI Zy

(2.53)

Assume that the setpoint for the undervoltage protection is 0.95 pu and the magnitude
of the Thevenin voltage is 1.05 pu. The protection will operate when V' < 0.95. In other
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words, when - -
Zn+ Zrn 1.05

> —— =1.105 2.54
Zy, 0.95 ( )

This condition is represented by the undervoltage protection circle, whose radius is 1.105,
in the impedance plane. Fig. 2.14 shows the relative position of this circle and the
Thevenin one. As can be seen, in case of load trajectory 1, the relay does not work
properly; it operates and sheds load when the maximum loadability has not been reached
yet. But in case 2, the relay cannot recognize the risk of voltage collapse when maximum
power transfer limit has been crossed.

Undervoltage
/relay operates

Circle of radius Z,,

Figure 2.14: Illustration of maloperation of undervoltage protection [45].

2.6.3 The CT method

The CT method [47] is an approach to estimate the Thevenin impedance used to form
an indicator for online voltage instability monitoring. This algorithm assumes that the
Thevenin impedance is a pure reactance. Hence, it is suitable for networks, where the
Thevenin impedance has a high X7y, /Ry, ratio (ratio of reactance to resistance). Detail
of this issue is presented in [48].

The CT method is based on an adaptive estimation process, in which E7;, and X7y,
are consecutively corrected based on previous estimation and present measurements of
current and voltage. Consider Fig. 2.12, where the Thevenin voltage in this section is
expressed as E = Ep,/f3, the load voltage is V = V Z¢ and the load current is I = 1£0°.
The relation between voltages and current in (2.48) can be described by the phasor
diagram shown in Fig. 2.15, where

Va = Zpnl = Repd + jXrnl (2.55)
Epn =V +Va (2.56)
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Splitting (2.55) into the real and imaginary part results in

Ery cos 8 = Ryl + V cos ¢ (2.57)
Erpsin 8 = Xl + Vsin ¢ (2.58)
E

Th

Figure 2.15: Phasor diagram of voltages and current in Fig. 2.12 [47].

To estimate X7y, 6 and E7y, need to be identified. In transmission systems, it is normally
true that Xp, > Rpy. Therefore, it is reasonable to assume Ry, = 0. Consequently,
initial estimation of /5 is obtained from (2.57) as

V cos gb)

Th

B = arccos ( (2.59)

Although FEry, is initially unknown, it must follow electric circuit laws. In other words,
this value is bounded by E,.;, and E,,,,, which correspond to the following conditions:

e F,.,: the Thevenin voltage must be higher than the load voltage. Therefore, it is
reasonable to let
E.n=V (2.60)

® F . assume that the current operating point is the nose point, where

Xrn =21,
Consequently, E.x can be computed as
V cos ¢
Ernax = 2.61
cos 3 ( )
where [ is obtained from
ZL[ + V Sin ¢
t = 2.62
an§ V cos ¢ ( )

The Thevenin voltage at the current operating point must be within the range from E,,;,
t0 Epaz. Thus, it is reasonable to estimate the initial value of this quantity as the average

of the two limits:
Em(wc - Emin

Y, =
Th 2

(2.63)
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After E9, is estimated, the initial value of 3° can be computed by (2.59) and then X2, by
(2.58). When a new set of measurements is available (say i’ measurements), E9, and 3
along with the new measurements, are used to compute intermediate estimation of the
Thevenin impedance X% . As proven in [47], given two consecutive measurements ((i—1)"
and (i)™"), comparison of the variations of magnitude of load impedance (Z — Zi~') and
that of the Thevenin impedance (X, — Xi,!) determines how the magnitude of the
Thevenin voltage of the previous step is adjusted:

EL, =ER' +ep (2.64)
where ¢ is defined as
ep = min(gns, Esup, Etim) (2.65)
with
Eing = | Byt = V| (2.66)
ESUP = }EéThl - E’fnaz| (267)
Eiim = | By x k| (2.68)

It is noted that the coefficient & in (2.68) is a setting parameter, which is used to
bound the identification error within a narrow band. This parameter has a decisive role
in the performance of the algorithm. A large value of &k reduces the initialization period
and helps the method converge, but it results in more oscillatory estimation. A small
k, however, prolongs the initialization time, but produces smoother estimation. But in
many cases, the result cannot converge to the actual Thevenin impedance if & is too small.
Therefore, the setting of k is vital to obtaining an appropriate estimation of the Thevenin
equivalent; it depends on specific location of the considered load, where the algorithm is
deployed. Normally, & is in the range of 0.01% to 0.1% [47].

In summary, detailed implementation of the CT method includes the following steps
[47]:

1. Step 1: Compute initial estimation of E2, by (2.63) and 3° by (2.59).
2. Step 2: Identify X9, by (2.58).
3. Step 3: Compute E}, based on the conditions:
o If (Zi —Z: 1) <0
— If (X%, — X3! < 0 then EL, = ER' —ep
— If (X%, — Xb) > 0 then i, = E5t 4+ ep
o If (Zioad - Z};o}zd) >0
— If (X35, — Xi!) < 0 then B}, = Byl +ep
— If (X%, — X451 > 0 then Eb, = ER' —ep
o If (Z: —Z:Y) =0

i il
— Epy, = By
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4. Step 4: Compute ' and X%, by (2.59) and (2.58) with the updated Thevenin
voltage B, respectively.

5. Step 5: As new phasor measurements of load voltage and current are available, go
back to Step 3 to obtain a new estimation.

It is noted that X7 is intermediate identification of X7y, It is derived from (2.58) as

o ERlsin gt — Viging'

= 2.69
Th I ( )

where E;! and 81 are from the previous stage, but voltage and current are obtained
from the current measurements.

2.7 Discussion on methods for voltage stability as-
sessment in the literature and online voltage sta-
bility monitoring

Online monitoring is an important tool for secure operation of power systems. For prac-
tical implementations of online voltage stability assessment, one of the constraints is the
computation time. To be used online, the monitoring scheme must be fast enough to
evaluate the current operation state of the system. In addition, the application should be
able not only to assess stability of the present operating condition, but also to determine
the distance between the current operating point and the limits. Regarding these issues,
there are some challenges related to the implementation of the methods in the literature
as tools for online voltage stability assessment:

e In the continuation power flow method, in order to detect the nose point at a load
bus, power flow calculation must be conducted several times. The computational
burden increases if there are more load buses needed to be monitored. Furthermore,
power systems nowadays are large and normally interconnected. Implementation of
the continuation power low method in such systems incurs enormous computational
cost. This might make the method not fast enough for online applications.

e The V-Q sensitivity analysis detects voltage stability limit by computing incremental
change of voltage and reactive power of the considered load, assuming that the active
power in the system is unchanged. As the load is approaching the voltage stability
limit, the sensitivity increases significantly before it becomes negative after the load
has crossed the nose point. One limitation of the method is that it cannot determine
the operational margin of the current operating point. For system operators, such
indication of the margin, e.g. power margin, is really helpful. In addition, a challenge
in this approach is that the sensitivity is computed from the Jacobian matrix of the
entire system. Errors in data management in the SCADA/EMS system can make
the matrix incorrect, and consequently lead to wrong assessment of voltage stability.
Besides, how to determine the threshold for the sensitivity is also another challenge.
In order to detect voltage stability timely, the threshold should be set appropriately,
depending on location of the monitored bus. Moreover, one can also notice that
inverting a large matrix is time-consuming. This task increases computation time
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of the method and might make the approach implausible for online implementation.
Compared to the V-Q sensitivity analysis, the V-QQ modal analysis method shares
similar philosophy; therefore, it has similar limitations as the other.

e In the VIP method, the Thevenin impedance is used for online voltage stability mon-
itoring in power systems. The VIP algorithm is simple to implement and requires
only local phasor measurements of the load current and voltage. The essence of this
method is using consecutive phasor measurements to build an over-determined set
of equations and then obtaining the best solution by the least squares method. How-
ever, in normal operation, variation of the load current and voltage is quite small;
it is also distorted by disturbances in the grid, noise, and errors of measurement
instruments, etc. As a result, the variation of the local measurements do not always
reflect the true response of the system. Using these local measurements to find the
Thevenin parameters by the least squares method, therefore, has some problems.
Probably, considerable disturbances are prerequisites for good performance. This is
also the major challenge for methods based on local phasors.

e The CT method also utilizes local phasor measurements to estimate the Thevenin
equivalent by an adaptive process. Its performance has been well demonstrated by
simulation of the Italian transmission grid [47]. The algorithm is also tested with
real PMU data in the Brazilian power system [49], showing practical possibility
for online implementation in power systems. However, similar to other methods
based on only local PMU measurements, disturbances in the grid, noise, and errors
of measurement instruments, etc. might affect the performance of the algorithm.
More test cases with real PMU data are needed to validate the effectiveness of this
methodology.

2.8 Major blackouts in power systems and the role
of load curtailment based on voltage instability
indicators

2.8.1 Major blackouts in power systems

Blackouts in power systems are a result of a complex process, which normally involves
many factors and phenomena. In this section, recent blackouts are briefly described, just
to demonstrate the role of voltage instability in these extraordinary events. Details of
these incidents are presented in [1-5].

2.8.1.1 The blackout in southern Sweden and eastern Denmark in 2003

The blackout in southern Sweden and eastern Denmark occurred on September 23, 2003
[4]. The Swedish power system was in the operating condition, where large generation
was mainly in the north, but the main load area was located in the south. Therefore,
large amount of energy was transported over long transmission lines. The blackout took
place in the southern part due to critical disturbances. The initial event was the loss of a
1200 MW generation unit at the load center at 12:30. After this incident, the grid went
through a transient period of less than one minute and became stable; voltage profile
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and frequency were still within limits. However, at 12:35, a double busbar fault occurred
and caused another loss of two generation units with total power of 1750 MW. This event
pushed the system into critical operating condition: underfrequency and very low voltage.
When the frequency went down to slightly over 49 Hz, underfrequency protection started
operating and shed loads. However, the grid was still heavily overloaded. The voltage
in the affected area in south-east and south-central remained very low. This triggered
operation of numerous number of OLTCs to restore the voltage at the load side. Action
of OLTCs and load recovery deteriorated the critical situation further; voltages in the
affected area became lower and lower. It is noted that in the load area, there were no
large generators, which could be used to mitigate the problem.

Due to low voltage and high current, distance relays tripped circuit breakers and therefore
lines were disconnected. As a result, the network was split into two areas. One of them
did not have enough capacity to meet the demand. As a result, voltage and frequency
plummeted, leading to the blackout.

2.8.1.2 The blackout in North America in 2003

This incident occurred on August 14, 2003 and affected large areas in the US and Canada
[2,3]. The initial disturbances were the loss of a generator at 13:31 due to high reactive
power output and the tripping of several lines due to tree contact. Disconnection of these
lines weakened the strength of the network and worsened the operating condition. After
theses events, the grid no longer tolerated more disturbances and became vulnerable.
After the initial disturbances, loss of the a 345 kV line (Sammis-Star) triggered cascading
tripping in the network. This line was tripped at 16:05:57 by Zone 3 of the distance
relay due to overload current and depressed voltage although there was no fault on the
line. “Prior to the Sammis-Star tripping, the blackout could have been prevented by load
shedding in northeast Ohio” [3].

Following this event, several lines were also tripped by the same type of relay. As
a result, direction of power flow of 3700 MW was reversed; the new long transfer path
resulted in voltage collapse and consequently cascading tripping of several hundred lines
and generators and led to the blackout in the region.

2.8.1.3 The blackout in Italy in 2003

The blackout in Italy occurred on September 28, 2003 [3,5-7]. Before the incident, the
Italian power system had large import of 6651 MW from Switzerland, France, Austria
and Slovenia. Therefore, tripping of tie lines and lack of management initiated cascad-
ing tripping of all the other tie lines. This led to large imbalance of active power and
consequently underfrequency problems and others.

At 3:01, a 380 kV tie line between Italy and Switzerland was tripped and could not be
reclosed due to large angle difference between voltages at the to ends. Shortly later, all
the tie lines between Italy and Switzerland were also tripped due to overload. The loss
of imported power from Switzerland resulted in an increase of power transfer on the tie
lines between Italy and France. This led to voltage stability problem on these corridors;
voltage fell sharply to 300 kV at some 380 kV buses in the French network [7]. As a
result, the tie line between France and Italy was tripped at 3:25:32 by the distance relay.
This event was followed by cascading tripping of the rest of the tie lines between Italy
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and neighboring countries, which finished at 3:25. From this moment the Italian network
was isolated from the UCTE grid.

After separation from the European system, there was a deficit of 6646 MW in the
Italian grid. Although underfrequency protection and other defense schemes had shed the
loads, the deficit still remained. It led to tripping of many generators due to underfre-
quency, undervoltage and other protection functions. This finally led to the blackout.

2.8.2 Role of load shedding based on voltage stability indicators

As presented in the previous section, the blackouts in Sweden and North America are
typical examples of voltage instability phenomenon in power systems. After disturbances,
transfer capacity of the network is reduced and voltage is at low level. Then the load
restoration aggravates the problem by the increasing demand. As a result, voltage becomes
lower and lower. This can cause maloperation of the Zone 3 function of the distance relay.
Several lines are tripped although there are no faults on the lines. The maloperation of
protective relays is the critical factor. The disconnection of lines weakens the strength of
the network and consequently speeds up voltage instability.

Although the blackout in Italy was mainly driven by the underfrequency problem due
to a deficit of active power, voltage instability was also involved. Tripping of the tie
lines between France and Italy was one of the important events, which contributed to the
separation of the Italian network from the UCTE interconnected system. This line was
also tripped by the distance relay due to high current and low voltage.

Generally, power systems can be decomposed into generation, loads, network (power
lines) and interconnections with external grid as illustrated in Fig. 2.16. Blackout in
an affected area is the situation where the area is isolated from the rest of the system
and all local generators and many lines are disconnected. These components are tripped
automatically by protective relays. Therefore, to prevent blackout when the system is in
the emergency state, generators and lines should stay connected (except they are faulty
or being damaged). If remedial measures are not sufficient to bring the system back to
normal condition, load shedding is an effective measure to prevent the collapse.

Load

+ Load
Generator e Network (lines)

+ Load
Generator
S Pa

Tie lines Tie lines

- -

Figure 2.16: Example of power system structure.

As observed from previous blackouts, apart from the overloading issue, the distur-
bances finally led to the lack of active or reactive power or both, which was the main
cause of stability problems. Generators were tripped by underfrequency and undervolt-
age protection; lines were commonly tripped by the distance relay due to low voltage and
high current. The underfrequency issue is related to the imbalance of active power. This
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problem can be solved by load shedding based on underfrequency protection, assuming
that the setting is appropriate.

On the other hand, lack of reactive power results in low voltage condition, which
can lead to malfunction of protective relays and overloading problems. As presented in
Section 2.3.2, loads that have crossed the maximum loadability have lower power but
cause very high losses in the network due to high current. The excessive portion of
these loads should be shed to alleviate the critical situation the grid is facing. Fast
load shedding based on voltage stability indicators is one of effective countermeasures to
prevent blackouts by containing the excessive load recovery and avoiding wrong tripping
of lines and generators.

As discussed in Section 2.4.4, load shedding based on undervoltage protection is one
of the remedial measures to prevent voltage instability. But voltage magnitude is a poor
indicator for voltage instability; it cannot distinguish whether or not loads have crossed
the maximum loadability. Hence, undervoltage protection is not selective with regard to
voltage stability limit. In addition, this protection cannot detect the excessive amount
of loads that need to be shed. As the operating condition continuously changes, fixed
setting of load shedding is not always an optimum approach; the amount of load going to
be shed could be less than the required or more than needed. Therefore, it is necessary
to have an online indicator, which is able to: i) assess properly voltage stability at each
load bus; and ii) quantify maximum loadability and excessive load demand. This tool is
definitely a useful measure for load shedding to prevent voltage collapse or blackout in
power systems.

Conventionally, the distribution grid is treated as a load when the analysis of stability
in transmission system is conducted. However, in the smart grid context, this notion no
longer holds true because load is no longer passive. The distribution grid, to some extent,
has the possibility to adjust the power exchange with the transmission grid thanks to
presence of energy storage, distributed generation and large number of electric vehicles.
To secure operation of the entire system, it could be impractical to take both transmission
and distribution grids into calculation, especially when the system becomes more and more
complex. To simplify security assessment of the two networks, it is useful to have a tool
that can assess critical operating conditions in the transmission system. The assessment
is then used as a criterion for corrective actions taken in the distribution grid. In this
scenario, online voltage stability indicator is a necessary tool. The indicator provides
information about the transfer capacity of the transmission system, which can be used
to control the charging and discharging of batteries and other types of energy storage.
By properly coordinated actions from both sides (transmission and distribution), voltage
collapse and load shedding could be prevented. This could contribute to building resilient
and complex power systems in the future.
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Online voltage stability monitoring
and protection based on local PMU
measurements

In the PhD project, an approach to estimate, in real time, the Thevenin impedance seen
at a load bus and a new indicator for online voltage stability monitoring have been devel-
oped. With the proposed algorithm, the Thevenin impedance can be estimated properly
and robustly in real time, and the new indicator is formed based on computation of the
derivative of apparent power of the load with respect to the magnitude of its impedance.
This indicator can detect properly an occurrence of the maximum power transfer con-
dition, which is widely acknowledged as the limit for voltage stability. Additionally, it
is able to identify and illustrate graphically a trajectory of the current operating point
with respect to the maximum loadability. The method shows a good performance with
simulation data as well as with real PMU measurements in the Norwegian transmission
system. The proposed algorithm is simple and requires only phasor measurements of the
load current and voltage. Therefore, it is easily implemented in a wide area monitoring
and protection system or used as a protective function for voltage instability protection
within an intelligent electronic device (IED).

The chapter begins with a detailed description of the method to estimate the Thevenin
impedance in real time. Then, the indicator for online voltage stability assessment is
described. In the next section, applications of the new indicator are presented. The
chapter continues with a load curtailment scheme for voltage instability protection and
ends with a short description of signal filtering.

3.1 Estimation of the Thevenin impedance based on
S-7Z sensitivity: the S-Z method

3.1.1 Estimation of the Thevenin impedance

To model an equivalent circuit of the grid seen at a particular load bus, the rest of the
system is normally represented by a voltage source Erp, behind the Thevenin inpedance
Zry, as shown in Fig. 3.1, where the load is considered as the impedance Zj. Here, the
voltage source Ery, is treated as the reference phasor, and hence its phase angle is equal
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to Zero, ETh = EThAO,

Zyy = Ry + JX,

=i
|

B +Jjo,

ETh =E7h£0@ ZL =R, +jX,

Figure 3.1: The Thevenin equivalent circuit.

Based on the circuit, the magnitude of the load current is
Erp,

I= .,
VBe+ R + (X, + Xry)?

(3.1)

or
Erp

I= ,
\/le“h + Z; 4+ 2(RRyn + X1 X1n)

where Z; and Zpj, are the magnitudes of Zr and_ Zrn, respectively. It is noted that
Ry Ry, + X1, X7y, is the scalar product of Zr;, and Z;. Therefore, this relation holds:

(3.2)

RLRTh + XLXTh = ZLZTh COS 97 (33)

where @ is the angle between Zp;, and Z;. Inserting (3.3) into (3.2) yields

E
I = T . (3.4)
\/Z%h -+ Z% -+ 2ZLZTh cos 0
Consequently, apparent power of the load is formulated as
E% 7
Sy =17, = ThZL (3.5)

Z%h + Z% -+ 2ZLZTh COS 9

Since ETh and Zpy, are the Thevenin voltage and impedance seen atithe load bus, during
a short period of time, it is reasonable to assume that Er, and Zpj, are constant. In
addition, cosf is also assumed unchanged. From (3.5), the derivative of the apparent

power with respect to magnitude of the load impedance is

S B %) o
dZi (7} + Z2, + 271 Zry cos 0)* '
Substituting E7y, in (3.6) by (3.2) leads to
ds 12 (72, — 7%
L _ (Z1n ) (3.7)

dZ,  Z%+ Z2, + 2721 Zgy cos

d
Define ¢ = d%’ which is also called S-Z sensitivity. Rearranging (3.7) yields
L
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(I* = ¢) Z3), — 2¢ cos 02, Zyy, — Z7 (I* + ¢*) = 0. (3.8)

In (3.8), Zpy, is considered as an unknown. If the other parameters are known, solving
(3.8) will give the magnitude of the Thevenin impedance seen at the load bus. Indeed,
this solution is viable thanks to the following features:

e Magnitudes of the load current I and impedance Z;, are easily obtained from phasor
measurements of the load current and voltage.

e Variations of the apparent power dS; and impedance dZ;, are obtainable by using
consecutive phasor measurements of the load current and voltage. Consequently, ¢
(the S-Z sensitivity) is identified.

e As previously defined, 6 is the angle between Z; and Zp;,. Based on local phasor
measurements, the phase angle of the load impedance is easily computed. The angle
6 is obtainable if the phase angle of the Thevenin impedance is known. As it will
be analyzed in Chapter 4, the Thevenin impedance seen at a load bus is mainly
determined by impedance of power lines in the studied area, where the load is
connected. Therefore, it is reasonable to use a typical ratio X/R of the lines in that
area to determine, in advance, the phase angle of the Thevenin impedance. This
ratio is mainly dependent on the voltage level of the studied area although other
factors (configuration of the lines, towers, cross-section of conductors, adjacent lines,
etc.) have a certain impact.

After all the parameters are identified, (3.8) is solved to find the magnitude of the
Thevenin impedance Zzy,, which must be a real and positive number.

3.1.2 Impact of the ratio X,/ R,

As presented, the phase angle (or the ratio Xzp,/Rrp) of the Thevenin impedance must
be identified before this impedance can be estimated. Determination of this ratio has
a certain influence on the estimated value. For illustration, the Thevenin impedance
of the Norwegian transmission system seen at the Halse corridor between Norway and
Sweden is estimated, using PMU measurements on the 420 kV tie lines. First, the ratio
Xrn/ Ry = 15 is selected, which results in Zpj, = 33.18 Q. For comparison, this value is
considered as the reference magnitude of the Thevenin impedance. After that, the ratio
Xrn/Rry is adjusted to analyze its impact on the Thevenin impedance. As shown in
Fig. 3.2, when X7p,/Ryp), varies from 10 to 30, there is a rather small variation of the
estimated Thevenin impedance, just less than 5% of the reference. However, the deviation
increases sharply when the ratio becomes smaller than 10.

