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PROBLEM DESCRIPTION

Electric power is a cornerstone in today’s society. It is the transmis-
sion system operators’ responsibility to ensure that sufficient power is
transferred over the transmission grid such that load demand is satis-
fied. With a growing load demand and increasing power transfer, the
power systems are operated closer to its stability limit, putting an em-
phasis on the importance of properly identifying the distance to the
stability limits.

The goal of this thesis is to develop an Emergency Load Shedding
scheme (ELS) using voltage stability indicators. The method should
detect voltage instability, and shed load as a countermeasure to regain
voltage stable operation.

A literature study is carried out, where a few voltage indicators are
chosen to be further studied, implemented and used in the proposed
Emergency Load Shedding scheme. The study is to carried out on a
model of the Norwegian power system, and implemented in an area
where voltage stability previously has been a problem.






Sammendrag

I moderne kraftnett drives operasjonen neert deres stabilitetsgrenser.
Sma feil som linjeutfall kan derfor fordrsake ustabilitet i systemet. For
a unngd strombrudd i deler av nettet, eller i nettets helhet, kreves det
at tiltak blir gjort dersom det oppdages ustabilitet.

I denne avhandlingen presenteres en metode som bruker korrektive
tiltak dersom det detekteres ustabilitet i kraftsystemet. Omradet hvor
metoden er testet har en knapphet pa ressurser som kan brukes for
a gjenopprette stabilitet i kraftsystemet. Dette gjor at utkobling av
last derfor er det eneste mulige tiltaket. Da det er store sosiale og
okonomiske kostnader forbundet med utkobling av forbrukere, er malet
for den presenterte metoden & koble ut minst mulig last.

Forst blir fire metoder for estimering av kraftsystemets impedans, sett
fra et lastpunkt, undersokt og testet. De foste to er basert pa lokale
malinger ved lastpunktet, mens de resterende to metodene bruker in-
formasjon om kraftnettet og malinger fra andre lastpunkter.

Teoremet for maksimal effektoverforing forteller at systemets impedans
ikke kan veere storre enn lastimpedansen (Impedans-stabilitetsindeks,
ISI = 1). Dette er blitt brukt til & sette opp et forhold mellom de to
impedansene for & evaluere stabiliteten til systemet.

Indikatorens evne til & gjenkjenne tidspunktet kraftsystemet blir usta-
bilt er testet ved en gradvis okning i last. Ndr lasten er okt over
sin maksimale grense skal indikatoren korrekt indikere at impedans-
stabilitetsindeksen er under én. Fra studiene er det kommet frem
at den topologibaserte Duong-Uhlen og malingsbaserte Corsi-Taranto
metoden er best i sine estimat.

Disse indikatorene er deretter blitt implementert i en foresldtt metode
for automatisk utkobling av last. Et utvalgt sett med laster i systemet
har fatt implementert indikatorer. To alternative metoder for utkobling
av last er blitt testet pa systemet nar det er blitt utsatt for situasjoner
som fordrsaker ustabilitet.






Abstract

These days, power systems are operated close to their stability limit,
and disturbances such as transmission line contingencies can cause the
system to lose stability. If the system loses stability, countermeasures
has to be taken. Otherwise, disruption in parts of, or in the whole sys-
tem occurs.

In this thesis an Emergency Load Shedding scheme, (ELS) using volt-
age stability indicators is proposed. Due to the scarcity of available
mitigation actions in the considered area in Northern Norway, load
shedding is used as the only corrective action. As there are large social
and economic costs associated with load shedding the goal of the ELS
is to keep the amount of load shed as low as possible.

First, four methods for estimating the Thévenin impedance (system
impedance) of a power system is studied and tested. Two are based on
local measurement at a single substation, while the other two uses in-
formation about system topology as well. Using the stability criterion
imposed by the theorem of maximum power transfer a rule for stabil-
ity can be found. The load impedance divided by system impedance
needs to be greater than one (Impedance Stability Index, ISI > 1).