In summary, the ratio Xrpp,/Ryy, is a setting parameter in the proposed algorithm.
An incorrect ratio can lead to a large error in the estimation. Although this ratio of
the Thevenin impedance seen at a particular load bus is unknown, it can be identified.
First, this parameter can take a typical ratio X/R of the power lines in the studied area.
Then, the ratio will be adjusted appropriately by comparing the trajectory of the S-Z
sensitivity obtained from the estimated Thevenin impedance with the actual value of the
S-7 sensitivity computed from measurements of the load current and voltage, which will
be presented in Section 3.2.
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Figure 3.2: Impact of the ratio X7y, /Ry, on the estimated Thevenin impedance.

3.1.3 Impact of abrupt variations of the load current

Under transient conditions, the roots of (3.8) can be complex numbers, which do not have
a physical meaning. These values are not correct and should be, therefore, neglected.
This case might occur during the time the system is experiencing large disturbances like
short circuits or switchings, which result in abrupt variations of the load current. Fig. 3.3
shows how the estimated Thevenin impedance varies when magnitude of the load current
in (3.8) are altered from the actual measured value while the other parameters are kept
unchanged. As can be seen, the load current has a very large impact on the estimated
value. Especially, when the current is smaller than 90% of the actual value, (3.8) does
not have meaningful solutions; its roots become complex.

3.2 S-7Z sensitivity used as a new indicator for online
voltage stability monitoring

3.2.1 S-Z sensitivity indicator (S-ZI)

In Fig. 2.7, the well-known PV curve reflects a relationship between the load voltage and
active power. In the upper section of the curve, the power can increase, but the voltage
will drop accordingly. However, due to losses on the line impedance represented by Zry,
the power can grow until it reaches the maximum loadability (the “nose” point). Beyond
this point, the system cannot supply more power, and the active power, therefore, starts
to decrease despite the rising demand (lower load impedance).

It is noted that, in power systems, the PV curve is not as ideal as shown in
Fig. 2.7. Reference [50] presents different shapes of the PV curve when dynamic behaviors
of electric equipment in the grid (load characteristics, operation of OLTCs, overexcitation
limiters, etc.) are considered. However, in spite of the differences among the PV curves,
the maximum power transfer point is still the critical point. In [51], it is pointed out that
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Figure 3.3: Impact of deviation of load current on the estimated Thevenin impedance.

voltage collapse can occur at this point or at a particular point on the lower part of the
curve, depending on the load characteristics. These features pose challenges for methods
using the PV curve to detect the voltage stability limit. From a viewpoint of long-term
voltage stability monitoring, it is reasonable to consider the maximum loadability point as
the limit for voltage stability. Operation beyond this limit has lower power, lower voltage
and causes more losses. Eventually, it is very likely that this operation condition will lead
to voltage instability.

P

Figure 3.4: Sketch of another shape of the PV curve [50].

As observed in Fig. 2.7, in the upper section of the PV curve, when the load requires
more power from the grid, this demand will be met. But in the lower section of the curve,
the response from the grid is opposite. Here, the maximum power transfer point is the
border of these two operation conditions. This feature forms an idea for a new indicator
for voltage stability monitoring. Let a deviation of the magnitude of the load impedance
(dZy) represent the demand and a corresponding deviation of apparent power of the load
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(dSr,) account for the response of the grid. Consider the S-Z sensitivity as a new indicator
called S-ZI:

ds,

S-Z1 = —
dzy,

When the demand increases (dZ;, < 0), the S-ZI will fall into one of these three cases:

e S-ZI <0 : the power increases, dSy, > 0. The grid meets the demand; it
is equivalent to the upper section of the PV curve. The load
does not reach the maximum loadability.

e S-ZI>0 : the power decreases, dS;, < 0. The grid does not meet the
demand; it is equivalent to the lower section of the PV curve.
The load has passed the maximum loadability.

e S-ZI=0 : the power isunchanged, dS;, = 0. The current operating point
is located at the nose point of the PV curve; the maximum
loadability is reached.

Evidently, the S-ZI can distinguish the upper and lower sections of the PV curve. This
S-7Z sensitivity can be a suitable indicator for voltage stability assessment. This notion
is mathematically underpinned by the following analysis. As presented in Section 3.1,
(3.7) describes the relationship among the S-Z sensitivity, magnitude of the Thevenin
impedance and that of the load. It is obvious that the term (Z2, — Z%) determines the
sign of the S-ZI as follows:

o /;>Zp, — S-7Z1 <0 Magnitude of the load impedance is larger than that
of the Thevenin impedance. Therefore, the load
does dot reach the maximum loadability limit.

o /< Zr, — S-ZI >0 Magnitude of the load impedance is smaller than
that of the Thevenin impedance. Therefore, the
load has crossed the maximum loadability limit.

o 7, =Zr, — S-Z1 =0 Magnitude of load impedance is equal to that of the
Thevenin impedance. Therefore, the load is reach-
ing the maximum loadability limit.

This mathematical analysis substantiates the above examination of the S-ZI. Convincingly,
this is an appropriate indicator for online voltage stability in power systems.

Besides, it is possible to compute and draw a trajectory of the S-ZI with respect to
magnitude of the load impedance, showing a clear curve from the current operating point
to the voltage stability limit. Based on (3.6), it is possible to plot the S-ZI versus magni-
tude of the load impedance. Take a specific 420 kV grid in the Norwegian transmission
system as an example. The transmission lines in this network have typical ratio X/R
around 15.71. This value can be assigned to the Thevenin impedance. Assuming that
the load is purely resistive, so the angle between the Thevenin and load impedance is
then 86.36°. Further, the Thevenin voltage is given as Ep, = 254 kV (this has been
observed in the studied 420 kV grid). Based on these parameters, trajectories of the
S-ZI (MVA/Ohm) with respect to magnitude of load impedance are plotted and shown in
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Fig. 3.5. Each curve corresponds to a given magnitude of the Thevenin impedance (20 €2,
30 €2, 40 Q, 50  and 60 ). These magnitudes are selected since they have been observed
at a load bus in the Norwegian transmission system.

As can be seen, each Thevenin impedance has a distinctive trajectory. When the load
is light (load impedance is high), the S-ZI is almost the same for all trajectories. As the
load is approaching the maximum loadability, the trajectories drift away from each other,
showing a clear difference among the S-ZI curves. Fig. 3.6 magnifies the area around the
instant when the voltage stability limit is crossed. As expected, the S-ZIs are equal to
zero when magnitude of the load impedance is equal to that of the Thevenin impedance.

51— . . . .
ok |
E Z
5 5f Z,, =200hm
§ ——2Z,, =30 Ohm
?: ——2_, =400hm
N -
E_‘ -10 ——2Z. =50 0hm
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_20 1 1 1 1 1 1 1 1 1
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Magnitude of load impedance (Ohm)

Figure 3.5: Trajectories of the S-ZI with different Thevenin impedance.

3.2.2 Early warning of voltage instability

As seen in Fig. 3.5, the S-Z sensitivity curves have a minimum when magnitude of the
load impedance is approaching that of the Thevenin impedance. At this extremum, the
operating point is quite close to the voltage stability limit. Therefore, this minimum point
can be used as the threshold to issue an early warning for voltage instability. Base on
(3.5), the second derivative of Sy, with respect to the Zj, is

?Sy,  2E3, (77 + 22 cos 2, + Z3,) (2} — 323,21, — 223, cos 0)

= 3.9
dz; (Z2 + 22, + 271, Zpp cos §)’ (39)
Consequently, the minimum point is one of the roots of the following equations:
Z3 + 27y co80Zy, + Z7y =0 (3.10)
7} — 372,71 — 273, cos =0 (3.11)
The discriminant of (3.10) is
A =473, (cos®0 — Z7) (3.12)
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Figure 3.6: Trajectories of the S-ZI when load is approaching the voltage stability limit.

In power systems, Zj, is normally much larger than 1 Q, so A < 0. This means the
roots of (3.10) are complex numbers, which are obviously not a physically valid solution.
Therefore, magnitude of the load impedance at the extremun is one of the roots of (3.11).
This root is slightly higher than Zzy,. It is noted that (3.11) is a polynomial equation,
which can be easily solved by several numerical methods [52,53].

3.3 Online voltage stability monitoring based on the
Thevenin impedance and S-ZI

3.3.1 Indicator based on the Thevenin impedance

As presented in Section 3.1, the Thevenin impedance seen at a load bus in power systems
can be estimated in real time by local phasor measurements of the load current and
voltage. The magnitude of the estimated Thevenin impedance in comparison with that
of the load establishes an indicator for online voltage stability monitoring, which has
been presented in Chapter 2. Moreover, after the Thevenin impedance is estimated,
the maximum loadability is obtainable by (2.49). The indicator based on the Thevenin
impedance and the power margin display a clear picture of the current operating point
and the distance to the voltage stability limit as can be seen in Fig. 3.7 and 3.8, which
illustrate a performance of the proposed method at a 420 kV node in the Norwegian
transmission system. More details are presented in Chapter 5.

3.3.2 Applications of the S-ZI

The proposed indicator S-ZI in Section 3.2 requires only PMU measurements of the load
current and voltage to detect the system behavior in response to variations of the con-
cerned load. Thus, it is suitable for online implementation. Basically, the S-ZI has two
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Figure 3.7: Magnitudes of the load impedance and the Thevenin impedance estimated in real
time; white curve: the load impedance; red curve: the Thevenin impedance;
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Figure 3.8: Apparent power of the load and the maximum loadability estimated in real time;
white curve: load; red curve: the estimated loadability.

applications. The first one is an indicator for online voltage stability monitoring, and the

second one is a tool to validate accuracy of the estimated Thevenin impedance in real
time.
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3.3.3 S-ZI as an indicator for online voltage stability monitoring

As presented in Section 3.2, the S-ZI is a new indicator for online voltage stability moni-
toring. With this indicator, the voltage stability limit is the point where the S-ZI is equal
to zero. This threshold is unchanged; it does not depend on operation conditions in the
grid. Based on local phasor mearements of the load current and voltage, the S-ZI of the
concerned load is computed directly. There are not any problems related to divergence or
other issues. Moreover, assuming that the range of the Thevenin impedance’s magnitude
seen at the considered load bus is known (based on the proposed method to estimate the
Thevenin impedance in this chapter, for example), one can draw pre-defined trajectories
of the S-ZI with respect to the magnitude of the load impedance. By this way, the distance
between the operating point and the voltage stability limit can be showed very clearly as
illustrated in Fig. 3.9. In addition, based on the online estimated Thevenin impedance
which is presented in Section 3.1, the current trajectory is able to be plotted.

Indicator

60 80 100 120 140 160 180 200 220
Load impedance (Ohm)

Figure 3.9: Performance of the S-Z sensitivity at a 420 kV bus; x-axis is magnitude of load
impedance, y-axis is the S-ZI (MVA /Q); the red point is the S-ZI computed from phasor measure-
ments and the thick blue curve is the trajectory of the currently estimated Thevenin impedance.

3.3.4 S-ZI as a validation tool
3.3.4.1 Correction of the ratio X7,/R,

As previously presented in Section 3.1, the ratio X7y, / Rry, of the Thevenin impedance must
be known before the estimation of the Thevenin impedance can be conducted. Since this
parameter is initially unknown, a typical value of X/R of power lines in the studied area
can be assigned to the Thevenin impedance, and then the magnitude of the Thevenin
impedance is estimated. If the assigned value is incorrect, the S-ZI trajectory, which is
drawn based on the estimated Thevenin impedance, will not cross the S-ZI computed
from the local phasor measurements. In this case, the ratio Xrp,/Ryy, should be adjusted
until the S-ZI is located on the trajectory.
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3.3.4.2 Validation of the Thevenin impedance

Estimation of the Thevenin impedance in real time has been studied in several works
[45,47,54-56]. At the same load bus, magnitudes of the estimated impedances can be
different from algorithm to algorithm. This issue is illustrated in Fig. 3.10, in which the
blue curve is the Thevenin impedance obtained from [47] and the red one results from [57].
As can been seen, the mismatch between the two impedances varies from 35 € to 67 2. To
evaluate accuracy of the estimated Thevenin impedances, an occurrence of the maximum
power transfer condition is needed. It is because, at this special instant, the magnitude of
the Thevenin impedance must be equal to that of the load impedance. However, in normal
operation, there are not any tools that can verify the Thevenin impedance estimated by
different algorithms. This problem can be tackled by comparing the S-ZI obtained from
measurements with the trajectory drawn from the online estimated Thevenin impedance.
As shown in Fig. 3.9, the red point is the S-ZI directly computed from the current phasor
measurements. The thick blue curve is the trajectory of the S-ZI. This curve is drawn
based on the currently estimated Thevenin impedance. If the estimation is accurate, the
red point must be located on the trajectory as seen in Fig. 3.9. Otherwise, this point will
drift away from the curve as illustrated in Fig. 3.11.
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Figure 3.10: Estimated Thevenin impedances obtained from different algorithms.

3.4 Voltage instability protection and load shedding

As discussed in Chapter 2, voltage instability occurs only if the maximum loadability has
been passed. In this case, the excessive demand causes lower load power, lower voltage
and higher losses in the network. In order to prevent voltage instability, load shedding is
considered as an effective countermeasure. The challenges related to this measure are: i)
how to detect load that has crossed the maximum loadability; and ii) how to determine
an adequate amount of load, which is going to be shed. Little load shedding would not be
sufficient to prevent the collapse, but excessive load shedding should be avoided since it has
adverse effects on customers. It is favorable that only a portion of the load that exceeds
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Figure 3.11: Illustration of inaccurate estimation of the Thevenin impedance, verified by the
S-Z sensitivity.

the maximum loadability should be shed in order to bring the operating point back to
the upper section of the PV curve. In addition, it is noted that the maximum loadability
is different from bus to bus. When the system is on the brink of voltage collapse, there
is a certain number of nodes where the load is still lower than the maximum loadability.
Shedding these loads is not necessary with respect to preventing voltage instability. To
improve reliability of power supply, load shedding should be selective.

Regarding the requirements for an adequate and selective load shedding scheme, the
proposed methods to estimate the Thevenin impedance in real time and the S-ZI indicator
in Section 3.1 and 3.2 are suitable tools. These approaches have a low computational
cost; hence, they can be implemented in processor-based devices (intelligent electronic
devices, for example) or integrated into the wide area monitoring and protection system
as a protective function against voltage instability. Fig. 3.12 and 3.13 depict a schematic
diagram and a flowchart of the load shedding scheme used as a protective function against
voltage instability. Here, the power drawn from the transmission or subtransmission
systems is considered as the power demand, and the feeders connected to the busbar
at the secondary side of the transformer are treated as a portion of the load. Based
on the inputs, which are the voltage V, and current I at the high voltage side, the
protection block estimates the Thevenin impedance and computes the S-ZI and the load
impedance. If the load has crossed the maximum loadability, a timer will start counting.
After a certain time delay, if the load is still beyond the limit, the protective function
will disconnect a feeder or some feeders, which have load impedance’s magnitude larger
than the difference between magnitudes of the total load impedance and the Thevenin
impedance. This ensures that only the excessive portion of load is shed and the rest
remain connected. By this way, the load shedding is minimized, without any intensive
computational cost. After the first round of load shedding, if the transfer capacity of the
system is reduced and the remaining loads exceed the limit again, a new load shedding
command will be released. The voltage instability protection works continuously to keep
the load within the voltage stability limit. If this protection is deployed at all load buses,
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voltage collapse can be averted, assuming that problems related to malfunction of the
protection system and overloading have been avoided.

In the context of smart grid, the output of the voltage instability protection can be
used to adjust the demand in the distribution grid, instead of shedding load, to prevent
voltage collapse. A large number of electric vehicles, distributed generation and energy
storage allow remedial actions to be taken in the distribution level to alleviate voltage
stability problem in the transmission network.

7 Voltage
- instability Feeder 1
protection [ GO (H
[

Feeder 2

L (T S——»

F 3
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Transmission/
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Figure 3.12: Schematic diagram of voltage instability protection deployed at a substation.

3.5 Signal filtering

The proposed algorithm estimates the Thevenin impedance based on variations of the load
impedance and apparent power, which are computed from the load current and voltage.
In normal operation, variations of the load current and voltage are quite small, and they
are also distorted by transients in the grid, noise, and errors of measurement instruments,
etc. As a result, these variations obtained from raw measurements do not reveal the
true reaction of the system in response to variations of the load, which is measured by
the S-Z sensitivity (¢) in the proposed algorithm. This is generally the main challenge
for many methods based on local phasor measurements. In (3.8), ¢ has a large impact
on the unknown Zry,. In order to obtain a good estimation of the Thevenin impedance,
this parameter should be computed appropriately from the raw measurements. Fig. 3.14
shows the S-Z sensitivity at the Hasle corridor. In this case, ¢ is computed directly
from the raw data, without any filtering. As can be seen, the S-Z sensitivity is highly
distorted and not usable; it does not reflect the true characteristic of the system when
the load varies. Fig. 3.15 shows variations of the apparent power and load impedance
computed from two consecutive PMU measurements, which are taken every 20ms at the
same location. During the observation time, both dS, and dZj, change randomly and can
be negative or positive. From these figures, one can recognize that it is necessary to filter
these signals to obtain a better response of the system.
To obtain a good estimate of the S-Z sensitivity, one can take the following steps:
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- Estimate Z7,
- Compute Z;
- Compute dS;/dZ;

| Start timer || Reset timer

Time delay has
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- Shed feeders:
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- and/or: adjust charging/

discharging modes in
distribution grid

Figure 3.13: Voltage instability protection based on the S-ZI and Thevenin impedance; Zpy,
is the Thevenin impedance, Z, is the load impedance and Z; is the load impedance of feeders.

e Take into account only two consecutive measurements, which result in dZ; < 0.
As discussed in Chapter 2, voltage collapse is mainly driven by the load recovery;
therefore, dZ;, < 0 is more critical than dZy, > 0.

e To reduce the impact of noise, only large dZ;s are considered. How a large dZ is
defined depends on specific load.

e Compute the S-Z sensitivity ¢ from dS;, and dZ;. Since ( varies very slightly at a
certain loading level, it is suitable to filter this signal by the moving average filter,
which is mathematically expressed by:

N-1

olil = Y ali (313

j=

where x is a series of samples of the input, y is the corresponding output and N is
the number of samples used in the moving average.

Fig. 3.16 depicts the trend curve of the S-Z sensitivity after it has been filtered. Compared
to the curve in Fig. 3.14, this curve is now much smoother and truly represents the system
response.
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Figure 3.15: Variations of the load impedance and apparent power during a period of four
seconds obtained from real PMU measurements; reporting frequency is 50 data frames per
second.
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Figure 3.16: The S-Z sensitivity (( = dSL/dZr) after filtering.
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Chapter 4

Online voltage stability monitoring
based on system topology and
phasor measurements

Estimation of the Thevenin equivalent based on information of system topology and PMU
measurements is one of the main contributions of this PhD project. The method utilizes
PMU measurements at boundary nodes to limit the size of the subsystem, which is vul-
nerable to voltage instability. Therefore, it is not necessary to take the entire power
system into calculation. This solution reduces computation time and paves the way for
online implementation. The approach computes directly the Thevenin impedance from
system topology and PMU measurements; it does not have any problem of divergence
and hence can work reliably and robustly. Moreover, not only the Thevenin impedance of
the current operation state is estimated but also the Thevenin impedance under different
contingencies can be predicted in real time. This helps the system operators to have
better awareness of operational margins with respect to voltage stability.

The chapter starts with the estimation of the Thevenin impedance in systems dom-
inated by large generation. It is followed by the analysis of the Thevenin impedance in
power systems under the impact of small generation and active power dispatch. Based
on this study, a technique to model active power injection by a reactance is presented,
which contributes to the comprehensive approach to online voltage stability monitoring
based on system topology and PMU measurements presented in the next section. After
that, estimation of the online post-contingency Thevenin impedance is presented. It is
followed by a summary of the proposed approach before the chapter is finally closed by
some remarks on impacts of shunt compensation on the Thevenin impedance and the
maximum loadability.

4.1 The Thevenin impedance in power systems with
large generation

4.1.1 Estimation of the Thevenin impedance

In power systems, generation and loads are generally connected by a meshed network
of power lines. The length and parameters of the lines, topology and voltage level de-
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termine the transfer capacity of the network. Therefore, it has significant influence on
the maximum loadability allocated to each load bus in the grid. Regarding this feature,
this section analyses the estimation of the Thevenin equivalent in systems with large
generation, where voltage stability limit is imposed only by the network.

Consider Fig. 4.1, where the loads are located at bus 2 and 3. The generator G1
is connected to bus 1, feeding power to the grid through the step-up transformer T1;
Line 1 connects bus 2 and 3. Since the focus is on voltage stability, it is, at this stage,
reasonable to assume that G1 has unlimited power. This assumption holds for large
and electrically distant generators with regard to the monitored load. Assuming that
the AVR of generator G1 is able to keep the terminal voltage at bus 1 constant during
operation, then the generator behaves like a voltage source connected to bus 1. Hence,
from Fig. 4.1, the electric equivalent circuit of this system can be obtained as depicted in
Fig. 4.2, where T1, Line 1, L1 and L2 are represented by impedances Zr, Zrine, Z11, and
715 respectively. For the sake of illustration, shunt admittances of Line 1 are neglected.

1 T1 2 3
-
Gl L2
L1
—

Figure 4.1: A 3-bus system to illustrate the Thevenin impedance in systems with large gener-
ation.

I N B T S
| |

QLA gl 7

Figure 4.2: Equivalent circuit of the 3-bus system.

According to the Thevenin’s theorem, the equivalent impedance of the system seen at
bus 3 is

_ _ Zi 7

ZTh = ZLine + # (41)
Z+ Zr
Alternatively, from Fig. 4.1, the admittance matrix Y of the grid (not including the
load) is formed by:

1 41 __1
Y = ( ZLine 1 Zr mee ) (42)

o ZLine ZLnLe

It is noted that bus 1 is treated as the reference node because it is connected to the large
generator.

Modifying the diagonal elements of the matrix Y by adding all the load admittances,
except the monitored load, to corresponding diagonal elements to establish a new matrix:

1 1 1 1
Yy = ( ZLine + Zir + Z11 Zlee > (4‘3)

ZLine ZLine
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Define the impedance matrix Z,, as the inverse of Y,,,

Zog= Yoy . (4.4)
The diagonal element located at the second row and second column of Z, is

ZLIZT

_Lmar 15
Z + Zr (4:5)

Zeq (2,2) = Zp +
which is by definition equal to the Thevenin impedance seen at bus 3 in (4.1) (in general,
the diagonal element at %" row and i* column of the impedance matrix is the Thevenin
impedance seen at the i’ bus in the grid [58,59]). The system is now simplified as shown
in Fig. 4.3a

Z, 3 Zy 3
1 1 |

QF 0z, s,

(a) Monitored load admittance is not inte- (b) All load admittances are integrated to
grated to the admittance matrix. the admittance matrix.

Figure 4.3: The Thevenin equivalent circuit.

It is noted that if the Thevenin impedance at another node needs to be computed, the
admittance matrix Y must be modified by other loads and inverted again. If there are n
monitored buses in the concerned area, the matrix inversion must be conducted n times.
However, this problem can be avoided by simply adding all the load admittances (includ-
ding the monitored one) into the admittance matrix. In this case, the impedance obtained
from the corresponding diagonal element of Z,, (Z’Th in Fig. 4.3b) is the equivalent of
the actual Thevenin impedance and the load in parallel. Therefore, after computing the
impedance matrix Z.,, the actual Thevenin impedance is found by

Zyn = Zon || Zia = Zon = 7—ZLQZT—},L (4.6)
ZL2 - ZTh
where Zy, is the corresponding diagonal element Z.,(2,2). By this technique, matrix
inversion must be carried out once to compute the Thevenin impedance seen at all the
load buses.

In summary, the concept of this approach can be applied to systems that fulfill the

assumption about having only large generators. The estimation process is as follows:

1. Treat all generation buses as the reference node and establish the admittance matrix.

2. Add all the load admittances into the corresponding diagonal elements to modify
the admittance matrix.

3. Invert the modified admittance matrix. Extract impedances from the diagonal and
compute the Thevenin impedance at the concerned load buses by (4.6).
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4.1.1.1 Discussion

58

e In general, real power systems are large and complex. They comprise many gen-

erators with different rated power and often have connections to external systems.
The requirement for existence of only large generators in the grid somehow seems
unrealistic. However, this condition can be fulfilled in some sub-transmission net-
works, where there is no generation and loads are fed from the transmission system
through transformers. Fig. 4.4 depicts a small part of the Norwegian transmission
system as an example. This area consists of only loads and a weak network. The
loads are supplied by the 420 kV network through a substation connected to bus
1 and a large power plant connected to bus 2. Voltage collapse sometimes occurs
in this subsystem, mainly caused by outage of some important lines in the area.
Under this circumstance, limits on the maximum loadability are imposed by the
network, rather than by the generation. Consider the voltage at bus 1. Since the
transformer has an OLTC, it can keep the voltage constant at a desired value in
normal operation while the power is drawn from the 420 kV transmission system
to meet the demand in the 130 kV grid. From the 130 kV side, the 420 kV side
acts like a large generator or a voltage source, without any power limits. From this
point of view, this subsystem fulfills the above assumption; therefore, the method
presented in this section can be applied directly without further tactics. It is noted
that only the information about the topology of this subsystem is needed to form
the admittance matrix; information about topology and loading condition of the
rest of the system is not required. Hence, the size of the admittance matrix is re-
duced significantly. Computation cost on matrix inversion is consequently low. This
makes the approach simple and viable for real time implementation.

Main transmission
420 kV system

generators

Figure 4.4: A 130 kV subsystem of the Norwegian transmission system.

e The essence of the method is graphically illustrated in Fig. 4.5. There are generally

two paths that determine the Thevenin impedance seen at a certain load bus. The
first one is the series path. This path comprises line impedances, which connects
the load and generation. The second path is constituted by load impedances, which
are normally much larger than the line impedances. Hence, the network topology
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largely determines the Thevenin impedance and should be well tracked. To obtain
this, breaker statuses could be communicated from the SCADA/EMS system at
regular intervals or preferrably event-based. The load impedances, however, have
small impact on the estimation; it is not necessary to update their values quickly.
Information on load impedances obtained from most of existing state estimators is
fast enough.

]

Figure 4.5: Graphical illustration of the Thevenin impedance estimation.

4.1.2 Treatment of shunt compensation

Shunt capacitors are widely used to improve voltage profile in power systems, especially in
load areas. For transmission networks, shunt reactors are also deployed to avoid overvolt-
age during light loading conditions. These components have influence on the maximum
loadability and the Thevenin impedance seen at the load bus. Thus, they should be in-
cluded in the admittance matrix. As known, shunt capacitors and reactors are simply
impedances connected to the grid. Therefore, in the admittance matrix, they are treated
as a shunt admittance at the node they are connected to.

Synchronous condenser, SVC or STATCOM can inject or absorb reactive power from
the grid, acting like a capacitor or reactor. Thus, they are represented as a reactance,
whose magnitude is determined by the currently injected reactive power as

U2

X
Q

(4.7)

where U is the bus voltage and @ is reactive power, which is negative if it is injected into
the grid.
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4.2 Effect of active power dispatch on the Thevenin
impedance

4.2.1 Impact of small generators on the Thevenin impedance

The Thevenin theorem in circuit theory is a useful tool to obtain the equivalent of the
rest of a circuit seen at a particular terminal. This theorem is valid for linear circuits
or for a certain operating range where the circuit is linear. In nonlinear systems like
power systems, estimation of the Thevenin impedance is different from the theorem.
As discussed in Chapter 2 regarding online voltage stability monitoring based on the
Thevenin equivalent, a good estimate of the Thevenin impedance is the one which is equal
the load impedance at the instant of maximum power transfer condition. The challenge
is that the maximum power a load can draw from the grid is dependent on specific
operation conditions, such as dispatch of active power among generators, limits of VAr
reserves, topology, loading condition, load behaviors, etc. These factors, therefore, affect
the Thevenin impedance seen at the load. Regarding this issue, this section analyzes how
the Thevenin impedance in a simple system varies under different operation conditions,
and how to model power limit of small generators in the Thevenin equivalent estimation.
The study improves understanding of the Thevenin equivalent in power systems; it forms
the basics of a new method for online voltage stability monitoring presented in Section
4.3.

Consider a small 110 kV grid depicted in Fig. 4.6. Generator G1 is located at the
bus 1, which is treated as the slack bus. Meanwhile, bus 2 is a PQ bus; the reactive
power injection at this bus is fixed at 9 MVAr. To examine how the Thevenin impedance
is affected by the dispatch of active power, the continuation power flow method [37] is
implemented. The load is increased until it goes beyond the maximum power transfer
limit; meanwhile, active power injected into bus 2 is unchanged, and G1 is responsible for
keeping the balance of active power. The computation is conducted with different active
power (5 MW, 10 MW, 15 MW and 20 MW) injected into bus 2.

V4 3 V4 G2

U 94560 @) 51i50(©) 2
R T
Ny i Ny
O ! Line 1 Line 2 !
Gl

60 MW + 5 MAr
—

Figure 4.6: A simple system to analyze the influence of dispatch of active power on the
Thevenin impedance.

Fig. 4.7 shows the PV curves under 4 scenarios of active power injection at bus 2. As
can be seen, the maximum loadability varies as active power dispatch changes. The peak
power and the corresponding load impedance are presented in Table 4.1. It is noted that
the load impedance in each case is different from the other. It varies from 84.08 2 to
71.89 © when the injected active power at bus 2 changes from 5 MW to 20 MW, re-
spectively. According to [45] and the maximum power transfer theorem, the magnitude
of the load impedance at the instant of maximum power transfer is also the magnitude
of the Thevenin impedance seen at bus 3. As observed, although the network is un-
changed, the Thevenin impedance is not constant; it is affected by the dispatch of active
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power. In addition, if the two generators are considered as voltage sources, the Thevenin
impedance, according to the Thevenin theorem, is the equivalent impedance of the two
parallel impedances Z;; and Z5, which is 32.3 €2. This value is not equal to any of the
load impedances listed in Table 4.1. Evidently, the method to compute the Thevenin
impedance in the circuit theory cannot be applied directly in power systems, which are
highly nonlinear and have limited capacity imposed by the physical limits of components
installed in the system.
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Figure 4.7: The PV curves under different scenarios of active power injection at bus 2.

Table 4.1: Maximum loadability and corresponding load impedance.

G2 active power (MW) Load Impedance (£2) Max. Loadability (MVA)

5 84.08 69.18
10 79.16 73.60
15 75.07 77.65
20 71.89 81.30

Based on this analysis, the following comments can be drawn:

e Generator G1 represents a large system, which functions as a voltage source and
does not set the limit on the power transferred from bus 1 to 3. It is indeed the
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line impedance between these two buses, which imposes the limit on the maximum
power transfer. This impedance should be taken into account when estimating the
Thevenin impedance seen at bus 3.

The maximum power injected into bus 3 from bus 2 is not restricted by Zpo; it is
controlled to stay within the rated output of the component. In other words, Line
2 can facilitate higher power transferred from bus 2 to 3, but the machine at bus
2 is not able to provide such high power. Under this circumstance, the impedance
of Line 2 does not represent the transfer capacity; hence, it should not be taken
into account when the Thevenin impedance is estimated. The line impedance Zp,
should be replaced by a new impedance, which can represent the rated output of
the generator. The new impedance functions as a virtual line impedance that set
the limit of the maximum power injected into the considered load.

4.2.2 Active power injection modeled as a reactance

Consider a resistive load connected to an arbitrary node in the grid as shown in Fig. 4.8.
Assume that the voltage level V), of the grid and the available maximum active power
P4z, which the grid can supply, are given. It is a common practice to model the system
as a voltage source behind an impedance. For simplification, it is reasonable, especially
in transmission system, to assume that the impedance is just a pure reactance Xp, called
modeling reactance. From Fig. 4.8, the magnitude of load current can be computed as

[=— (4.8)

VR + X3

At the maximum power transfer, this holds true:

R:XP

Therefore, the maximum power transfer is

2 Vi
Prwe = I'R = —* 4.9
X7 (4.9)
Rearranging (4.9) yields
VZ
Xp= = 4.10
JXp 7
— T
P
P Pmax —
ower |>_> (\J 7, []R
system

Figure 4.8: Model of active power limitation by an reactance.

In summary, at a particular node in the grid, given that the maximum active power

the load can draw is P,.., the grid can be modeled as a voltage source behind a reactance

62



Chapter 4. Online voltage stability monitoring based on system topology and phasor measurements

Xp. This modeling technique, together with (4.10), is a tool to represent power injection
from small generators and boundary nodes when estimating the Thevenin impedance.

To illustrate the idea, take the grid shown in Fig. 4.6 as an example. The active
power currently injected into bus 3 from bus 2 can be considered as the maximum power
the load can draw from this branch. Thus, it is modeled by a voltage source behind the
reactance X p, which is computed by (4.10). After this step, the equivalent circuit can be
obtained, as shown in Fig. 4.9. Since the load is now supplied by the two voltage sources,
the Thevenin impedance is simply the equivalent of the two parallel impedances: jXp
and ZLl-

_ X
Z, L)
1 94§90 ()
Gl Line 1 60MW + SMAr
>

Figure 4.9: The equivalent grid after applying the modeling reactance concept.

Fig. 4.10 shows the performance of the proposed approach under the four scenarios
of power injection at bus 2 mentioned in the above section. As expected, there is good
agreement, between the instant the load reaches the maximum loadability and the time
the magnitude of the Thevenin impedance is equal to that of the load impedance. It is
noted that the estimated Thevenin impedance is smooth and stable. It is not intermit-
tent as often seen from other methods based on local PMU measurements. In addition,
Table 4.2 shows the estimated Thevenin and load impedance at the instant of the maxi-
mum power transfer. As can be seen, the error of the estimation is relatively small, just
around 2.75%. Obviously, the proposed modeling reactance has improved the Thevenin
impedance estimation significantly.

Table 4.2: Load impedance and the Thevenin impedance at the nose point.

G2 active power (MW) Load Impedance (©2) Thevenin impedance (©2) Error (%)

5 84.08 84.28 0.24
10 79.16 78.87 0.37
15 75.07 77.14 2.75
20 71.89 69.98 2.67
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Figure 4.10: The estimated Thevenin impedance after applying the modeling reactance for
active power injection; the blue curve is load impedance, the red and dashed curve is the
Thevenin impedance and the green curve is load power.
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4.3 Topology- and PMU-based approach

4.3.1 Introduction

Modern power systems are normally large and have connections with external networks.
Together with the increasingly high penetration of power electronics devices, the grid
becomes more and more complex. This is a challenge for practical implementation of
methods for online voltage stability monitoring based on system topology. Taking the
entire power system into calculation demands enormous effort in terms of data acquisition
and computation; consequently the calculation is not fast enough for online applications,
especially during the rapid transition of operation conditions after disturbances. However,
information of system topology is valuable; it reflects the strength of the network and
highly related to the Thevenin impedance seen at load buses. When used properly, the
system topology in estimation of the Thevenin impedance can provide a stable and reliable
estimate. In order to achieve this goal, the system should be simplified or the studied
area should be bounded.

It is widely acknowledged that voltage stability is rather a local problem, existing in
a certain area in the grid. Operation of electrically distant generators, loads and other
components does not have a very large impact on the concerned area, which is vulner-
able to voltage instability. Therefore, it is not necessary to take the entire system into
calculation. Take the Nordic32 test system [60] depicted in Fig. 4.11 as an example. The
system is characterized by large generation in the northern part with long transmission
lines down to the south to meet the demand in this area, where heavy loads are located.
The Nordic32 test system developed by [60] is a variant of the one presented in [61].
In this variant system, the southern part is subjected to long-term voltage instability
after the outage of the line between node 4032 and 4044. Since the northern area is not
exposed to voltage collapse, it is not necessarily included in the monitoring scheme for
voltage instability in the southern part. Obviously, the upper subsystem can be treated
as an external grid and represented in real time as virtual voltage sources at the bound-
ary nodes by PMU measurements. With this approach, the size of the monitored area is
reduced significantly, especially for large systems. Using system topology to estimate the
Thevenin impedance in real time becomes viable for practical implementation. This is the
essence of the topology- and PMU-based method for online voltage stability monitoring
presented in this section.

4.3.2 Description of the topology- and PMU-based approach

This section presents details of the monitoring scheme, which utilizes the system topology
and PMU measurements to estimate the Thevenin impedance at concerned nodes. For
the sake of illustration, the Nordic32 test system in Fig. 4.11 is selected for detailed
implementation. Overall, the approach consists of the following steps:

STEP 1: Determination of “A-P” nodes for the studied area

To limit the size of the studied area, which is vulnerable to voltage instability, a
new type of bus called A-P bus is introduced. This is the bus where the net active power
injection is positive. The A-P bus can be a generation or boundary bus, which are defined
as follows:
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e Generation bus in this algorithm is the bus, where generators are connected and the
net active power injection is positive. For instance, bus 4062, G6, G14 and G15 are
considered as generation buses because the active power they produce is larger than
that of the load located at these buses. On the other hand, bus 1043 and 4051 are
not considered as generation buses although they have generators connected. The
reason is that the net active power injection is negative; therefore, they are treated
as load buses.

e Boundary bus is a bus that has strong connections to the rest of the system. At
this bus, the studied area draws active power from the rest of the system. In
Fig. 4.11, they are bus 4021 and 4031. These nodes are located at the boundary of
the studied area and have strong connections to the rest of the system.

It is noted that boundary buses, where the studied area exports active power, are
not considered as A-P buses, but as load buses.

After the A-P buses are identified, they are then categorized into the weak and strong
A-P nodes. As discussed in Section 4.2, small generators have influence on the Thevenin
impedance seen at the monitored bus; they need to be treated as weak A-P nodes. At the
weak A-P nodes, PMU needs to be installed to obtain the phasor of the bus voltage. On
the contrary, the strong A-P node is defined as the bus where large generators (compared
to the loading condition in the studied area) are connected. The large generators normally
behave like voltage source in terms of having enough output power to meet the demand.
As presented in Section 4.1.1, the strong A-P nodes are treated as the reference node in
order to compute the Thevenin impedance. Thus, PMU deployment at these buses is not
required. Depending on the specific studied area, the strong A-P node can exist or not.
For instance, in the subsystem shown in Fig. 4.4, all boundary nodes are treated as strong
A-P buses; but in the Nordic32 test system in Fig. 4.11, all the A-P nodes are treated as
weak ones. They are marked by the magenta rectangles in the figure.

STEP 2: Simplification of the studied area

In general, after being bounded, the studied area is a small system, but it is still a
meshed grid; there are not direct connections from A-P nodes and the monitored load bus.
Hence, the technique to model active power injection from the weak A-P nodes by the
modeling reactance presented in Section 4.2.2 cannot be directly applied to the studied
area. It is necessary to obtain a simplified network, which contains only the monitored
bus and the A-P buses. The target is to establish direct connections between each A-P
node and the monitored bus.
Based on the topology of the concerned area, one can establish the modified admittance

matrix Y, in form of
_( Ye Ygp
Yeq = ( Yeg Y; ) (4-11)

where Y7 is a submatrix, which includes only buses being retained after the simplification,
i.e. A-P nodes and the monitored bus; Yz contains buses of the rest of the studied area,
and Ygp is a coupling submatrix between the two. It is noted that all load admittances in
the studied area must be added into the corresponding diagonal element of the modified
admittance matrix. Assume that bus 1041 in Fig. 4.11 is the monitored bus, Y; will have
the size of 7x7 (6 A-P nodes and 1 concerned load bus).
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Gaussian elimination on Y, is then applied to eliminate elements below the diagonal
until the submatrix Y7 is reached. In other words, elements of Y, below the diagonal are
retained; they are not eliminated. As a result, the matrix has the final form as

After the transformation, the submatrix Y7 in (4.11) becomes Y7.,, which contains
the equivalence of the simplified lines and loads in the study grid. The submatrix Y.,
is in return considered as the admittance matrix of the simplified grid. Based on Yje,
the direct connection between the A-P nodes and the monitored bus is established as
shown in Fig. 4.12. The coupling impedance between them is directly extracted from the
corresponding element in the matrix Y7.,.

STEP 3: Modeling virtual active power flow from weak A-P node by a reac-
tance and computing the Thevenin impedance

As expected, the direct connection between the A-P nodes and the monitored load
bus by an impedance has been established. Utilization of this impedance is dependent on
how the A-P nodes are categorized.

e For the strong A-P nodes, the coupling impedance between them and the monitored
bus is used directly in the Thevenin impedance estimation. The reason is that this
impedance is the factor that imposes the limit on maximum power transfer from
the considered A-P node to the load.

e For the weak A-P nodes, the coupling impedance is not used directly. It is replaced
by a modeling reactance determined by the following steps:

— Compute virtual active power injected into the monitored load bus from the
weak A-P node.

— If the active power is positive, use (4.10) to obtain the modeling reactance for

this flow.

— If the active flow is negative, treat it as a resistive load connected to the
monitored bus. The resistance is computed as

Vi

R =
P

(4.12)

where V} is the magnitude of the load voltage and P is the virtual flow of
active power.

e Finally, the Thevenin impedance seen at the monitored bus is the equivalent of all
the parallel impedances obtained from above steps.
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Figure 4.11: The Nordic32 test system [60].

G16

4.4 Real time estimation of the post-contingency
Thevenin impedance

Online voltage stability monitoring is a useful tool to determine the operational margin
at the current operation point. However, it cannot assess potential risk under certain
contingencies. As been observed by many voltage collapse incidents and blackouts in the
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Figure 4.12: Direct connection between A-P nodes and the considered load bus after the
simplification of the studied area.

past, critical disturbances have pushed the system out of its limits and led to the system
collapse. In addition, to increase utilization, the grid is nowadays expected to operate
closer to limits. It makes the system even more vulnerable to disturbances. The current
operation point can be within the limits, but certain perturbations can push it beyond
the constraints. As illustrated in Fig. 4.13, the load impedance in normal operation
is far from the Thevenin impedance, but it can be quite close to the voltage stability
limit under certain contingencies, indicating that the system can face the risk of voltage
instability. Therefore, early detection of post-contingency voltage stability limits plays
an important role in securing system operation. In modern power systems, power flow
pattern can predictably change quickly due to high penetration of variable renewable
generation. Therefore, the need for real time estimation of post-contingency Thevenin
impedance becomes more and more important,.

Load

P —_— ~

~_— —_— — — ~

Post-contingency Thevenin impedance

Thevenin impedance

-

Impedance (Ohm)

Time

Figure 4.13: Illustration of the Thevenin impedance estimation under contingency.

For methods based on local PMU measurements, it is very challenging to approxi-
mate the post-contingency Thevenin impedance in real time, simply because of lack of
post-contingency measurements. For topology-based methods, this issue is less challeng-
ing; combination of measurements and information about system topology contains clues
about post-contingency estimate. In the VIP++ [62], only load behaviors in the studied
area are taken into account to compute the distance to point of collapse. But this study
has not considered the effect of outages of generators or lines on the Thevenin equivalent
estimation.

As presented in Section 4.3.2, after limiting the size of the concerned area, the bounded
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studied area, as depicted in Fig. 4.11, is just a small network, which comprises of some
lines, A-P buses and loads. Therefore, it is possible to carry out the analysis on concerned
contingencies, such as line or generator outages. The procedure is as follows:

e Determine the concerned contingencies, which can come from experience of system
operators or from offline analysis or other means.

e Based on the concerned contingency, modify the admittance matrix accordingly. If
the contingency is a line outage, just remove the line admittance in the corresponding
elements in the matrix. If the contingency is a generator outage, the bus where this
generator is connected is not treated as an A-P bus; it is, thus, not included in the
Y7 submatrix.

e Follow Step 2 in Section 4.3.2 to obtain the simplified grid.

e In Step 3, use current measurements at A-P nodes and the monitored load to com-
pute the modeling reactance between them.

e Compute the post-contingency Thevenin impedance seen at the concerned load bus.
It is noted that several contingencies can be implemented; the one that results in the
highest Thevenin impedance is ranked as the most critical contingency with respect
to voltage stability assessment.