The performance of the indicators is tested by a gradual load increase
of a load, and evaluating if the Impedance Stability Index correctly
crosses its stability limit when the system becomes unstable. From the
results the topology based Duong-Uhlen and the measurement based
Corsi-Taranto method showed the best performance.

Using the two best performing indicators an Emergency Load shed-
ding Scheme is proposed. Indicators are implemented at critical nodes
found through simulation. Two options for load shedding is proposed
when the system becomes unstable to prevent system instability.
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NOMENCLATURE

Phasors are denoted with arrows over the variables, e.g. V, and
the phasors magnitudes are denoted as either |V| or only using
the variable name, e.g. V.

Matrices and vectors are shown in bold, e.g. V or with overline
and bold if the matrix consists of impedances, e.g. Y.

Matrix element identifier is in subscript, e.g. Yij.

Measured value is in superscript, e.g. V' for the current measure-
ment or V=1 for previous measurement.






INTRODUCTION

1.1 BACKGROUND AND OBJECTIVE

Electric power is a cornerstone in today’s society. It is the transmis-
sion system operators’ responsibility to ensure that sufficient power is
transferred over the transmission grid such that load demand is sat-
isfied. With society’s increasing dependency on reliable power, large
efforts have been put into the research of secure power system opera-
tion. Modern power systems are operated close to their stability limit,
and disturbances such as transmission line contingencies may cause
the system to lose stability. If the power system loses stability, counter-
measures has to be taken. Otherwise, disruption in parts of, or in the
whole system occurs.

Voltage instability has been the cause of several blackouts in the last
few decades [3]. In the Hellenic system, increase in power demand and
a change in end-user consumption pattern was deemed the cause for
two blackouts in 1994 and 2004 [4, 5]. In recent years, the Norwegian
transmission system has during challenging seasons been operated in
a state described as stressed. New records in power consumption and
generation, with the addition of intermittent generation such as wind
power, has presented challenges in both planning and operation. There-
fore research into on-line monitoring tools for power system stability
has become even more important, in order to maintain secure opera-
tion of the transmission grid.

The goal of a power system is to provide electric power to its consumers.
If power is not delivered to the end-users, a cost is associated with not
accomplishing this goal. This is often referred to as interruption cost.



In this report, interruption cost is represented by the Energy Not Sup-
plied (ENS). If the system becomes unstable, the amount of energy not
supplied increases as disruption of services in parts of, or the whole
system occurs. As a consequence, partial disconnection of load can be
tavourable, following the loss of stability after a disturbance in the sys-
tem.

To reduce the likelihood of disturbances resulting in system instability,
preventive actions can be taken by the transmission system operator.
These measures have a large investment cost associated with them, and
during construction may cause the system to operate in stressed states,
due to forced disconnections. Examples of preventive measures are con-
struction of transmission lines and installations of Static Var Compen-
sators (SVCs). Due to the high investment cost, preventive actions are
preferable when the likelihood that that the system will be operating
in an insecure state is high. Corrective countermeasures such as partial
disconnection of load can also be favourable in situations where the
likelihood of disturbance is rather small, but the consequences of said
disturbance is high. Unlike preventive actions, there is a relatively low
investment cost associated with load shedding, but a high interruption
cost due to the energy not supplied to the end-users.

In this thesis, a corrective scheme is proposed using partial disconnec-
tion of load as the mitigative action. The goal is to keep the energy not
supplied as low as possible, within reasonable boundaries. An Emer-
gency Load Shedding Scheme (ELS) is proposed, using voltage stabil-
ity indicators to assess the power systems stability, and actions to be
taken based on the indicators assessment of stability.



1.2 SCOPE OF WORK

In this thesis voltage stability indicators based on maximum power
transfer between system and load has been implemented and tested.
The indicators are represented within two categories, local and topol-
ogy based. After testing, the two best performing indicators are used
in an Emergency Load Shedding Scheme (ELS) where demand side re-
sources are used with the goal of reducing the interruption cost while
regaining stability of the power system.