In order to illustrate the idea, a small system shown in Fig. 4.14 is taken as an
example. In this simulation, a line between bus 1 and 3 is tripped at t = 25 s. As
depicted in Fig. 4.15, before the disturbance, the load is within the voltage stability
limit; the load impedance is 99.13 2 and the currently estimated Thevenin impedance
is 49.02 Q. The estimated post-contingency Thevenin impedance under the disturbance
contingency is 96.15 €2, which is quite close to the current load impedance; it indicates the
potential risk caused by the line outage. After the disturbance, the Thevenin impedance
becomes 99.51 2. There is a small error of 3.36 €2 between the post-contingency and
the actual Thevenin impedance. Since the load impedance is smaller than the Thevenin
impedance after the outage, the load power cannot return to the initial value; it goes
down during the load recovery period.

External grid

1 3 2
1100 (O 20 (O VSC HVDC
@ j100 () j20(© -} ] (QJ)
Gl V0@ 10MW
120 MW
20 MVAr | H—

Figure 4.14: A small system to demonstrate the post-contingency Thevenin impedance.

4.5 Summary of the topology-based method

The method for online voltage stability monitoring in this chapter can be summarized
by the flow chart shown in Fig. 4.16. For a given subsystem that is prone to voltage
instability, first, the A-P buses are determined. This step is to reduce the size of the
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concerned area and to make the algorithm suitable for online implementation. Moreover,
it is necessary to install PMUs at the weak A-P nodes. These measurements are required
to compute the coupling reactance between them and the monitored load bus.

Determine A-P nodes

4

qﬂ> Update measurements, system topology and

loading condition

4

Modify the admittance matrix.
Simplify the study grid.

Use PMU measurements to obtain
modeling reactances of weak A-P
nodes.

Compute the Thevenin impedance at
concerned buses.

Compute contingent Thevenin
impedance at concerned buses.
Compute S.x and power margin.
Establish indicators.

L
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Release early warning and take
mitigating actions

—

PMU measurements from the
A-P and monitored buses

Admittance matrix and loading
condition from SCADA/EMS-

state estimator

User-defined contingencies

Figure 4.16: Flow chart of the proposed approach to online voltage stability monitoring based

on system topology and PMU measurements.

In this algorithm, system topology plays an essential role; every change of the system
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topology should be updated as soon as possible to secure accuracy of the method, prefer-
ably event-based. Additionally, the loading condition is also important in the approach;
however, it does not necessarily require fast update. Variations of load impedances have
small impact on the estimated Thevenin impedance. It is noted that both system topology
and load power are available information; they can be extracted from existing state esti-
mators or SCADA /EMS systems, which are widely implemented at the control centers of
TSOs. So, the method does not demand further resources, except for PMU measurements
at the A-P nodes and monitored buses.

After all the required data are collected, the Thevenin impedances seen at the mon-
itored buses are computed. Depending on the specific system, the size of the study
subsystem can vary. In the Norwegian transmission system, for example, the areas vul-
nerable to voltage instability can be bounded as a small one, whose total number of buses
is less than 50. Therefore, there is no problem with computation time; the method is fast
enough for online implementation. In addition, since the approach focuses on the long
term voltage instability, it does not demand very fast update; probably once per second
is quick enough.

Moreover, estimation of the post-contingency Thevenin impedances is possible in this
approach. The number of contingencies is not limited, but it demands computation
time. After the analysis, the highest post-contingency Thevenin impedance can be plotted
together with the currently estimated Thevenin impedance and the load.

4.6 Remarks on impacts of shunt compensation

4.6.1 Effect of shunt compensation on the Thevenin impedance

It is widely acknowledged that the small Thevenin impedance represents a strong network,
which has high transfer capacity to supply the load, and vice versa. This notion to some
extent does not hold true when the system is highly compensated by capacitive shunt
compensation. Take a simple grid shown in Fig. 4.17 as an example. Without the
capacitor, the magnitude of Thevenin impedance seen by the load is

Zrn = Xp,
With the capacitor connected, however, it will become
X1 Xc
Xo— X1
Obviously, Zrps > Zppi. In this case, the presence of the shunt compensation results in
larger Thevenin impedance although the maximum power transfer is higher. In general,
the Thevenin impedance is related to the strength of the grid, but when the assessment

of voltage stability is conducted, it is more precise to compare this equivalent impedance
with the load impedance to form the indicator ISI as presented in Chapter 2.

Zrhy =

4.6.2 Relation between the maximum power transfer and the
peak load power in highly overcompensated systems

The main principle of the methods for online voltage stability monitoring based on the
Thevenin impedance is built on the two pillars: estimation of the Thevenin impedance
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Figure 4.17: A simple system with shunt capacitor.

seen at a load bus and the maximum power transfer theorem. It is normally interpreted
as: when the load reaches the peak power, the maximum power transfer condition occurs
and the magnitude of the load impedance is equal to that of the Thevenin impedance.
This condition is also used to validate the accuracy of the estimated Thevenin impedance.
This paradigm works appropriately in many cases, but it is misleading when the system is
highly overcompensated. Fig. 4.18 illustrates a simple system, in which an ideal voltage
source is connected to bus 1 to supply the load at bus 2, which is represented as a resistance
R. At this bus, the SVC is deployed to regulate the load voltage. The compensator is
represented by a reactance X, which is computed as

Us
Q

where @ is the reactive output power of the compensation system. According to the
Thevenin theorem, the magnitude of Thevenin impedance seen at bus 2 is

X, = (4.13)

XX,
U,£0 x . Uwzs
OS]
1 2
X, K

Figure 4.18: A 2-bus system with static VAr compensator.

To closely examine the system behavior, let Uy = 130 kV and X = 50 Q. The SVC and
voltage source at bus 1 are modeled by the CSVGN5 and GENCLS models in the PSS/E
standard library, respectively; voltage setpoint for the SVC is 1 pu. To demonstrate
the relation between the Thevenin impedance and the maximum load power, the load
originally equal to 50 MW is gradually increased until it exceeds the transfer capacity
of the system as shown in Fig. 4.19b; meanwhile, the rated power of the SVC is set as
56 MVAr. At t = 230 s, the load power reaches its peak and starts falling. As can be
seen in Fig. 4.19a, at this instant, the magnitude of the Thevenin impedance is equal to
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that of the load impedance. In this case, the Thevenin impedance matches the maximum
power transfer theorem. The load draws maximum power at the maximum power transfer
condition.
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Figure 4.19: The Thevenin impedance and load power when rated power of the SVC is 56
MVAr.

However, when the rated power of the SVC is adjusted from 56 MVAr to 169 MVAr,
the situation changes. In Fig. 4.20b, it is seen that the peak power is reached at
t = 265 s. At this instant, the magnitude of the Thevenin impedance is not equal to
the load as seen in Fig. 4.20a. There is a mismatch between the instant when the max-
imum power transfer condition takes place and the time the load reaches the maximum
power. Considering Fig. 4.18, the voltage source at bus 1 and the line reactance X
are linear elements; therefore, the Thevenin theorem is applicable and consequently the
Thevenin impedance seen at bus 2 is properly computed. So for this situation, the peak
load power does not necessarily occur at the maximum power transfer condition, when
the load impedance is equal to the Thevenin impedance. In this case, the rated power
of the SVC and its controller are the main factors that drive the peak load power away
from the maximum power transfer condition. As known, the main function of the SVC
is to keep the controlled voltage at the desired value. When the two impedances are
equal at ¢t = 220 s, that is the instant of maximum power transfer condition. At this
point, if the susceptance of the SVC is kept fixed, the load power will increase and starts
decreasing. However, the SVC has not reached its limit yet; as the load continues rising,
the SVC injects more and more reactive power to keep the voltage almost constant as
can be seen in Fig. 4.21. As a result, the power demand is met until ¢ = 265 s when
the SVC has reached its limit. The process is graphically illustrated by the PV curves
shown in Fig. 4.22. Initially, point A is the current operation point. As the demand
increases, voltage is kept constant by the SVC. Gradually, the operation point is moving
from point A to B and ends up at point C, where the SVC reaches its limit. As can be
seen, at this point, the load power is maximum, but the operation point is located below
the nose point, meaning that the maximum power transfer condition has been passed. In
summary, for highly overcompensated areas in power systems, the peak load power can
drift away from the maximum power transfer condition. Therefore, using the maximum
load power to validate the accuracy of the estimated Thevenin impedance will lead to
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improper assessment.
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Figure 4.20: The Thevenin impedance and load power when rated power of the SVC is 169
MVAr.
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Figure 4.21: Load voltage and reactive output power when rated power of the SVC is 169
MVAr.

To determine the border, where the SVC can push the maximum load power away from
the maximum power transfer condition, the system depicted in Fig. 4.18 is considered for
further analysis. From the circuit, the magnitude of the load voltage is computed as

- Ui X.R

Uy = ’Ul - jXﬂ - ! (4.15)

VX - X)P R 4 X2

Define P as the load active power. This gives
0~ X1 ’
1) T 2x2

P _ UiX. R (4.16)

R (X — X.)" R? + X2X?
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Figure 4.22: PV curves to illustrate the trajectory of the operation point when the system is
highly overcompensated by the 169 MVAr SVC.

Based on the parameters of the system on page 73, the load power is plotted versus the
X. and R and shown in Fig. 4.23. As can be seen, at a given SVC capacity represented by
X., when the load resistance decreases, the power increases until it reaches the maximum
loadability; afterwards, the power cannot increase any more and starts to go down. Based
on (4.16), the partial derivative of the load power with respect to the load resistance is

P  UIX?[(X — X R*+2(X — X.)’ R+ X*X?]

= = (4.17)
IR (XX X
With a given X, equating (4.17) to zero yields
XX,
Rmuz = 4.18
X X (4.18)

It is noted that R,,., is in fact the load resistance at the maximum power transfer condi-
tion.

Assume that Uy in (4.15) is known. The voltage Us as a function of R and X, is
the plane, which is plotted and shown in Fig. 4.24a. It is noted that when the load is
projected to the peak power, the load voltage is kept constant by the SVC. Therefore, the
load trajectory is the intersection of the two surfaces, which also can be seen in the top
view shown in Fig. 4.24b.

Combining features from Fig. 4.23 and 4.24 gives an insight into the system’s behavior
when it is highly overcompensated. From (4.18), the trajectory of the maximum power
transfer condition can be plotted as the red curve in the R-X. plane shown in Fig. 4.25.
On the right hand side of this curve, the load resistance is larger than R,,,,; that means
the load has not reached the maximum power transfer condition. However, the left hand
side of the curve represents the operation condition when the maximum power transfer
has been crossed. In addition, in (4.15) U, is the load voltage, which is also the voltage
setpoint for the SVC. Given a setting value of Us, one can use (4.15) to plot a curve in
the R-X. plane; this curve is called the load trajectory. In effect, the blue and green
curves in Fig. 4.25 are plotted based on (4.15) when the voltage setpoint is 0.95 pu and
1.05 pu, respectively. As can be seen, as the load increases, the load trajectory will cross
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Figure 4.24: Load trajectory on the R-X. plane under SVC’s constant voltage control.

the red curve at a certain X, say 200 . If the SVC has X, > 200 Q (for example:
500 ), it does not have enough reactive power to drive the operation point beyond the
maximum loadability border. This means the peak load power will occur at the maximum
power transfer condition. In other words, the instant when the load and the Thevenin
impedance are equal is the same as the time the load reaches its peak power. That is
the case previously seen in Fig. 4.19 when the SVC has the rated power of 56 MVAr.
If the SVC has higher capacity (X. < 200 ), the load can draw more power from the
grid although the maximum power transfer condition has been passed. In this case, the
load does not obtain maximum power at the maximum loadability condition as stated in
the maximum power transfer theorem. The demand can increase its power as long as the
SVC does not reach its limit. This condition has been illustrated in Fig. 4.20 and 4.21.
In addition, from Fig. 4.23 and 4.25, one can recognize that with the same SVC capacity,
the higher the SVC voltage setpoint, the higher power the load can draw from the grid,
assuming that the SVC has enough reactive power to drive the load beyond the maximum
power transfer condition.

7



Chapter 4. Online voltage stability monitoring based on system topology and phasor measurements

1000

900} -4 - - T e
I e ———

700F-f -y
- \ax loadability border

—u2=0.95pu
S00F -/ ——u2=1.05pu
400}~ |-/ a I —

600 -} -f----f--------

Reactance Xc (Ohm)

300(--}f /-

200 -~ /-~ -4 mmmm b

0 200 400 600 800
Load resistance (Ohm)

Figure 4.25: Maximum power transfer condition curve and load trajectory under constant
voltage control.

78



Chapter 5

Case study for online voltage
stability monitoring

This chapter presents results of a case study and assesses performance of the two proposed
methods for online voltage stability monitoring, in comparison with the CT algorithm [47]
in several test cases. The first study is conducted by a simulation on a 130 kV subsys-
tem located in the northern part of Norway. It is followed by another test case at the
Hasle corridor, the main 420 kV connection between the Norwegian and Swedish trans-
mission systems. In the next section, a prototype for online voltage stability named
Vapp 1s introduced, and its performance with real PMU data at the Hasle corridor and a
130 kV substation in the Norwegian transmission system is presented. The chapter con-
tinues with a further case study on the Nordic32 test system and ends with performance
of the proposed load shedding scheme implemented in this 32-bus benchmark.

5.1 Case study on a 130 kV subsystem in the north-
ern Norway

The studied subsystem is a part of the Norwegian transmission grid that is vulnerable to
voltage instability. Fig. 5.1 depicts a simplified single line diagram of the studied area.
The modeled region consists of 21 buses and has the rated voltage at 130 kV. As can
be seen, the area is supplied via a 420/130 kV substation at bus 1 and two large power
plants connected to bus 2 and 3. In this area, the long 130 kV lines impose constraints
on the transfer capacity, and consequently voltage instability. In this subsystem, bus 21
is the weakest bus, which has been exposed to voltage instability. Therefore, this node is
selected as the monitored bus in the case study.

In order to estimate the Thevenin impedance seen at the considered node, the following
configurations are used in the tested algorithms:

e In the topology-based method, only 21 buses in this area are taken into the ad-
mittance matrix. The rest of the system topology is not included. Since bus 1 is
connected to a strong transmission system, and bus 2 and 3 have also connections
to large generation, they are treated as strong A-P buses.

e In the S-Z method, the ratio X7y /Ry, of the Thevenin impedance must be set in
advance. In this 130 kV subsystem, a typical value of the ratio X/R of the power
lines is 5.1774. Therefore, this number is assigned to the Thevenin impedance.
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e As presented in Chapter 2, the factor k£ has a decisive role in the CT method. In
this case study, k£ = 0.008 is selected because it produces a better estimation of the
Thevenin impedance than the others.

To validate performance of the two proposed approaches, in comparison with that of
the CT method, the load at bus 21 is increased until it crosses the maximum power transfer
limit; meanwhile the rest of the loads in the area are modeled as constant power loads.
The simulation in PSS/E is run based on the dynamic model of the whole Norwegian
transmission system; the time step is 10ms. Fig. 5.2 shows voltage at the monitored bus
and the PV curve of the load during the simulation period. As can be seen, the voltage
gradually drops when the load increases. At ¢t = 41 s, the voltage falls sharply when the
maximum loadability is crossed. This event can also be seen in the PV curve in Fig 5.2b.

Fig. 5.3 depicts magnitudes of the load impedance (ZLoad) and the Thevenin
impedances (ZTopo, ZS-Z and ZCT) obtained from the topology-based, S-Z, and CT
methods, respectively. As can be seen, the three methods produce similar estimations of
the Thevenin impedance seen at bus 21. At ¢t = 41 s, all the estimated impedances are
equal to the load impedance. That is the instant when the load reaches its maximum
loadability as can be seen in Fig. 5.4. In addition, the results from the S-Z and CT
methods are almost the same during the load increase period. Meanwhile, the estimated
Thevenin impedance obtained from the topology-based is slightly higher than the others,
but the mismatch is quite small. Among others, the topology-based method shows a
consistent performance during the simulation period; the estimated Thevenin impedance
is almost unchanged. In addition, it is noted that during the initial period t =0 — 13 s,
the result from the CT method is initially high and quickly converges to an appropriate
value. This is the one time initialization as an intrinsic characteristic of the method; it
does not have any negative effects on performance of the method.

In Fig. 5.4, the load power and the estimated maximum power transfer are plotted. As
can be seen, the topology-based method has a better estimation than the other approaches;
the estimated value is consistent during the simulation time. At ¢ =0 s, the estimated
power is 0.0815 pu, then it slightly drops to 0.076 pu and becomes equal to the load
power at ¢t = 41 s. Although the S-Z and CT methods have an optimistic estimation of
the maximum loadability, the gap between the load power and the estimated maximum
power transfer is significantly reduced as the load is approaching the voltage stability
limit. At the instant of maximum power transfer condition, these two methods eventually
provide a good estimation; the estimated maximum loadability falls and becomes equal
to the peak load power.

Fig. 5.5 depicts performance of the S-Z sensitivity indicator (S-ZI) at the monitored
bus. As can be seen in Fig. 5.5a, when the load is within the voltage stability limit, the
S-71 is negative. At t = 41 s, the load reaches the maximum loadability. This condition is
timely reflected by the S-ZI. This indicator becomes positive from this instant to the end
of the simulation. In addition, Fig. 5.5b shows a trajectory of the S-ZI versus magnitude
of the load impedance. As expected, the S-ZI trajectory is in line with the pattern shown
in Fig. 3.5. When the load is light (high load impedance), the S-ZI is negative. As the
load increases (smaller load impedance), this sensitivity gradually goes down. The trend is
unchanged until the load impedance falls to 10 pu, then the S-ZI reverses its direction. It
starts rising and reaches zero when the load is crossing the maximum loadability; evidently,
S-Z1 is able to detect the maximum power transfer condition timely and successfully.
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Figure 5.2: Voltage and the PV curve at bus 21 during the load increase period.
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Figure 5.3: The Thevenin impedance seen at bus 21.

DISCUSSION

82

e In the studied subsystem, small generators do not exist. Therefore, the Thevenin

impedance seen at the considered load bus is determined by the system topology
and impedance of the other loads in the area. The load impedance at the other
buses slightly varies during the time the load at bus 21 increases; consequently, the
magnitude of the Thevenin impedance obtained from the topology-based method
has a very small drop. This is an advantage of the topology-based method. The
estimated value is normally smooth, consistent and highly resistant to noise or errors
of the measurements. However, information on the system topology is vital to the
method’s performance. Changes of the system topology should be updated as soon
as possible, preferably event-based.

The power injected into bus 2 and 3 in this case study is large and comparable
to the power drawn from the transmission system at bus 1; hence, these buses are
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Figure 5.5: Trajectory of the S-ZI during the load increase period.

treated as strong A-P nodes. In practice, they can be considered as weak A-P nodes
because the generators can frequently change their active power, depending on the
day-ahead and intraday markets. At a low power production level, they cannot be
treated as the strong A-P buses since it will lead to smaller Thevenin impedance. In
this case, PMUs need to be installed at these two buses to compute the virtual power
flow between them and the monitored bus. This power is then used to compute the
coupling reactance, which has a contribution to the Thevenin impedance seen at
the monitored bus as presented in Chapter 4.

The topology-based method does not require information about system topology of
the entire Norwegian transmission system. Instead, only 21 buses in the studied
area are needed. In general, the size of a concerned area that is vulnerable to volt-
age instability can be limited to a small number of boundary buses. Consequently,
inversion of the modified admittance matrix incurs a very low computational cost.
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This makes the method suitable for online implementation of voltage stability mon-
itoring.

e The maximum loadability is sensitive to accuracy of the estimated Thevenin
impedance, especially when the load is far from the voltage stability limit. In
Fig. 5.3, the Thevenin impedances obtained from the S-Z and CT methods are
slightly lower than the actual value, but this mismatch leads to a quite large dispar-
ity in the estimated maximum power transfer. Therefore, between the two indicators
(the impedance index indicator IST and power margin), the ISI should be used to
assess voltage stability at the monitored load bus, and the power margin should be
considered as extra information although it is more indicative for system operators.

e The proposed S-Z method is model-free; it requires only phasor measurements of
voltage and current of the monitored load. In the test case, this algorithm performs
very well and produces a good estimation of the Thevenin impedance. Compared
to the topology-based approach, this methodology is obviously outstanding.

e Despite its simplicity, the S-Z sensitivity indicator (S-ZI) shows a good performance.
The indicator is able to detect the voltage stability limit properly; its trajectory dur-
ing the load increase period closely matches the expected pattern shown in Fig. 3.5.
Undoubtedly, S-ZI is an appropriate indicator for online voltage stability assessment.

5.2 Case study at the Hasle corridor

5.2.1 Load increase

The Hasle corridor is located in the south-eastern Norway as can be seen in Fig. 5.6. This
is the main corridor for power exchange between the Norwegian and Swedish transmission
systems. Due to high power transfer from Norway to Sweden, online voltage stability
monitoring at this location is of interest. The transmission system in this region comprises
the 420 kV and 300 kV networks, transferring energy from large generation mainly located
in the west to the load center, which is situated in the eastern part. At the Hasle corridor,
there is a SVC used to regulate the 420 kV voltage and to increase the power transfer.
There are also several SVCs and synchronous condensers in the area. These fast-acting
components increase the degree of dynamic interactions in the grid. The case study in
this section is to explore the maximum power transfer at the corridor and to validate the
estimated Thevenin impedance of the Norwegian transmission system seen at the corridor.
Therefore, the power transfer at the corridor is increased until it crosses the maximum
loadability. It is noted that, in reality, there are many factors that limit the maximum
power transfer at the Hasle corridor. These constraints are not considered in this work;
only the maximum power transfer limit with respect to voltage stability is studied.

In order to estimate the Thevenin impedance seen at the corridor, the following settings
are used in the tested algorithms:

e The topology-based method treats all the generation buses and 420 kV nodes that

have connections to the 300 kV system as the weak A-P nodes. Consequently, the
size of the studied system is limited to 20 buses.
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e In the S-Z method, the ratio X7y, /Rr, = 15 is assigned to the Thevenin impedance.
This is a typical value of the power lines in this 420 kV network.

e In the CT method, £ = 0.0003 is selected because it gives better estimation of the
Thevenin impedance than the others.

e In addition, there are two tie lines (Hasle - Borgvik and Hasle - Halden) at the
Hasle corridor. The currents of these lines are summed up and considered as the
load current. This current and the voltage at the 420 kV bus are used as the inputs
of S-Z and CT methods.
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Figure 5.6: The transmission system in the southern Norway [63].

To validate performance of the two proposed algorithms, in comparison with that of the
CT method, the power transfer on the tie lines in this simulation is increased until it goes
beyond the transfer capacity. All the loads are modeled by a ZIP model that consists
of 40% of constant power, 30% of constant current and 30% of constant impedance.
The simulation in PSS/E is run based on the dynamic model of the whole Norwegian
transmission system; the time step is 10ms. Fig. 5.7a shows voltage at the concerned bus
and the PV curve during the simulation period. As can be seen, the voltage gradually
drops when the load is increasing. At ¢t = 370 s, the voltage falls more sharply when the
maximum loadability is reached. This event can also be seen in the PV curve in Fig. 5.7b.

Fig. 5.8 shows the load impedance (ZLoad) and the Thevenin impedances (ZTopo,
ZS-Z and ZCT) obtained from the topology-based, S-Z, and CT methods, respectively.
As can be seen, the three methods produce comparable estimations of the Thevenin
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Figure 5.7: Voltage and the PV curve at the Hasle corridor when power transfer on the corridor
is increased until it crosses the maximum loadability.

impedance. During the simulation period, the estimated Thevenin impedance obtained
from the topology-based method varies from 25 € to 29 2; meanwhile, the estimated
value from the S-Z method has a small variation and lies within the range from 26 2
to 42 Q. Except for the one time initialization period ¢ =0 — 175 s, the CT method
also shows a comparable estimate, ranging from 26 2 to 29 €. In comparison, the two
local PMU measurement-based methods exhibit a very similar performance; the estimated
Thevenin impedance is around 29 €2, which is about 3 € higher than the value obtained
from the topology-based approach. Consequently, the S-Z and CT methods detect the
maximum power transfer condition at ¢ = 335 s, when their estimates are equal to the
load impedance. However, the topology-based approach identifies the maximum power
transfer condition at ¢ = 365 s. Nevertheless, this mismatch is insignificant. As can be
seen in Fig. 5.9, during the period ¢t = 335 — 365 s, the demand is almost unchanged and
stays at the peak power.

It is noticeable that although the Thevenin impedance has a small variation in mag-
nitude, the estimated maximum power transfer has a large variation. At ¢ =0 s, the
load power is 2300 MVA; meanwhile, the maximum loadability is estimated at 3000 MVA
by the topology-based method and 2700 MVA by the S-Z approach. The power mar-
gins produced by the two approaches are 700 MVA and 400 MVA, respectively. As the
load power increases, the estimated maximum loadability also rises accordingly. However,
power margin is continuously reduced until it becomes zero at ¢ = 357 s. At this instant,
the three methods provide the same maximum power transfer, which is about 4180 MVA.
Compared to the actual peak power at 4200 MVA, the mismatch is insignificant.

Fig. 5.10 depicts the S-Z sensitivity indicator (S-ZI) at the corridor during the load
increase period. As can be seen in Fig. 5.10a, when the load is within the voltage stability
limit, S-ZI is negative. At ¢t = 338 s, the S-ZI is equal to zero, meaning that the nose point
is reached. However, from Fig. 5.9, the peak load power occurs at t = 365 s. In this case,
the S-ZI detects the maximum power transfer condition slightly earlier than the actual
condition. Nonetheless, from ¢t = 338 s to t = 365 s, the load power increases by 36 MVA,
which is very minor, compared to the load power at 4200 MVA. The error is obviously
acceptable.
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Figure 5.8: Thevenin impedance at the Hasle corridor when power transfer on the corridor is
increased until it crosses the maximum loadability.

In addition, Fig. 5.10b shows a trajectory of the S-ZI versus magnitude of the load
impedance. As expected, the S-ZI trajectory is in line with the pattern shown in Fig. 3.5.
When the load is light (high load impedance), the S-ZI is negative. As the load increases
(smaller load impedance), the S-Z sensitivity slightly goes down and then it reverses its
direction. The sensitivity starts rising and becomes positive when the load impedance is
equal to 28.64 2. This is the point, where the estimated Thevenin impedance obtained
from the S-Z method is equal to the load impedance.

DISCUSSION

e In Fig. 5.8, the estimated Thevenin impedance from the topology-based method
slightly drops when the load increases. It can be explained by the fact that the
studied 420 kV network has several connections to the 300 kV grid. When the
power transfer on the tie lines rises, more power is injected from the 300 kV side
into the 420 kV network. As a result, the virtual reactances between the A-P nodes
and the concerned bus (the Hasle corridor) is reduced. This makes the estimated
Thevenin impedance slightly fall.

e There is a large variation of the estimated maximum loadability although the
Thevenin impedance has small deviations. This can be explained by the follow-
ing two reasons:

— The estimated maximum loadability is largely influenced by the Thevenin
impedance. Take the result of the topology-based method as an example. At
t =0 s, the estimated Thevenin impedance is 29 €2 and the maximum power
transfer is estimated at 3000 MVA. When the load is at the peak power, the
Thevenin impedance is 25 €2 and the maximum is 4180 MVA. The variation of
the Thevenin impedance is just 4 €2, but the estimated maximum loadability
changes by 1500 MVA.
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Figure 5.9: Estimated maximum loadability at the Hasle corridor when power transfer on the
corridor is increased until it crosses the maximum loadability.
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Figure 5.10: Trajectory of S-ZI during load increase period at the Hasle corridor.

— In the studied area, there are several SVCs and synchronous condensers. At
light load demand, these components inject a part of their VAr reserve. When
the demand becomes higher and higher, these shunt compensators, in an effort
to maintain the voltage at a desired value, gradually increase their reactive
power until they reach the maximum power limit. As a result, transfer power
of the system is increased.

It is, therefore, important to note that the Thevenin impedance and the maximum
power transfer are measures of temporary strength of the network. Their value at
a particular instant of time should not be used to evaluate the ultimate limit of
the network. The system exposes its ultimate capacity only when the demand is
approaching the voltage stability limit.

e Similar to the case study presented in Section 5.1, it is convincingly demonstrated



Chapter 5. Case study for online voltage stability monitoring

that S-ZI is a good indicator for online voltage stability monitoring. In both cases,
the indicator successfully detects the voltage stability limit. Its trajectory is similar
to the predefined pattern shown in Fig. 3.5.

5.2.2 Load recovery after a line outage

This case study simulates a scenario, in which voltage stability is caused by load recovery
after a disturbance in the grid. In addition, the study also demonstrates a capability of the
topology-based method to estimate of the Thevenin impedance subjected to contingencies,
which is called the post-contingency Thevenin impedance. In this study, all the three
algorithms use the same settings as presented in Section 5.2.1. In order to emulate voltage
instability, the grid is heavily loaded. This loading condition is deliberately made to
validate the methods; it is different from the actual loading level in the studied area.

Regarding the estimation of the Thevenin impedance under a particular contingency,
Fig. 5.11 shows magnitudes of the load impedance, the Thevenin impedance (estimated
in current operation condition) and the post-contingency Thevenin impedance on the
assumption that one dedicated line is tripped. Before the disturbance at ¢ = 50 s, the post-
contingency Thevenin impedance is 41.3 Q. This value is computed by: i) modifying the
admittance matrix based on the contingency of tripping the line; and ii) using the current
measurements at the A-P nodes and the monitored load bus as presented in Chapter 4.
As can be seen, compared to the Thevenin impedance estimated after the disturbance, the
mismatch between the post-contingency Thevenin impedance and the currently estimated
impedance is just 1.67 €2, which obviously is reasonably small compared to the Thevenin
impedance (42.94 Q) and the load impedance (61.73  at ¢ = 50 s).
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Figure 5.11: Estimation of the Thevenin impedance under contingency at the Hasle corridor,

obtained from the topology-based method.

In the simulation, the load recovery is the main driver for voltage instability at the
Hasle corridor. To emulate this phenomenon, the load model EXTLAL in PSS/E [64] is
applied to all the loads in the grid. As can be seen in Fig. 5.13, after the disturbance,
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the power demand (SLoad) tries to return to the pre-disturbance level. However, dur-
ing the period ¢ =90 — 160 s, the load power is unchanged, and then it starts falling.
Fig. 5.12 depicts magnitude of the load impedance and the Thevenin impedances ob-
tained from the S-Z and CT methods (Z5-Z and ZCT), respectively). During the time
t =0—060 s, the S-Z method does not produce any output. The reason is that there
are no load variations during the period ¢t =0 — 50 s at the corridor. Afterwards, from
t = 50 — 60 s, the variations are distorted by transients, and they are, therefore, too small
to reflect the actual response of the grid with respect to the Thevenin impedance.

Nonetheless, the S-Z and CT methods successfully detect the voltage stability limit
despite a rather large mismatch between them before the load reaches the voltage stability
limit. Roughly at ¢ = 170 s, the estimated Thevenin impedances from these algorithms
are equal to the load impedance. In addition, a similar result from the topology-based
method is shown in Fig. 5.11. After the instant the Thevenin impedance is equal to the
load impedance, the load power, as seen in Fig. 5.13, no longer stays at its peak and
starts falling since it has passed the maximum loadability.
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Figure 5.12: The Thevenin impedance at the Hasle corridor obtained from the S-Z and CT
methods during the load recovery period.

Fig. 5.13 depicts the load power and the estimated maximum loadability obtained
from the three methods. Among others, the topology-based approach shows the best
performance. The result is very smooth and matches the peak power very well. The other
methods perform rather well although they have quite large errors during a short period
after the disturbance. In short, the three methods exhibit an appropriate performance; at
t = 170 s, the estimated maximum power transfer is equal to the peak power as expected.

Alternatively, the voltage stability limit is also appropriately detected by the S-ZI as
shown in Fig. 5.14. As can be seen in Fig. 5.14a, when the load is within the volt-
age stability limit, S-ZI is negative. From the instant ¢ = 160 s, the S-ZI reaches zero
and becomes positive during the rest of the simulation. This is in line with the load
power as seen in Fig. 5.13. At this instant, the load power stays almost unchanged at
the peak power. Alternatively, Fig. 5.14b shows trajectory of the S-ZI versus magnitude
of the load impedance. As expected, the S-ZI trajectory matches the pattern shown in
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Figure 5.13: Estimated maximum loadability at the Hasle corridor obtained from the topology-
based, S-Z and CT methods in the load recovery case study.

Fig. 3.5. When the load is light (high load impedance), the S-ZI is negative, but, as
the load tries to restore the initial power demand (load impedance becomes smaller and
smaller), S-ZI goes down and then reverses its direction when load impedance is 54 €.
After that, the S-ZI starts rising and reaches zero when the load impedance is equal to
45 Q. That is the instant the estimated Thevenin impedance is equal to the load
impedance as can be seen in Fig. 5.11 and 5.12.
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(a) S-ZI trajectory versus time. (b) S-ZI trajectory versus load impedance.

Figure 5.14: Trajectory of the S-ZI during the load recovery at the Hasle corridor.
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DISCUSSION

Power variation (MVA)

The capability to estimate the Thevenin impedance subjected to contingencies is an
advantage of the topology-based approach. It reveals the potential risk of the current
operating point under critical contingencies. The estimation does not require any
simulation of the contingency as such; it solely utilizes measurements in the current
operation condition and the system topology information. Therefore, it incurs a very
low computational cost, and consequently it is suitable for online implementation.
Fig. 5.11 has demonstrated the effectiveness of the proposed approach.

The S-Z method estimates the Thevenin impedance based on variations of the local
load and the corresponding response of the grid. In the period ¢ = 0 — 60 s, the
S-7Z method cannot produce any output because of lack of load variations or too
small variations. However, it is noted that this condition rarely occurs in practice.
In the next section, a performance of a prototype that implements the S-7Z method
will be presented. This application has been tested in real time with real data from
the PMU installed at the Hasle corridor since February 2014. During the testing
period, conditions like lack of load variations or too small variations have not been
observed yet. The monitored load constantly varies in time as seen in Fig. 5.15.

It is observed in from Fig. 5.12 to Fig. 5.14 that the results from the two PMU
measurement-based approaches contain some oscillations. In fact, the studied sys-
tem is heavily loaded. Following the disturbance, transients in the system and fast
load recovery at the Hasle corridor in short time have created power oscillations in
the 420 kV network. The oscillations affect the voltage and current at the monitored
bus, and that is why the S-Z and CT methods produce an oscillating performance.

Power deviation (MVA)

. . . . . | 25 I I I . |
5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Samples Samples

(a) Variations of apparent power between two (b) Variations of apparent power between two
consecutive measurements observed in a 1- consecutive measurements observed in a 1-
second period on March 16, 2014. second period on October 20, 2014.

Figure 5.15: Variations of the apparent power between two consecutive measurements at the
Hasle corridor.
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5.3 Prototype of online voltage stability monitoring

- Vapp

Based on the proposed S-Z method for estimation of the Thevenin impedance and the new
indicator S-ZI presented in Chapter 3, a prototype of online voltage stability monitoring,
which is called V,,,, has been built in Labview. As shown in Fig. 5.16, phasor of voltage
at the 420 kV bus and currents of the two tie lines Hasle-Borgvik and Hasle-Halden at
the Hasle substation are measured and sent to the phasor data concentrator (PDC). The
reporting frequency is 50Hz, meaning that, in 1 second, 50 phasor measurements are taken
by the PMU and sent to the PDC. The data is then concatenated into one stream and sent
to a computer, where the application is developed. Here, a toolkit called PMU Recorder
Light (PRL) [65] handles the communication with the PDC. This module, as shown in
Fig. 5.17, is developed within the STRONg?rid project; its function is to provide phasors
and analog data extracted from the incoming streams. The toolkit frees researchers from
handling the communication with the PDC and extracting data in the messages defined
in the standard IEEE Std C37.118.1-2011 [66]. Therefore, developers can use the data
directly from the PRL’s outputs and consequently quickly build their own applications.
A detailed description of the PRL is presented in [65].

Hasle
substation Hasle - Borgvig
& >
420 kv Hasle - Halden
T >
PMUs |-~ PDC
|
|
|
;
Vapp oo PRL

Figure 5.16: Online voltage stability monitoring application Vg, at the Hasle corridor.

In the prototype, the Swedish transmission system is considered as a load; hence, the
currents of the two tie lines are summed up and then treated as the load current. Vg,
is a real time application; it continuously receives phasor measurements from the PRL
and then estimates the Thevenin equivalent (impedance and voltage) and computes the
indicator S-ZI. Based on these parameters, it estimates the maximum loadability and
plots the PV curve. Fig. 5.18 shows the interface of Vj,,, which has the following main
features:

o [istimation of the Thevenin impedance: every second, Vg, obtains phasor data and
estimates the Thevenin impedance by (3.8). Then magnitudes of the Thevenin and
the load impedance are then plotted in time as seen in graph 1. From this graph,
one can observe directly variations of the two parameters and the gap between them.
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Figure 5.17: The PMU Recorder Light (PRL) developed for the STRONg?rid project.

e FEstimation of the mazximum loadability: Based on the Thevenin equivalent and the

load current and voltage, the maximum loadability is estimated by (2.49). As seen
in graph 2, the power margin is clearly visualized when the estimated maximum
loadability and apparent power of the load are plotted together.

The S-Z sensitivity indicator (S-ZI) and its trajectory: as presented in Section 3.2,
Z-S1 is directly computed from local phasor measurements and plotted versus mag-
nitude of the load impedance as the red dot in graph 3. With this indicator, response
of the grid to the load variation is observed dynamically; the red dot is moving as
the operation condition is constantly changing.

At a particular load bus in the grid, a range of the Thevenin impedance can be
roughly estimated (for example: by off-line simulations or observation of the online
Thevenin equivalent estimation). Based on this approximation, one can plot tra-
jectories of S-ZI versus magnitude of the load impedance in advance (by (3.6) in
Section 3.1). In graph 3, six S-ZI trajectories, which correspond to six Thevenin
impedances (25 Q, 30 Q, 40 €, 50 © and 60 2), are plotted. These curves, together
with the current S-ZI (the red dot), show a vivid picture of location of the current
operating point and its advance towards the voltage stability limit, which is the
horizontal red bar in the graph.

Additionally, the S-ZI trajectory obtained from the online estimated Thevenin
impedance is also plotted; it is the thick blue curve in graph 3. If the Thevenin
impedance is accurately estimated, this curve will pass the red dot. In this case, the
curve represents a true trajectory of S-ZI under the current operating condition. If
the Thevenin impedance estimation is inaccurate, the red dot will not be located
on the blue curve. This feature is used as a measure to validate the estimation of
the Thevenin impedance in real time.

The PV curve: by assuming that the Thevenin impedance is a pure reactance X,
the PV curve is computed by (2.7) in Section 2.3.2 and plotted in graph 4. Tt is
the thick blue curve passing the red dot, which is determined by the load voltage
and active power. Similar to graph 3, six PV curves corresponding to six Thevenin
impedances (25 ©, 30 Q, 40 Q, 50 © and 60 ) are plotted in this graph. Their

function is to visualize power margin at the monitored load bus.

o [ndicators and warning: as presented in Section 2.6, the impedance stability in-
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dex (ISI) is the ratio of magnitude of the Thevenin impedance to that of the load
impedance. In V,,,, it is represented by the progress bar Zth/Zload. Similarly, the
ratio of the load power to the maximum loadability is expressed by the progress bar
Sload/Smazx. Based on these indicators, warning LEDs are used to show the as-
sessment of voltage stability at the considered load, which can be “Normal”, “Close
to limit” or “Beyond limit”.

5.3.1 Results from the Hasle corridor

The V,,, has been implemented to assess voltage stability at the Hasle corridor since
February 2014. Over a long observation period, it has been observed that the proposed
indicator S-ZI and the S-Z method have worked properly and consistently. Performance
of the V,,, is presented under the following conditions:

5.3.1.1 Under normal operation conditions:

e Asseen in Fig. 5.18, a snapshot of V,,, was taken on December 15, 2014, when power
transfer at Hasle corridor was 2181 MW. During the time period from 10:08:15 to
10:11:48, the Thevenin impedance varied in a range from 26 € to 35 €2; meanwhile
the load impedance was around 76 €. In addition, as can be seen in graph 2, the
power margin varied from about 700 MW to 1200 MW. It is worth noticing that
although variation of the Thevenin impedance was small, it led to a large variation
of the power margin.

Further, graph 3 shows that the Thevenin impedance was properly estimated. As
can be seen, the red dot S-ZI is located on the thick and blue curve, which was built
based on the estimated Thevenin impedance.

e To make a thorough evaluation of the proposed approaches in the PhD work, sev-
eral snapshots of V,,, at different time and under different operation conditions
are presented from Fig. 5.19 to Fig. 5.25. As can be seen, Fig. 5.19 depicts a
snapshot of V,,,, on Feb. 18, 2014, when export power on both tie lines was about
1100 MVA. Under this condition, the Thevenin impedance was in a range from
50 Q to 70 ; meanwhile, the load impedance stayed within a range from 157 Q) to
170 2. Obviously, the distance between the operating point and the voltage stability
limit was large. This assessment is supported by the S-ZI in graph 3. This indicator
shows that the operating point (the magenta dot on the graph) was quite far from
the limit (the horizontal red bar).

In Fig. 5.20, the power transfer on March 19, 2014 was around 1800 MVA. Com-
pared to the estimated maximum loadability at 3000 MVA, the power margin under
this operating condition was 1200 MVA. At this time, the Thevenin impedance
was estimated at 30 €2, much smaller than the load impedance, which was around
95 2. Compared to Fig. 5.19, the S-ZI (the red dot) in graph 3 closely followed
the expected trajectory. This also confirms the accuracy of the estimated Thevenin
impedance since the red dot is exactly located on the thick blue curve. Moreover,
the PV curve in graph 4 shows a good performance. Overall, all the four graphs
harmonize with each other.
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Figure 5.18: Prototype of the online voltage stability monitoring Vg, at the Hasle corridor

96



Chapter 5. Case study for online voltage stability monitoring

Fig. 5.21 presents a case, in which the Thevenin impedance experienced a rather
large variation when the export power was at a high level (around 2250 MVA). The
estimated value was from 32 Q to 40 €. It is seen that this impedance variation
led to a large deviation among the estimated values of the maximum loadability.
This maximum limit changed by about 400 MVA (from 2700 MVA to 3100 MVA).
From this figure, it can be seen that the proposed methods are able to dynamically
capture temporary strength of the network. This feature can also be observed from
Fig. 5.22 to Fig. 5.25.
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Figure 5.19: Snapshot of V,,,, at the Hasle corridor on Feb. 18, 2014.
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Figure 5.22: Snapshot of V,, at the Hasle corridor on Mar. 31, 2014.

PV curve Thevenin and load Impedances

I . s ufiitan ¥

Voltage (kV)

=
R EEEEEEEE=, 16:26:18,540 16:2951,360
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 10122014 10122014
Power (MW) | Time )
Indicator Load and estimated max power

Indicator

el P T s ™

i
' ' 1 ' L | 3 16:29:51,360
60 80 100 120 140 160 180 200 10.12.2014 10122014

Load impedance (Ohm) . jime -

Figure 5.23: Snapshot of V;,;,, at the Hasle corridor on Dec. 10, 2014.

99



Chapter 5. Case study for online voltage stability monitoring

PV curve Thevenin and load Impedances

80-

P P A

e

300
g
gm
20
£

i

v I ' 0 0 0 0 0 " 0 v i 10:07:00,560

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 15122014 15122014
Power (MW) Time

Indicator Load and estimated max power

10:07:00,560
15122014 15122014

00 10 10 10 10 20
Load impedance (Ohm) ‘ me s il are

Figure 5.24: Snapshot of V,,, at the Hasle corridor on Dec. 15, 2014.
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5.3.1.2 Under disturbance conditions

The V,,, works properly not only in normal operation conditions but also in other condi-
tions with disturbances. Fig. 5.26 depicts a snapshot of the application on Feb. 11, 2014.
During the observation time, there were two switching actions at the load side. These
events were witnessed by the two steps of voltage increase at the 420 kV busbar as seen
in graph 2. In graph 4, it shows that the Thevenin impedance was slightly affected by the
switching; the impedance slightly dropped and returned to a normal value afterwards. It
is noted that the power transfer was very high (2500 MVA) and close to the estimated
maximum loadability; the power margin was around 500 MVA. In addition, the Thevenin
impedance was between 32 €2 and 39 2, which was quite close to the load impedance,
varying from 65 2 and 70 .

Later on the same day, robustness of V,,, was observed in Fig. 5.27 when the export
power was very high. As seen in graph 2, voltage at the 420 kV bus oscillated, probably
caused by operation of the SVC installed at the corridor; meanwhile, the power transfer
on the corridor showed a similar pattern. This transient condition, however, did not affect
the performance of V,,,. Graph 4 does not exhibit any abrupt changes of the estimated
Thevenin impedance although a certain deviation of the maximum loadability is observed
in graph 1.
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Figure 5.26: Snapshot of V,,, at the Hasle corridor on Feb. 11, 2014.
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Figure 5.27: Snapshot of V,,,, at the Hasle corridor on Feb. 11, 2014.

5.3.1.3 Comparison with the CT method

As presented in Section 5.2, the CT method [47] shows a similar estimated Thevenin
impedance compared to the S-Z and topology-based methods. Therefore, this method
was implemented in the V,,, for comparison purpose. To tune the CT algorithm properly,
several values of the factor k£ have been tested to obtain the best estimation. Even-
tually, & = 0.0015 is selected since it results in a better performance than the other.
Fig. 5.28 shows the Thevenin impedance estimated from the S-Z and CT methods. At a
loading level around 900 MVA, the two algorithms produced comparable results although
the Thevenin impedance from the CT method had less variation compared to the one
obtained from the S-Z method. In graph 3, it is seen that when the load impedance is
high (low power), the difference among the S-ZI trajectories is very small. Therefore, at
this operating condition, it is difficult to use the S-Z sensitivity to verify the estimated
Thevenin impedance. Moreover, a large variation of the Thevenin impedance estimated
by the S-Z method is predictable. In other words, the Thevenin impedance estimated by
the S-Z method under light load condition is less accurate. However, this drawback is
minor because voltage instability does not occur when the load is light. Nevertheless, S-ZI
is still a reliable indicator; the red dot always closely follows the expected trajectories.
In a similar loading condition, the snapshot in Fig. 5.29, however, shows a different
picture of the two methods. The Thevenin impedance obtained from the S-Z method
was smooth and stayed around 45 2. The CT method, on the contrary, exhibited an
oscillating estimate; the estimated Thevenin impedance varied in a range of 20 2 and
100 €2. Using the S-ZI in graph 3 as a verifying tool, the result from the S-Z method was
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Figure 5.28: Snapshot of V,,, at the Hasle corridor on May 2, 2014; the red curve is from the
S-Z method, the green curve is from the CT method.

obviously more accurate and reliable than that of the CT approach.

In Fig. 5.30, the Thevenin impedance was estimated at a high loading level, the
export power on the corridor was about 2200 MVA. Similar to the result shown in
Fig. 5.29, the S-Z method had a better performance than the CT approach. The Thevenin
impedance obtained from the S-Z algorithm in graph 1 was in line with the S-ZI in graph
3; meanwhile, the CT method produced a large variation of the Thevenin impedance,
which did not match the indicator S-ZI, which is directly computed from local phasor
measurements.

Moreover, Fig. 5.31 and 5.32 depict an abnormal performance of the CT approach,
which has been frequently observed in the V,,,. Generally, the result from the CT method
falls into two categories:

e The algorithm does not produced a converged estimation. The estimated value is
unstable; it varies very quickly as seen in Fig. 5.31. When validated by the S-ZI in
graph 3, the estimated Thevenin impedance is obviously inaccurate.

e After a long period with oscillating estimation, the algorithm produces converged
result as seen in Fig. 5.32 and 5.33. However, the estimated Thevenin impedance is
almost unchanged. If one uses the S-ZI for verification, the result is again inaccurate.
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Figure 5.29: Snapshot of V,,, at the Hasle corridor on May 21, 2014; the red curve is from
the S-Z method, the green curve is from the CT method.
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Figure 5.30: Snapshot of Vg, at the Hasle corridor on Dec. 15, 2014; the red curve is from
the S-Z method, the green curve is from the CT method.
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Figure 5.31: Snapshot of V,;,, at the Hasle corridor on Dec. 15, 2014; the red curve is from
the S-Z method, the green curve is from the CT method.
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Figure 5.32: Snapshot of Vg, at the Hasle corridor on Apr. 28, 2014; the red curve is from
the S-Z method, the green curve is from the CT method.
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Figure 5.33: Snapshot of V,,,, at the Hasle corridor on Apr 29, 2014; the red curve is from the
S-Z method, the green curve is from the CT method.
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5.3.1.4 Discussion about V,,, perpormance at the Hasle corridor

e The S-Z method proposed in this PhD project works properly with real PMU mea-
surements. Over a long testing period, the result has been satisfactory; abnormal
performances or unexpected results have not been observed. The proposed meth-
ods are robust and reliable; they produce appropriate estimation in both normal
operation and disturbance conditions.

e The estimated Thevenin impedance from real PMU measurements is comparable
with the result obtained from the simulation presented in Section 5.2. In high
export power condition at the Hasle corridor (above 2000 MVA), the Thevenin
impedance from V,,, observed at different time instants is in a range from 23 Q
to 40 €. Compared to the variation of the Thevenin impedance between 25 €2
and 30 € from the topology-based method and a range from 30 €2 to 41 {2 obtained
from the S-Z method with simulation data, the result from V,,, shows a very good fit
between the Thevenin impedances obtained from a dynamic model of the Norwegian
transmission system in PSS/E and the real PMU measurements in the field.

e The S-ZI indicator has shown a very good performance. By comparing Fig. 5.28,
Fig. 5.20 and Fig. 5.24, one can observe that, as the load increases, the red dot
closely follows the trajectory shown in Fig. 3.5. It is noted that the S-ZI is computed
directly from PMU measurements without any assumptions. Its performance in the
Vapp strongly substantiates the proposed algorithms in this PhD project.

e The S-Z method estimates the Thevenin impedance by (3.8) in Chapter 3. In
this equation, the S-Z sensitivity has a large influence on the estimated Thevenin
impedance. From Fig. 5.26, it is seen in graph 3 that the S-ZI trajectories corre-
sponding to different Thevenin impedances are very close to each other when the
load is light (large load impedance). This affects the estimation of the Thevenin
impedance significantly; a small variation of S-ZI can lead to a large variation of
the Thevenin impedance. In other words, the estimation is less accurate when the
considered load impedance is much larger than the Thevenin impedance. This dis-
advantage is, however, minor because the operating point is far from the voltage
stability limit.

e In case the voltage stability limit is imposed only by the strength of the network,
estimation of the Thevenin impedance based on local PMU measurements can de-
tect the actual Thevenin impedance of the grid even if the load is still far from
the maximum loadability. The case study in Section 5.1 is a typical example to
demonstrate this point. Fig. 5.3 and 5.4 show that the Thevenin impedance and
the maximum loadability estimated when the load is light have a small deviation
from the ultimate value, which is estimated at the peak load power.

However, in meshed areas with a high number of dynamic components like genera-
tors and FACTS devices, algorithms for estimating the Thevenin impedance based
on local PMU measurements are only able detect the temporary strength of the
network, but it cannot reveal the ultimate limit of the grid except that the moni-
tored load is really close to the voltage stability limit. For instance, the estimated
maximum loadability is about 1500 MVA when the power transfer on the Hasle
corridor is about 900 MVA, and the power margin is 600 MVA. However, when the
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power transfer increases to 2200 MVA, it is still within the limit. The estimated
maximum loadability at this loading level grows to about 3200 MVA, and the power
margin is 1000 MVA. It cannot, therefore, be concluded that the ultimate power
limit on this corridor with respect to voltage stability is 1500 MVA or 3200 MVA.
The actual maximum loadability can be properly estimated when the load is close
to the voltage stability limit.

5.3.2 Results from the Alta substation

The proposed methodologies work properly with PMU measurements taken not only in
the transmission system but also in the sub-transmission network, where the ratio X/R
of power lines is much lower than that in the transmission network. Compared to other
methods, this is an advantage of the proposed algorithms. Indeed, the second test of V,,
is carried out at a 130 kV substation called Alta located in the northern part of Norway.
At this substation, there is a 130 kV line, which transports energy from the substation
to a remote load. The current of this line is considered as the load current; meanwhile,
voltage is measured at the 130 kV busbar. In this 130 kV area, the ratio X, /Ry, of the
Thevenin impedance in the S-Z method is set equal to 5.1774, instead of 15 as used in the
Vapp at the Hasle corridor. This ratio is a typical ratio of the 130 kV lines in the studied
grid.

Fig. 5.34 shows a snapshot of V,,, implemented at this substation on March 26,
2015. As can be seen, although the load power was quite low (54.86 MW), V,,, shows
a good performance. The estimated Thevenin impedance in graph 1 was around 45 €.
Meanwhile, the load impedance was 325 2. Obviously, the load was far from the voltage
stability limit. This assessment is also supported by graph 2, displaying the load power
and the estimated maximum loadability, which was around 200 MW. In addition, the PV
curves in graph 4 also show the same picture; the current operating point was still far
from the nose point. Since the load was light (large load impedance), there was a very
small difference among S-ZI trajectories as seen in graph 3. Therefore, it is not possible
to use the S-ZI to validate the estimated value of the Thevenin impedance.

Another snapshot of V,,, on Dec. 18, 2014 is depicted in Fig. 5.35 when the load
power was around 60 MW. Similar to the previous one, V,,, still shows a good estimation
of the Thevenin impedance.

At the Alta substation, the CT method was also implemented. But the result was not
satisfactory. The estimated magnitude of X obtained from this algorithm was a complex
number, which does not have a physical meaning. As shown in Fig. 5.36, magnitude of
the estimated number was first smaller than that of the load impedance, but it quickly
increased and became equal to magnitude of the load impedance. Clearly, the estimated
Thevenin impedance was not satisfactory because the system in reality was stable; it did
not experience any voltage stability problems. Moreover, the green curve in graph 1, in
Fig. 5.35, is actually the real part of the estimated value obtained from the CT method,
which was plotted together with the result from the S-Z method. By coincidence, they
were comparable. This interesting feature probably needs further explanation, which is
left for future work.
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PV curve Thevenin and load Impedances
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Figure 5.35: Snapshot of V,,, at the 130 kV substation Alta on Dec. 18, 2014; the red curve
in graph 1 is the result from the S-Z method.

DISCUSSION

110

e The V,,, works properly not only in the 420 kV grid but also in the 130 kV network.

At both locations, the Thevenin impedance is appropriately estimated. Moreover, it
is noted that the shape of the S-ZI trajectories is independent from the voltage level.
Comparing Fig. 5.24 and 5.35, for example, one can recognize that the trajectories
have the same shapes. In the two figures, although the load impedances are different,
the red dot (S-ZI) is nicely located on the blue curve as expected.

It is also noted that the unit of the S-Z sensitivity is not important; one can multiply
this parameter by a particular multiplier to obtain desired visualization. Whatever
the unit is, the limit for the S-Z sensitivity is still zero. Therefore, adjusting the
multiplier is similar to an action of zooming in or out the figure.

e As discussed in Section 5.3, the S-Z method does not result in smooth estimation

when the load impedance is much large than the Thevenin impedance. This feature
is seen again at the Alta substation. Probably, this location is not the best place
to test the V,,, in the 130 kV network; this node was not vulnerable to voltage
instability under normal operation conditions, when the snapshots of V,,, were
captured.
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Figure 5.36: Estimated Thevenin impedance from the CT method at Alta substation.
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5.4 Case study on the modified CIGRE Nordic32 test
system

The modified CIGRE Nordic32 test system as shown in Fig. 5.37 is described in [60], and
it is a variant of the system presented in [61]. The system has the same network parameters
as the original one. However, load and dispatch of active power among generators are
modified. As a result, the central area is exposed to the long-term voltage instability after
an outage of the line between node 4032 and 4044. Compared to the system in [60], the
grid used in this test case has the following variations:

e Dynamic models of AVRs, governors and OXLs used in [60] are replaced by standard
models in PSS/E. Details of these models used in this test case are presented in
Appendix A.

e Voltage instability in [60] is driven by the load recovery emulated by operation of
OLTCs in the central area and the load dynamics (constant current for active power
and constant impedance for reactive power). This produces too small variations
of the load impedance, which are not sufficient for the S-Z method to estimate
the Thevenin impedance. Therefore, to emulate the load recovery, the load model
EXTL in PSS/E is applied to all the loads in the system.

In this study, the system is, first, disturbed by a tripping of the line between bus 4032 and
4044. After this disturbance, all the loads try to recover their initial power. As a result,
the rising demand goes beyond the transfer capacity of the network and consequently
leads to voltage collapse in the central region. To validate performance of the proposed
algorithms, voltage stability at bus 1041 is analyzed because this node is the weakest bus
in the central area. To estimate the Thevenin impedance properly, configurations of the
tested algorithms are specified as follows:

e The S-Z method takes measurements of voltage and current from load 1 located at
bus 1041 as its inputs. The ratio Xry,/ Ry, of the Thevenin impedance is set equal
to 8.

e Compared to the S-Z algorithm, the CT method has the same inputs. In this
algorithm, the tuning parameter is set as £ = 0.00015.

e As mentioned in Chapter 4, the topology-based method does not take the entire
system into its calculation. Instead, the studied area is confined by some A-P
nodes. In Fig. 5.37, these nodes are marked by the magenta rectangles. As can
be seen, bus 4021 and 4031 have strong connections to the northern area, which
is not exposed to voltage instability; hence these buses can be treated as the A-P
nodes. As a result, the network in the north is not included in the calculation.
Bus 4062 is also selected as the A-P bus because, at this location, active power of
generator G17 and G18 is injected into the studied area. Similarly, the terminal
buses of generator G6, G14 and G15 are also considered as A-P buses. At bus 1043
and 4051, active power from the generators is smaller than the load power; they
are actually load buses, not A-P bus. In addition, all the A-P buses are considered
as the weak A-P buses. Therefore, as presented in Chapter 4, the virtual coupling
reactances between them and bus 1041 are computed based on the virtual power
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injection into bus 1041. This makes the algorithm independent from the dispatch
of active power among generators in the system.
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Figure 5.37: Single line diagram of the Nordic32 test system [60].
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Fig. 5.38 shows the power of the loads in the central area. As can be seen, after the
outage of the line between bus 4032 and 4044 at ¢ = 50 s, the power demand becomes
smaller than its initial value. Afterwards, all the loads simultanecously increase their
power. However, at around ¢ = 300 s, the load power no longer rises; the power remains
almost unchanged until the voltage collapse occurs. This situation is clearly captured by
the S-ZI as shown in Fig. 5.39. At the beginning, although all the S-ZIs are different from
each other, they are smaller than zero, indicating that the loads stay inside the voltage
stability limit. At ¢ =280 s, the S-ZIs of load 1 at bus 1041 and load 3 at bus 1043
are crossing the voltage stability limit. After that, other loads follow similar paths; they
gradually become positive at different time instants. Clearly, the S-ZI in this case timely
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and successfully detects the maximum power transfer condition of the loads in the studied
area. Additionally, Fig. 5.40 depicts the load impedance and the Thevenin impedance

9
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Figure 5.38: Load recovery in the central area.

obtained from the topology-based method. At the time the disturbance occurs, there is a
small variation of the Thevenin impedance. After that, this impedance slightly increases;
however, as the system is approaching voltage instability, the Thevenin impedance sharply
rises; meanwhile, the load impedance quickly decreases. Finally, the two impedances
are equal at ¢ = 867 s, just before the instant of voltage collapse. Compared to the
performance of the topology-based method, the S-Z and CT approaches show a rather
different picture although they also successfully detect the voltage stability limit. After
the line outage, the two algorithms start to produce converged estimation after ¢ = 120 s.
Their results are comparable with each other in most of the simulation time. First, the
estimated impedances are smaller than the load impedance; afterward, they slightly drop
before they make a sharp jump in the period ¢ = 250 — 300 s and become higher than
the load impedance during the rest of the simulation. Comparing Fig. 5.40 and 5.41,
it is recognized that the two local PMU measurement-based algorithms detect voltage
stability limit earlier than the topology-based approach.

DISCUSSION

e Unlike the previous test cases, in this case study, there is a rather large mismatch of
Thevenin impedance between the topology-based method and the other two local
phasor measurement-based approaches. The reason for this is the dramatic change
of operation condition. After the disturbance, all the loads are in a race to recover
the initial demand. As a result, the load impedance at load buses simultaneously
and continuously becomes smaller and smaller. As presented in [67], the Thevenin
impedance matching condition occurs after the considered load has passed the peak
power. This explains why the topology-based method does not perform well in this
simulation.
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Figure 5.39: S-ZI of all the loads in the central area.

e The S-Z method, however, still shows a good performance. As presented in Chapter
3, the S-ZI is to track the instant when the considered load reaches the peak power;
at this instant, the sensitivity is equal to zero. The S-ZI is then used to estimate the
Thevenin impedance; therefore, the result corresponds to the maximum load power
and is not affected by the rapidly changing operation condition. That explains why
the magnitude of the estimated Thevenin impedance is equal to that of the load
impedance when the load power is maximum.

e [f the operation condition is unchanged, meaning that all the other load impedances
are constant, the result from the topology-based method will be comparable to that
of the S-Z method. To illustrate this, another simulation is conducted. This time,
a load increase after the disturbance is only applied to the load at bus 1041. Other
loads are modeled as constant impedances. In Fig. 5.42) it is seen that, after the
disturbance, the load power at bus 1042 increases and reaches its peak at ¢ = 620 s.
At this instant, the Thevenin impedances obtained from the topology-based and the
S-Z algorithms are equal to each other, and they are also equal to the load impedance
at the maximum power transfer point as can be seen in Fig. 5.43. In this case, as
expected, there is no mismatch between the Thevenin impedances estimated by the
two algorithms.
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Figure 5.40: Thevenin impedance from the topology-based method as seen at bus 1041.
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Figure 5.41: Thevenin impedances from the S-Z and CT methods seen at bus 1041.
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Figure 5.42: Load power at bus 1041 when there is only load recovery at the monitored bus.
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Figure 5.43: The Thevenin impedance and the load impedance at bus 1041 when there is only
load recovery at the monitored bus.
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5.5 Load curtailment based on online voltage stabil-
ity indicators

Although load curtailment is not a favorable remedial action with regard to continuity
of power supply, it is one of the most effective countermeasures against voltage collapse.
The essence of voltage instability is that the network capacity cannot meet the excessive
demand. Therefore, to maintain system stability, the load must be reduced, assuming
that other remedial measures have already been taken. As presented in Section 2.8, in
the recent major blackouts, it has been observed that there was an involvement of voltage
instability. In the foreseeable future, when there will be a high penetration of variable
renewable generation in power systems, operation conditions might quickly change from
a normal state to a critical one. Under this circumstance, a fast load shedding scheme
seems to be one of the effective measures to maintain resilience of the grid.

As proposed in Section 3.4, the S-ZI and the ratio of the Thevenin impedance to
the load impedance are suitable criteria for a load shedding scheme since they fulfill
requirements for selectivity and adequacy. Considering Fig. 5.39, it is seen that bus 1 and
3 are the weakest buses in the Nordic32 test system. At ¢ = 280 s, these loads have crossed
the maximum loadability limit. To secure operation of the system, excessive demand
at these buses should be shed first; meanwhile, the other loads should stay untouched.
Fig. 5.44 depicts the voltage and load power at these buses when 60 MVA at bus 1 and
20 MVA at bus 3 are shed at t = 300 s. As can be seen, the load shedding action is an
effective measure; the system is stable for the rest of the simulation.

1.01 6.5

5 Bus 3 6 t’—L ------ Load 3
0.99 J 4

550

0.98

5L
0.97
4.5

Voltage (pu)
o
©
S

4L

Load power (pu)

3.5F

0 500 1000 1500 0 500 1000 1500
Time (s) Time (s)

(a) Voltage excursion at bus 1 and 3. (b) Load power at bus 1 and 3.

Figure 5.44: System performance when load 1 and 3 are curtailed.

In addition, to validate the selectivity characteristic of the load shedding scheme, the
loads at bus 1 and 3 are not curtailed. Instead, a curtailment of 80 MVA is allocated
to bus 4, 5 and 43 in three separate simulations. Fig. 5.46 and Fig. 5.47 show that
the system is still exposed to voltage collapse although the load has been shed. Since
these buses are not the weakest nodes, the amount of loads, which needs to be shed, must
be larger than the required quantity of load 1 and 3. Evidently, the load curtailment
scheme based on S-ZI and the ratio of the Thevenin impedance to the load impedance is
an effective and simple approach.
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Figure 5.45: System performance when load 4 is curtailed.
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Figure 5.46: System performance when load 5 is curtailed.
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Figure 5.47: System performance when load 43 is curtailed.
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Chapter 6

Coordinated secondary voltage
control

This chapter presents a voltage control scheme for coordinating reactive power reserves
in power systems, which is inspired by the concept of multi-agent system. Similar to
an agent, the proposed local controller takes on its own assigned tasks and contacts its
neighbors for reactive power support when needed. The control structure incorporates
not only controllable VAr sources but also mechanically switched capacitor banks and
reactors, resulting in increased online reactive power reserves for critical contingencies.
The approach is suitable for areas with high penetration of FACTS devices and distributed
generation connected to power systems through voltage source converter (VSC), or VSC-
HVDC systems. The control structure is simple and flexible in terms of coordinated,
implementation and expansion.

The chapter starts with the review of the secondary voltage control in power systems.
Then it continues with the proposed coordination control scheme. Finally, simulation
results are presented.

6.1 Review of the secondary voltage control

6.1.1 Voltage control structure in power systems

Voltage control is an important issue in operation of power systems in order to comply
with regulations on the quality of power supply. It is strictly regulated that voltage at all
buses must be kept within an allowable band, despite load variations and disturbances in
the grid. The accepted voltage variation is different from regulation to regulation, but it
is normally in the range of £10% of the nominal value at the consumer end [68].

Normally, voltage profile is scheduled in advance by offline analysis based on forecast
of load and generation. However, there is uncertainty in the load forecast. With high
penetration of renewable sources in the grid, the total generation becomes less predictable.
On the other hand, disturbances also contribute to voltage deviations; they change system
topology and operation condition. These factors can lead to deviations of the voltage from
the scheduled level. Therefore, control actions are necessary to bring the voltage back to
the desired value.

As voltage is highly related to reactive power; it is controlled by the following resources:
excitation of generator (through AVR), capacitor, reactor, SVC, STATCOM and other
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FACTS devices. Mechanically switched capacitor is mainly installed in the load areas
and used as the base compensation in controlling the load voltage. It is not involved in
dynamic voltage control because it cannot adjust reactive power continuously, but in a
stepwise manner. At power plants, automatic voltage control is carried out by the AVR,
which adjusts, smoothly, reactive power of generators to maintain the terminal voltage.
Since the AVR considers only the local voltage, it is not guaranteed that the load voltage
is always in the permissible band. In fact, voltage violation can occur due to voltage
drop along power lines, disturbances and changes of operation conditions. Therefore, to
obtain a good voltage profile throughout the network in real time, voltage control in power
systems can be structurally divided into three categories: primary, secondary and tertiary
control as illustrated in Fig. 6.1. These three control levels dictate the operation of the
same machine. Therefore, they must be decoupled with respect to the time scale to avoid
interactions among them. Otherwise, it can lead to oscillatory behaviors of the controlled
component.

It is noted that SVC and STATCOM are not addressed in this “conventional” control
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control ~|_control

[
1
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control
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! 1
\ control
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Control area 1 e Control area 2 “~__-

Figure 6.1: Structure of voltage control in power systems.

structure, probably because the installed capacity is small compared to other existing
VArs sources. However, this situation is going to change thanks to developments in power
electronics and its applications in power systems.

e Primary control is control actions automatically taken by the controller to regulate
the local control variable (voltage or reactive power). As the deviation between the
measured output and the setpoint arises, the controller will act to bring the voltage
back to the reference. The time response of the primary control is different from
one to another, but it ranges from 100ms to some seconds [16]. As listed in [16],
equipment that has primary control is generator or synchronous condenser equipped
with AVR, static VAr compensators like SVC, STATCOM, capacitors and reactors
(if they are integrated into automatic voltage control scheme).

e Secondary control is a control scheme that involves generators in a particular
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area to control the voltage at a special load bus called the pilot bus. To avoid
interactions with the primary control, this scheme has the time scale between one
and a few minutes [16]. Details of this scheme are presented in the next section.

e Tertiary control establishes a voltage map of the entire grid based on optimization
of economic cost and system security under various constraints of equipment and
voltage limits in the network. The output of this control is used as the setpoint for
pilot nodes in the secondary control scheme. In automatic closed-loop operation,
the time response of the tertiary control is from 5 to 15 minutes [16].

6.1.2 Secondary voltage control

The main task of the secondary control is to maintain the voltage at the pilot node follow-
ing the setpoint by regulating reactive power of the involved generators. The secondary
voltage control has been thoroughly studied and presented in several works [69-81]. The
first secondary voltage control was implemented and went into operation in France in the
early 1980s [72]. Later, in 1998, an improved scheme of this type of control (the coor-
dinated secondary voltage control) was demonstrated in the western area of France [72].
Similar control structures have also been implemented in Italy [73,74], and recently in
Switzerland [78] and China [77]. A prototype of this coordinated control was also imple-
mented in the Norwegian transmission system [16]. In Belgium, the coordinated voltage
control scheme has been in place since 1998 [81], but the secondary control is not utilized.
Instead, tertiary control is conducted to obtain the setpoints. Then it is up to the sys-
tem operator to decide whether or not to send these references to the primary control of
generators.

Although specific implementation of the secondary voltage control may be different,
the main idea behind is almost the same. The control scheme can be characterized by the
following main features:

e Divide the system into control zones: As reactive power cannot be transmitted
over long distances, generators have only high controlability on the voltage of buses
that are electrically close to them. For those nodes, which are electrically distant
from generators, the influences are less significant. Hence, the grid, as shown in
Fig. 6.1 can be divided into small control areas, which are electrically weakly cou-
pled. In other words, voltage control in this area has little impact on the voltage
in the other areas. In addition, another criterion to define the control zone is that
generators in each control zone must have sufficient reactive power to regulate the
voltage [69].

The number of zones is different from system to system. For example, there were
27 control zones in the transmission system in France in 1985 [69]. In Italy, the
number of zones was 18 [73], but there are only four controlled areas identified by
the study on the Spanish power system presented in [76].

After the control areas are defined, voltage profile in each zone is controlled in-
dependently by generators involved in the zone. From the system point of view,
secondary voltage control is a distributed control; it simplifies the tasks of voltage
control for the whole network. Therefore, there is no need for a complex control
that takes care of all the load buses and generators in the grid.
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e Determine pilot nodes: In complex systems, it is “unrealistic and uneconomical”

[73] to control voltage of hundreds of transmission buses automatically in real time.
Therefore, the solution is to find a bus, called the pilot node, that can represent
the voltage profile of all buses in each control area, assuming that the voltage at
the other nodes will follow closely the pilot node. Instead of controlling voltages
throughout the network, the secondary control regulates only the voltage of the pilot
node. In addition, to avoid interactions among control zones, pilot nodes should be
electrically distant. This task is determined by the concept of electrical distance
proposed in [70] or by the sensitivity matrix as presented in [73].

The practice to select the pilot node is also different among approaches. In France
and Ttaly, the pilot node is the node, which has high short circuit power [71,73].
Reference [76], however, proposes an alternative approach. In this method, the pilot
node is selected based on not only the short circuit capacity but also the minimiza-
tion of voltage variations of other buses in the control area, which are caused by
random disturbances of reactive power at load buses. However, in these three ap-
proaches, selection of the pilot node is done by offline analysis. For systems, which
experience structural changes, expansion and fast growing loads, offline analysis has
certain drawbacks. Therefore, [77] introduces an alternative approach, which can
adaptively determine control zones and select the pilot nodes in real time based on
system operation conditions.

Control loop: Despite minor differences among specific applications, the control
loop for the secondary voltage control is almost the same. The objective is to control
the voltage at the pilot node by adjusting reactive power of the involved generators
as basically illustrated by the sketch in Fig. 6.2, where V, ,.; is the setpoint and
Vpitor is the measured voltage at the pilot node. The voltage at the pilot bus is
measured and compared to the setpoint; if there is voltage deviation between them,
the proportional-integrator controller will utilize this mismatch to compute output
in order to correct the error. The output of this controller is reactive power, which
generators in the control zone will adjust to bring the voltage at the pilot node
back to the setpoint. This amount of power is shared by the involved generators,
determined by the correspoding coefficients K1, Ko, ..., K,,. The controller is tuned
in the way that the time response of the secondary control is in the range of a few
minutes.

Qref1
K4 -
—
Vp_ref Q2 | 4 generators
—» —— P(l) Kz >
—7 Qrefn
VpilotT Kn |

Figure 6.2: Sketch of block diagram of secondary voltage control.
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6.1.

3 Coordinated secondary voltage control

Although the secondary voltage control is a suitable control scheme and has performed
appropriately in the transmission system in France; it has certain limitations [72]:

One of the prerequisites of the secondary voltage control is that the system can be
divided into non-interaction zones, which allows independent voltage control in each
zone. As the system is growing and becomes more meshed, this assumption is not
valid in some areas. This can worsen performance of the control scheme.

The control scheme does not fully consider permissible voltage and reactive power
limit of generators.

Generators must follow the control’s commands. They are not allowed to contribute
more reactive power in case they have higher sensitivities to the pilot node.

Parameters of the control loop is unchanged, which does not secure optimization
under various operation conditions.

Demand for rate of change of reactive power can go beyond the generators’ response
capability.

To overcome the above limitations, the coordinated control is structured as depicted in

Fig.

6.3. Control zones, which have strong interactions with others, are merged into

one control area. In this zone, the number of pilot nodes is not limited to one, but
can be expanded to some buses. Within the merged control zone, involved generators are
governed by the control vector AU,, which is the variable of the optimization problem [72]:

min{)‘vna (Ve — V;Jp) - CvAUCH2 + )‘qHO‘ (Qwef -Q) - CQAUCHZ

+)\u||a (Urcf - U) - AULHQ} (61)
where:

o : control gain,

Vops Ve : measured and setpoint voltage values at the pilot node,

Q, Qres : measured and setpoint reactive power values at generating
units,

U,Upey : measured and setpoint stator voltage values,

AU, : vector of stator voltage variation,

Av, Ag, Ay 1 weightings for terms in objective function: pilot point voltage,
reactive power, and generator unit stator voltage,

C, : sensitivity matrix relating variations in pilot point voltage to

variations in stator voltage (network is modeled by sensitivity
matrices for coordination between generating sites),

Cy : sensitivity matrices relating to variations in reactive power to
variations in stator voltage.

under the following constraints:
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HAUC” S AUmaz
a(Q + C,AU,) +bAU, < ¢
Vipmin < Vi + CLAU, <V,

max

Vosmin < Vps + CosAUe < Vi,

Veuv,, < Venv + CoAU: < Vinv,...

where:

a, b, c : coefficients of straight lines representing operating di-
agrams for generator units (P, Q, U). These diagrams
depend on the active power output by the generator
unit,

Vops Vopmins Vopmae © Measured, minimum and maximum voltage at the pi-
lot nodes,

Viss Vosmins Vosmae ©  Measured, minimum and maximum voltage at the
sensitive nodes,

Very . voltages computed at generator unit EHV output.

It is noted that sensitivity nodes are buses, which do not have voltage setpoint, but their
voltage must be within the upper and lower limit. Based on the problem formulation, it
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Figure 6.3: Structure of coordinated secondary voltage control in power systems.

can be elaborated that the control scheme tries to minimize not only voltage deviation of
the pilot nodes but also voltage deviation at generators’ terminal; meanwhile it also ensure
that change of voltage of pilot nodes, sensitive bus and generators’ terminals is within the
permissible band. In addition, operational reactive power margins of generators are also
considered in the control scheme. As the control output obtained from the optimization
is used as the setpoint to regulate in real time reactive power sources, one of the concerns
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is whether the approach always convergences. In [71], it is proven that this requirement is
fulfilled; the algorithm for optimization of the quadratic problem using active constraint
methods will converge after a finite number of iterations. Detailed information about the
coordinated secondary voltage control is presented in [69,71,72].

6.2 A new scheme for coordinated secondary voltage
control for systems with multiple VAr reserves

6.2.1 Motivation for the proposed control scheme

As presented in the secondary voltage control in the preceding section, it can be recognized
that generators are the main resources, which are utilized to control the load voltage. The
control scheme functions well as long as generators have enough controllability on the load
voltage. However, the methods might have less effectiveness under these circumstances:

e In some areas, generation is electrically distant from the load; consequently, sensi-
tivity of the load voltage with respect to the generators’ reactive power is low. As
a result, generators have little controllability on the voltage profile in the load area.
In these sub-systems, the load voltage is normally regulated by local shunt compen-
sation. The 420 kV network in the southern part of Norway is a typical example
of this kind of system, where large generation is located in the west, but the load
center lies in the eastern part. In this load area, several SVCs and synchronous
condensers are installed to maintain a desired voltage profile.

e In the secondary voltage control, the pilot node is the controlled object. Its voltage
reflects the voltage profile in the control area. However, the pilot node is not well
defined in areas dominated by several controllable VAr sources like synchronous
condenser, SVC and STATCOM. These components have very fast response and
are able to keep the voltage close to the setpoint as long as they have enough
capacity. As power systems are transforming, this kind of grid is more foreseeable
in the near future with more and more renewable sources connected to the grid
through voltage source converter, which is able to inject or absorb reactive power
to control the local load voltage. In this scenario, the concept of pilot node is no
longer relevant.

e STATCOMSs and SVCs have become increasingly important as shunt compensation
devices to regulate the voltage. Beside the main function, these components and
possibly VSC-HVDC are utilized for damping low frequency inter-area oscillations.
To be able to accomplish this task, the components must have sufficient reactive
power reserve to regulate the voltage. However, it is not guaranteed that this
requirement is always fulfilled since these compensators, in an effort to regulate the
load voltage, can run out their capacity. Hence, it is necessary to coordinate them
to obtain better utilization of the resources.

Addressing these issues, the proposed control scheme in this chapter is developed for areas
with high penetration of VAr sources, especially SVC, STATCOM and VSC-HVDC. The
method is considered as an alternative solution for voltage control in these special areas
in the grid.
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In recent years, smart grid has attracted enormous attention from researchers around
the world. One of the outstanding features of this grid is the distributed generation, which
consequently arouses interest of distributed control and coordination of controllers based
on telecommunication. Among many new concepts and solutions, which have been created
and applied in this field, multi-agent system is an attractive approach; it has potential
applications in the power grid [82,83]. In this direction, [84] proposes a coordinated voltage
control scheme based on the multi-agent system, in which an agent will send a request
for help to its neighbors and decides which neighboring agent is selected to contribute to
the support. Although the method is elegant, there is still room for further improvement.
As we know, when an agent lacks reactive power, it is less effective if there is only one
neighboring agent offering the support at one instant of time; simultaneous joint efforts
of all neighboring agents are more effective. Moreover, it is not well defined in [84] how
the multicast selects supporting agent when it receives multiple offers. The controller also
requires training from offline simulation to act properly; this can reduce its effectiveness
in various operation conditions of the real power systems. In addition, the requirement
for predetermination of agents makes the coordination complex and inflexible in meshed
power systems.

The proposed control scheme in this chapter embraces the concept of multi-agent; it
considers each shunt compensator as an agent, which is responsible for regulating its own
local voltage. However, the way the agent coordinate with other agents is totally different,
which is presented in the next section.

6.2.2 Overview of the proposed control scheme

The control scheme is to coordinate VAr sources in power systems, e.g. SVCs, STAT-
COMs, generators (AVRs), VSC-HVDC systems, capacitors and reactors. The main
objectives are:

e to avoid voltage violation, both in normal operation and under disturbances.

e to maintain sufficient reserve of fast-acting compensators for other functions and
therefore to improve voltage stability in critical contingencies.

e to relieve system operators of trivial tasks of voltage control, especially after distur-
bances.

Consider a small system shown in Fig. 6.4, in which the high demand is allocated
at bus 1. Here there is a tie line connected to an external system. The main tasks of
the STATCOM are to maintain desired voltage and to damp oscillations on the corridor;
meanwhile, the SVC, synchronous condenser, and voltage source converter of the wind
farm have duty to keep the local voltage at the desired level. Obviously, the voltage at
these buses represents the voltage profile of the considered area; their role is similar to
that of the pilot node in the secondary control. Assume that the line from bus 2 to 3 is
lost and the STATCOM no longer has enough capacity for its duty; consequently voltage
at this bus drops below the lower limit. Since the generator at bus 3 is electrically distant
from the load, it cannot inject more reactive power to increase the voltage at bus 1 if its
voltage has reached the maximum voltage limit.

It is noted that when a node needs more injection of reactive power from other buses
to increase its voltage, the most effective one is the electrically closest injection because
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Figure 6.4: Example of a subsystem with shunt compensators.

the losses of reactive power on power lines are naturally minimized. Thus, without any
calculation, it is obvious that more injection of reactive power from bus 2, 4 and 9 is the
best support. Based on the this analysis, the main idea of the proposed control scheme
is as follows:

e Build a secondary controller for each node, where VAr resource is located. There are
two types of controllers: one for mechanically switched capacitor banks and reactor,
and one for controllable VAr sources like SVC, STATCOM, synchronous condenser,
generator and voltage source converter.

e The controller only cooperates with its neighbors. Here, “neighbors” are defined as
the nodes that have direct or close electrical connections with the considered node.

e In normal condition, the controller controls the local voltage by itself. There is no
communication between the controllers. The voltage setpoint can come from the
tertiary voltage control or simply a certain value around the nominal value. When
the local controller detects that the unit approaches its maximum capacity (or lack
of reserve), it will first communicate to its neighbors to ask the neighboring me-
chanically switched capacitor/reactor to switch in. This step is to maximize the
dynamic VAr reserves in the system. After that, if there is still a need for more
reactive power, the controller will stepwise send out simultaneously a request to
all of the neighboring nodes to increase reactive power injection until the reserve
is recovered. During the process, if the neighbor controllers are out of limit, they
will ask their neighbors for more support. Therefore, there will be more and more
automatic contribution from other resources as needed, without any massive com-
putation. Since each controller keeps its local voltage within the maximum limit,
there is no risk of overvoltage.

e The controller will automatically ask the neighboring nodes to reduce their support
when its reserve is restored. The process goes on as long as the controller still has
sufficient reserve. Here, the criterion to determine whether the reserve is sufficient
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or not is very important. Otherwise, the controller will lack its reserve again after
its neighbors have reduced the reactive power support. In this case, the controller
just swings between the two states of lack and surplus of support, meaning that the
control scheme is unstable.

An example of the proposed scheme for the simple grid above is depicted in Fig. 6.5.
The double headed arrow means that the two nodes support each other; the single headed
arrow indicates that the support comes from only one side, here node 2 supports node 1
and 7. It is not necessary to integrate all the nodes into the control scheme. In the first
stage, depending on available resources, the scheme can cover some nodes, e.g. 1, 7, and
4. The expansion can be done in the next stage when the resources are available. Note
that the control scheme is not limited to a small system. With the same philosophy, it
can be applied to the whole network.

Oy
b

j

© ©

Figure 6.5: One of possible control schemes for the system in Fig. 6.4.

6.2.3 Detail of controller design for controllable VAr sources

Controllable VAr sources like STATCOM, SVC, VSC-HVDC have their own fast controller
acting as an inner loop to regulate voltage or reactive power. The controller proposed in
this chapter is an outer loop, sending supplementary reference to the inner loop. Take a
simplified block diagram of a SVC controller depicted in Fig. 6.6 as an example, where U,.f
is the reference voltage, Uppp is the supplementary signal from the oscillation damping
function, and AU,.s is the output of the proposed control scheme. Without the requests
for support from the neighboring controllers, AU,.¢ is zero. Thus, the proposed control
scheme has no impact on the primary controller in normal operation.

AUref

B ref

Pl SVC |roxd

\

Upop T

Figure 6.6: A simplified primary controller of SVC.

Fig. 6.7 depicts the structure for the proposed controller, which has two independent
blocks, namely Outgoing Support Transmitter (OST) and Incoming Support Handler
(ISH). The meaning of each input and output is explained as follows:
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CapOn: output command to ask the neighboring mechanically switched capaci-
tor/reactor to switch in. There is no output to ask the neighbors to switch out. The
controller at the capacitor/reactor node decides to take this action based on its own
logic, which is presented in the next section.

e AU,,: This is the output sent to the neighboring controllers to ask them to increase
or decrease their voltage or reactive power reference. It is considered as the input
signal AUy, of the neighboring controllers. Each neighboring VAr reserve is assigned
a separate AU,,, depending on the electrical distance to the bus, which needs the
support. The smaller the distance is, the more reactive power the neighboring unit
should increase, meaning that higher AU,;.

e No more support: this is a Boolean signal, indicating that the controller is out of
its limit. In this case, its neighbors will stop increasing the demand for support
(AU,.;) sent to this controller. Instead, they will send the previous demand. This
tactic is to reduce the time delay when the controller has restored its reserve and
starts asking its neighbors to lower the support.

e NeedSupport: a Boolean signal sent to the neighboring controllers, indicating that
the controller is running out its reserve and requires more reactive power support.

e (Qsve, Bsyc: the current reactive power and susceptance of the local VAr resource.
These quantities are used to determine whether there is sufficient reserve or not.

o U, local voltage.

o AU,.s: supplementary voltage reference sent to the inner loop.

6.2.3.1 Operation of the OST block

Fig. 6.8 describes the logic of the OST block, which is responsible for sending the support
request to the neighbors when the condition Bsy e > Buypper (a1d Ujpeq > Ujoy) 1s fulfilled,
where B,p,e, and U, are the setting thresholds for the susceptance and voltage, respec-
tively. The condition Uj,eq > Ujpyw is optional; it is used when less interaction among
controllers is needed. The controller requires reactive support when it lacks VAr reserve
and the local voltage drops below the lower limit. After the susceptance Bgy ¢ is above
the threshold B, continuously in 71 seconds, the controller first asks its neighboring
mechanically switched capacitor/reactor banks to switch in/out. This action is necessary
to save reactive power reserve of the dynamic VAr resources as much as possible. After
the first action, if there is still a need for more reactive power, the controller will send the
signal AU, (or the demand for increase of reactive power AQ) to the neighboring con-
trollers. Each neighboring controller receives its own AU,,;, depending on the electrical
distance to the considered node; the closer the controller, the larger AU,,;. The AU,y is
a design parameter; large AU,,; means more reactive power injection for each step, and
therefore smaller response time. But it can push the VAr reserve of the neighbors out of
their limits by a few steps. The OST increases AU,,, step by step until it restores the
required reactive power reserve.

When the neighboring controllers are increasing reactive power, they can run out their re-
serve. If the OST detects that one of its neighboring controllers is out of limit, it does not
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Figure 6.7: Control structure for controllable VAr reserves.

increase AU,y sent to that particular neighbor, but instead keeps sending the previous
AU, This tactic reduces the time delay when the system reverts to normal operation
condition; consequently the OST no longer needs support from the other. This is the
starting point to reduce the demand for reactive power support.

Support of reactive power from the neighboring VAr reserves is only necessary when
there is lack of reactive power in the system. In normal state, however, such interference
among controllers should be avoided. Therefore, whenever the controller is able take its
own responsibility, to some extent, the support from the neighboring controllers must be
reduced. Otherwise, the control system would be tangled with the requests for voltage
increase (AU,y:) sent by controllers to each other. As illustrated in Fig. 6.9, as long as
the susceptance Bgy is smaller than the threshold Bjyye, continuously in T4 seconds,
the OST block will lower the AU,,; it has sent out in a stepwise manner. It is important
that there must be a deadband between B, and Bioyer, as shown in Fig. 6.10, to
avoid oscillation between the two states: lack and surplus of the local reserve. When the
susceptance is within the deadband, there is not any action from the OST block.

6.2.3.2 Operation of the ISH block

As shown in Fig. 6.11, the ISH simply receives all support requests from all of the
neighbors (Usp,, , Uin,) and sends the supplementary voltage reference Uy, which is the
maximum of all the incoming requested voltage increase, to the inner loop. The voltage
limit Uy, (normally 5% of the nominal value) is considered in the loop to make sure that
the control does not send excessive setpoint to the inner loop; Therefore, there is no risk
of overvoltage caused by the ISH block. If the reserve is out of limit (the Boolean signal
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Figure 6.8: Logic to obtain support from the neighboring controllers.
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Figure 6.9: Logic to lower support from the neighboring controllers.

NoMoreSupport is true), the ISH does not increase the setpoint and uses the previous

value.
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Figure 6.10: Criterion to decide the state of lack or surplus of reactive power reserve.
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Figure 6.11: Algorithm of the Incoming Support Handler block (ISH).

6.2.4 Detail of controller design for mechanically switched shunt
capacitor /reactor

Normally mechanically switched shunt capacitor and reactor are controlled manually by
the system operators. They are switched in or out based on planning, operation conditions
or system operators’ experience. When the system requires more reactive power injection,
the mechanically switched capacitor banks should be switched in and the reactor should be
switched out in the first stage in order to maximize the dynamic reactive power reserves.
Moreover, after disturbances, the operators can be busy with remedial actions. During
this time, switching these components automatically can relieve them from trivial tasks.

In terms of reactive power compensation, the effect of a reactor is just opposite to
that of a capacitor. Therefore, hereafter only operation of the controller for the capacitor
is presented. When the neighboring controllers need reactive power support, the con-
troller for capacitor banks will receive the command CapOn to switch in. As shown in
Fig. 6.12, to make sure that the local voltage will not exceed the limit U,,,, after closing
the capacitor bank, the controller checks the current local voltage Ujoqq at its node. If the
gap between Ujyeq and U, is larger than U, it will switch in the bank as requested by
its neighbors; here, U;,. is setting parameter - the estimated voltage rise if the capacitor
is switched in. This value can be obtained from offline simulations or simply by historic
data or the operator’s experience. Probably machine learning can be applied to obtain
Uine automatically.

It is noted that the capacitor bank is not switched out by the command issued by the
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neighboring controllers, but by the capacitor bank controller itself. For substations with
capacitor banks, it is possible to coordinate this component with the OLTC and other
equipment. The Substation Controller in [16] is one of good example for the coordination.

CapOn; CapOn; CapON,

v

I Sum(CapOny, CapOn,, ...,CapOn,)

CapON

yes

(Umax - Uload) > Uinc?

yes

I Switch cap. banks in I

Figure 6.12: Control logic for capacitor bank.

6.2.5 Simulation results
6.2.5.1 Test on the 5-bus system

The first simulation is conducted on a simple 5-bus system shown in Fig. 6.13. There
are two SVCs installed at bus 3 and 4. Since they are neighbors, the mutual support
between them is established in the coordinated scheme. Moreover, the capacitor at bus 2
also supports SVC1 and generator G1 helps SVC2. To illustrate the performance of the
control scheme, initially the capacitor bank at bus 2 is off. At t = 7.5 s, the load at bus
3 increases from 30 MVA to 75 MVA in 10 s and starts going down to the original level
at t = 97.5 s. As can be seen in Fig. 6.14, after the load increases, SVCI1 reaches its
limit and the voltage Us drops. Due to the control scheme, the capacitor bank at node
2 is switched in at ¢ = 12 s to support node 3. However, the support is not enough, the
controller at node 3 consequently requests more reactive power injection from SVC2; thus
the voltage Uy gradually increases. However, SVC2 also reaches its limit at t = 27.7 s and
starts asking the generator at node 5 to assist. The process goes on until ¢ = 72 s when
Us = 1.05 pu and G1 cannot contribute more support; the requested voltage increase
sent by the controller at node 3 and 4 (AU,B3, AU,,;B4) are unchanged at 0.038 pu
and 0.05 pu, respectively. It is noted that every time the SVC2 runs out its reserve, the
controller at bus 3 stops asking for more support. Otherwise, SVC2 will continuously be
pushed out of its limit while it is seeking support from the neighbor G1.

After the demand at node 3 falls, the reactive power reserve of the SVC1 and SVC2
increases. They start to reduce the support from their neighbors. It can be recognized
by the stepwise reduction of the requested voltage support (AU, B3, AUy B4). As a
result, voltage at node 3, 4 and 5 slowly return to the initial values.

Fig. 6.15 shows the voltage and susceptance of the SVCs at bus 3 and 4 when the
coordinated control scheme is not applied. Compared to Fig. 6.14, voltage at bus 3 is
lower during the heavy load condition. After the load increases, the voltage falls to 0.97
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and remains unchanged until the load returns to its initial level. Without the coordinated
control, the SVC at bus 4 does not increase its output to support the voltage at bus 3
although it still has reactive power reserve.

50 MVAr

—— O]

1
o o
Slack bus G1
2 3 SVC2
30 MVAr

. P30 MVA
20 MVA % svet
I 15 MVAr
Q<—Q (®)
O—0O

Figure 6.13: A 5-bus system and the coordinated control scheme.

5 MVAr.

Hi

6.2.5.2 Test on the simplified 420 kV system

The second test case is carried out with the simplified model of the 420 kV network in
the southern part of Norway. As seen in Fig. 6.16, the system is characterized by large
generation in the west, but the load center is located in the eastern side. Due to the
large distance between generation and load, voltage control in the load area is heavily
dependent on the SVCs and mechanically switched capacitor banks. Coordination of
voltage control among these VAr reserves shown in Fig. 6.16 is necessary to obtain a
flat voltage profile in this area as well as fast automatic voltage recovery after distur-
bances. To illustrate the effectiveness of the proposed control scheme, a disturbance at
t = 25 s is created by tripping the line from bus 10 to 12, where the heaviest load is
located. Consequently, voltages in the area drop (except at bus 10) and the SVCs at bus
12, 14 and 8 reach their limits. At ¢t = 30 s, the controller at bus 8 starts sending the
request for voltage increase to the controllers at bus 2 and 3. Therefore, voltage at these
buses starts to go up. Since the SVC at bus 8 is beyond its limit, the controllers at bus
12 and 14 do not send the support request to this one until ¢ = 44.5 s, after the controller
at bus 8 has received support from bus 2 and 3 and recovered its reserve. At t = 90.5 s,
all the SVCs have restored the required reserve and the voltage is slightly lower than the
nominal thanks to the reactive power assistance from bus 2 and 3. Obviously, the lack of
reactive power support in the load area is propagated and sensed by the western power
plants and they get involved in the control scheme automatically. The control scheme is
working well and all the relevant actors together contribute to the voltage recovery. At
t = 124 s, the line between bus 10 and 12 is closed. Thus, all the SVCs restore enough
reserve and start reducing the support from the neighbors. The system smoothly returns
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Figure 6.14: Five-bus system’s performance during load variation.

to the initial condition. Thanks to the deadband shown in Fig. 6.10, there are no oscilla-
tory behaviors of the control system. In this test, the condition to request reactive power
support is Bgyc > Bypper; the voltage condition is not included. Thus the controllers
ask for support from the neighbors even when the voltage is not critically low. To reduce
the interactions among controllers, the low voltage condition can be applied to certain
controllers as desired. In this test, the control scheme involves all possible VAr resources
in the system, including generators that are not directly controlled by the TSO. It should
be noted that the possible commercial /contractual issues are not discussed here, only the
technical feasibility of the control scheme.
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Figure 6.15: Voltage and SVC’s susceptance in the five-bus system without coordinated con-
trol.

Fig. 6.18 depicts the voltage and susceptance of the SVCs in the studied area when
the coordinated control scheme is not applied. As can be seen, voltage at bus 8, 12 and
14 drops below 1.0 pu during the line outage period, but not critical. However, the SVCs
at these buses reach their limit; they do not have dynamic reserve to help the grid survive
other disturbances or damp oscillations.
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Figure 6.16: The simplified 420 kV system in the southern part of Norway and its coordinated
control scheme.
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Figure 6.18: Voltage and SVC susceptance without the coordinated control.
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Chapter 7

Conclusions and future work

This chapter presents main conclusions drawn from the findings and contributions of
the PhD project, which have been presented in the preceding chapters of the thesis. In
addition, some ideas for future work are also discussed.

7.1 Conclusions

In this PhD thesis, two algorithms for online voltage stability monitoring and a scheme for
voltage control have been proposed, in which the S-Z algorithm is the main contribution.
Initially, the main objective of the PhD work is to develop new tools for online voltage
stability assessment, especially aiming at utilizing PMU measurements. The expected
methods should be simple and have low computational cost, so it can be easily imple-
mented in the control center to increase situational awareness of the system operators and
help them determine appropriate remedial actions against voltage instability. Regarding
this expectation, the S-Z method and its prototype V,, have achieved the initial goal of
the PhD project. This algorithm requires only PMU measurements of the load current
and voltage and has a very low computational demand. Besides, it works properly in
both transmission and sub-transmission systems. There is great potential for large scale
implementation of the method in power systems. Of course, this algorithm has its own
shortcomings, which are left for the future work as being discussed in the next section.

Compared to the S-Z method, the topology-based approach is less attractive since it
requires both information on system topology of the concerned area and PMU measure-
ments. However, one of the advantages of this method is the possibility to estimate the
post-contingency Thevenin impedance, which cannot be obtained from the measurement-
based algorithm. During the PhD project, this algorithm was not tested with real-time
information in the power grid. Access to available information from the SCADA/EMS
and state estimator and lack of PMU measurements at the A-P nodes were the main ob-
stacle. Nevertheless, the method is viable for practical implementation in power systems
and should be tested with real data.

Unlike the comprehensive secondary voltage control systems in France and Italy, the
proposed scheme for coordinated secondary voltage control targets a specific case in the
420 kV system in the southern Norway, where there are several reactive power compen-
sation units in the load center, which is far from the generation. The idea is to have
an algorithm, which requires little resources and low computational demand, but it is
able to automate voltage control tasks of the system operators to coordinate the local
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controllers in order to maintain a flat voltage profile and sufficient dynamic reserves of
reactive power. In the future grid with a large number equipment that can inject reactive
power into both transmission and distribution grids, voltage control schemes based on op-
timization would face many challenges caused by fast variations of operation conditions
and big data management. In this case, the proposed scheme can be a solution, but it
needs more study.

The main conclusions drawn from the PhD work are as follows:

e Online voltage stability monitoring based on estimation of the Thevenin impedance
and the maximum power transfer theorem is a workable approach. At a load bus
in power systems, it is viable to find an equivalent impedance, from which it is
possible to detect an occurrence of the maximum power transfer condition. When
the magnitude of the Thevenin impedance is equal to that of the load impedance, it
is deemed that the load reaches its maximum loadability and the maximum power
transfer condition occurs.

However, the load can reach the peak power in an operation condition that is dif-
ferent from the maximum power transfer condition when the operation condition
dramatically changes or when the load is highly overcompensated by a controllable
reactive power compensation.

e The estimated maximum loadability is sensitive to the magnitude of the Thevenin
impedance. A small error of the Thevenin impedance can lead to a large variation
of the estimated power. Moreover, when the considered load is far from its maxi-
mum loadability, estimation of the maximum power transfer based on local phasor
measurements cannot measure the ultimate limit of the system transfer capacity.
The actual maximum loadability can be estimated properly when the load is in the
vicinity of the voltage stability limit.

e It has been sufficiently verified that the proposed indicator S-ZI is a suitable indi-
cator for online voltage stability assessment. Through simulations and real PMU
data, the indicator closely follows the predefined curves, which are plotted based on
the S-Z sensitivity and load impedance. As mentioned, the S-Z sensitivity is simply
computed from phasor measurements of the load current and voltage; therefore, it
does not have any problems with divergence during the calculation, which is often
experienced by other approaches. In addition, the proposed indicator works prop-
erly at any loading level of the considered load. Whether the demand is low or high,
the indicator is always located on the trajectories as expected.

e The S-ZI, moreover, has a unique capability to verify the estimated Thevenin
impedance seen at a load bus. Given a Thevenin impedance, it is possible to draw
a trajectory of the S-ZI versus magnitude of the load impedance. If the Thevenin
impedance is properly estimated, the corresponding S-ZI trajectory must cross the
S-ZI point, which is directly computed from phasor measurements of the load cur-
rent and voltage. With this tool, the online estimated Thevenin impedance can be
validated in normal operation condition.

e [t is viable to estimate the Thevenin impedance seen at a load bus from local phasor
measurements of the load current and voltage. The proposed method using local
phasor measurements has successfully estimated the Thevenin impedance from both
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simulation and real PMU data. In the V,,, despite influences of noise, disturbances
and other factors in power systems, the Thevenin impedance has been estimated
properly and robustly. This shows a real possibility for implementing the approach
on a large scale in power systems.

e Alternatively, the Thevenin impedance can be estimated from information of the
system topology and PMU measurements. Through simulations, the proposed
topology-based method has shown a good performance. The results from this al-
gorithm are comparable to that of other approaches. A major advantage of this
method is that it is able to estimate the Thevenin impedance under contingency in
real time. With this capability, it is possible to assess voltage stability of the current
operating point under critical contingencies. This improves situational awareness
of system operators and provides a useful input for planning preventive actions to
enhance security of power system operation.

e The proposed voltage control scheme in Chapter 6 is developed for areas in power
systems, where there is a high penetration of controllable VAr sources. The scheme
has shown a good performance in coordinating reactive power compensation to ob-
tain a flat voltage profile and sufficient dynamic reactive power reserves under con-
ditions of disturbances and operational variations. The control structure is simple
and effective; there is no need for massive computation. Moreover, this algorithm is
easy to be implemented and flexibly adapted, which makes the method feasible for
practical applications in real networks.

e The Thevenin impedance and the S-ZI are suitable tools for load shedding, which
is an effective countermeasure to prevent voltage instability. Without massive cal-
culation for optimization, the load shedding scheme based on these parameters is
still able to secure selectivity and to minimize an amount of load which should be
curtailed.

7.2 Future work

e The application V,,, has been tested with real PMU data at two locations in the Nor-
wegian transmission system. However, these two nodes are not vulnerable to volt-
age instability. Therefore, to have a better demonstration of the proposed methods,
there should be more test cases at different locations in power systems, especially at
buses prone to voltage instability. Probably, practical implementations might reveal
hidden limitations of the algorithms, which are helpful to enhance the methods.

e The Thevenin impedance estimated by the S-Z sensitivity method has large vari-
ations when the load is light. The reason is that there is a very small difference
among the S-Z sensitivity trajectories in this loading condition. The future work
can focus on overcoming this limitation, exploring new possibilities to obtain the
Thevenin impedance in real time at these light load buses.

e Blackouts are normally a complex process, consisting of different stability problems.
With an increasing penetration of variable generation from renewable sources and
use of power electronics, maintaining stability of the grid becomes more and more
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challenging. To prevent blackouts, several actions should be taken quickly and
timely. In this context, there are possibilities to integrate the proposed load shedding
scheme based on the voltage stability indicators into a comprehensive protection
system that is able to make the grid more resilient to disturbances under operation
with higher uncertainty in the foreseeable future.

As observed in Section 5.2, there is a mismatch between the post-contingency
Thevenin impedance and the actual one estimated after the disturbance. This dis-
parity is affected by many factors, such as types of the disturbance, system topology,
operation condition, etc. In the thesis, this issue is not thoroughly examined. Fur-
ther study is left for future work.

More study on voltage control under condition of high penetration of renewable gen-
eration and power electronic devices in power systems. Fast variation of operation
conditions and its impact on voltage in the grid should be thoroughly investigated.
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Appendix A

Dynamic models of the modified
CIGRE Nordic32 test system

The modified CIGRE Nordic32 test system used in Section 5.4 is the same as the
benchmark described in [60], except for the dynamic models. Since the simulation is
carried out in PSS/E, dynamic models of governors, AVRs, power system stabilizers and
OXLs are selected from the standard library of this power system simulation software.
Parameters of all the dynamic models are presented in the next pages.
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/1IBUS 'GENROU"' I T’do T"do T’go T"go
X'd X'q Xx"d X1 S(1.0) S(1.2)/
404214 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
404715 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
405116 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
406217 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
406318 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
10426 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
10437 'GENROU' 1 7.0 0.05 1.5 0.05
0.30 0.40 0.20 0.15 0.0 0.0/
/IBUS 'GENSAE' I T’do T"do T"qo
X' d x"d X1 S(1.0) S(1.2)/
40119 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
401210 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
402111 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
403112 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
404113 'GENSAL' 1 7.0 0.05 0.10
0.30 0.20 0.15 0.0 0.0 /
407119 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
407220 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
10121 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
10132 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
10143 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
10214 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
10225 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
20328 'GENSAL' 1 5.0 0.05 0.10
0.25 0.20 0.15 0.0 0.0 /
/Voltage regulators and exciters
/IBUS ' SEXS’ I TA/TB TB
EMAX/
40119 'SEXS' 1 0.20 20.
401210 'SEXS' 1 0.20 20.
402111 'SEXS' 1 0.20 20.
403112 'SEXS' 1 0.20 20.
404113 'SEXS' 1 0.20 20.
407119 'SEXS' 1 0.20 20.
407220 'SEXS' 1 0.20 20.
10121 'SEXS' 1 0.20 20.
10132 'SEXS' 1 0.20 20.
10143 'SEXS' 1 0.20 20.
10214 'SEXS' 1 0.20 20.
10225 'SEXS' 1 0.20 20.
20328 'SEXS' 1 0.20 20.
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water
1

1

1

10426 'SEXS'
10437 'SEXS'
404214 'SEXS'
3.27/
404715 'SEXS'
405116 'SEXS'
406217 'SEXS'
406318 'SEXS'
/Turbine regulators and
40119 'HYGOV'
1.00 1.00 0. 0./
401210 'HYGOV'
1.00 1.00 0. 0./
402111 'HYGOV'
1.00 1.00 0. 0./
403112 'HYGOV'
1.00 1.00 0. 0./
407119 'HYGOV'
1.00 1.00 0. 0./
407220 'HYGOV'
1.00 1.00 0. 0./
10121 'HYGOV'
1.00 1.00 0. 0./
10132 'HYGOV'
1.00 1.00 0. 0./
10143 'HYGOV'
1.00 1.00 0. 0./
10214 'HYGOV'
1.00 1.00 0. 0./
10225 'HYGOV'
1.00 1.00 0. 0./
20328 'HYGOV'
1.00 1.00 0. 0./
/Power system stabilizers
40119 'STAB2A'
0.05 /
401210 'STAB2A'
0.05 /
402111 'STAB2A'
0.05 /
403112 'STAB2A'
0.05 /
404113 'STAB2A'
0.05 /
407119 'STAB2A'
0.05 /
407220 'STAB2A'
0.05 /
10121 'STAB2A'
0.05 /
10132 'STAB2A'
0.05 /
10143 'STAB2A'
0.05 /
10214 'STAB2A'
0.05 /
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0.05 /
20328 'STAB2A'
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406217

0.

406318

0.

405116

0.

404715

0.

404214

0.

10426

0.

10437

0.

05

05

05

05

05

05

05

"STAB2A'
/
'STAB2A'
/
'STAB2A'
/
"STAB2A'
/
"STAB2A'
/
"STAB2A'
/
"STAB2A'
/

/Current limiters

1 1.0 4
1 1.0 4
1 1.0 4
1 1.0 4
1 1.0 4
1 1.0 4
1 1.0 4
3.1167
1 -0.80 /
3.0000
1 -0.80 /
3.0000
1 -0.80 /
3.1167
1 -0.80 /
3.1167
1 -0.80 /
3.1167
1 -0.80 /
3.1167
1 -0.80 /
2.51
1 -0.80 /
2.07
1 -0.80

404214 'MAXEX2'
1.500 10.000 1.000
404715 'MAXEX2'
1.500 10.000 1.000
405116 'MAXEX2'
1.500 10.000 1.000
406217 'MAXEX2'
1.500 10.000 1.000
406318 'MAXEX2'
1.500 10.000 1.000
10426 'MAXEX2'
1.500 10.000 1.000
10437 'MAXEX2'
1.500 10.000 1.000
404113 'MAXEX2'
1.500 10.000 1.000
40119 'MAXEX2'
1.500 10.000 1.000
401210 'MAXEX2'
1.500 10.000 1.000
402111 'MAXEX2'
1.500 10.000 1.000
403112 'MAXEX2'
1.500 10.000 1.000
407119 'MAXEX2'
1.500 10.000 1.000
407220 'MAXEX2'
1.500 10.000 1.000
10121 'MAXEX2'
1.500 10.000 1.000
10132 'MAXEX2'
1.500 10.000 1.000
10143 'MAXEX2'
1.500 10.000 1.000
10214 'MAXEX2'
1.500 10.000 1.000
10225 'MAXEX2'
1.500 10.000 1.000
20328 'MAXEX2'
1.500 10.000 1.000
/Load model
1 '"EXTLOW' 1 0.01 2 -2
2 'EXTLOW' 1 0.02 2 -2
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