The work is done using PSS®E 33.6.0 and a model of the Norwegian
power system. Time domain simulation is used as the system is sub-
jected to large disturbances. These disturbances are non-linear, and as
the dynamics involved in voltage stability often have large time con-
stants this simulation method is a suitable choice.

Even though power system stability is a multifaceted problem, this re-
port only focuses on voltage stability.



1.3 STRUCTURE OF THE REPORT

The report is structured as follows: In chapter 1, an overview and moti-
vation behind the report is given, as well as a presentation of the work
that has been done. Chapter 2 introduces terminology and definitions
relevant to this report. In chapter 3, a brief overview of some of the
aspects involved in both the statics and dynamics of voltage stability is
given. Chapter 4 gives an overview of the implemented indicators, as
well as the theory behind voltage stability using Thévenin impedance.
Chapter 5 describes the proposed load shedding scheme. In chapter 6,
the performance of the proposed indicators is tested. Chapter 7 con-
tains a case study in the Lofot region, where the proposed emergency
load shedding scheme is tested using indicators. In chapter 8, the re-
sults found in chapter 7 and to some extent chapter 6 are discussed. In
chapter 9, a conclusion is given, as well as a discussion of further work
to be done.



Part I

THEORY






TERMINOLOGY FORASSESSMENT
OF POWER SYSTEMS

To achieve desired operation, a power system needs to remain stable. In
this chapter some of the key aspects and terminology in power system
stability and operation are introduced.

2.1 RELATIONSHIP BETWEEN SECURITY AND STA-
BILITY

When assessing the overall operation of a power system, terms to indi-
cate the power system performance is useful. Some of these terms are
introduced below,

Contingency is an unexpected fault of one or more system components
[6]. These components may be transmission lines, generators, ca-
pacitor banks, or other electrical elements.

Disturbances are events that are unplanned, resulting in an abnormal
operating state [7].

Security is the ability a power system has to withstand disturbances.
It refers to the degree of risk to keep the system operational after
a contingency occurs without customer interruptions [6].

Stability has a proposed definition in [8] as,
“Power system stability is the ability of an electric power system, for a
given initial operating condition, to regain a state of operating equilib-
rium after being subjected to a physical disturbance, with most system
variables bounded so that practically the entire system remains intact”.



2.2 MITIGATING VOLTAGE COLLAPSE

Upon the loss of stability in a power system, it has to be taken counter-
measures. Failing to do so, will lead to a disruption of services in parts
of the system. Actions to counteract voltage collapse must either reduce
reactive power consumption in the highly loaded area, increase reactive
power by reactive compensation, or decrease system impedance. These
countermeasures are most likely either saturated or not available in the
area experiencing voltage collapse. This, together with the characteris-
tic of areas where voltage instability is a problem, a high load demand
and a lack of generation reduces the number of possible actions. There-
fore, only load shedding is considered as the only corrective action in
this report.

2.2.1 Load Shedding

Load shedding reduces the active and reactive power demand of an
area, and by doing this, it reduces the reactive transmission losses. Due
to the high interruption costs associated with load shedding, it should
only be used as a last resort. Therefore load shedding is not initiated
until the loadability limit is reached, in the proposed scheme.

2.3 POWER SYSTEM STABILITY CLASSIFICATION

Power system stability can be divided into three main categories: Rotor
Angle Stability, Frequency Stability and Voltage Stability [9]. Within
these, further sub classifications are defined, depending on the time
constants of dynamics and type of disturbance under study. In this
report, the main focus is on voltage stability.



2.3.1  Definition of Voltage Stability

The IEEE/CIGRE Joint Task Force defines voltage stability [8] as,

“Voltage stability refers to the ability of a power system to maintain steady
state voltages at all buses in the system after being subjected to a disturbance
from a given initial operating condition”.

Voltage stability is further divided into two sub classifications based on
the severity of the disturbance, and time scale of the dynamics involved

8.

2.3.1.1  Large Disturbance Voltage Stability

Large disturbances are highly non linear, and can therefore not be anal-
ysed using linearisation methods. The cause of large disturbances are
often loss of generation, line contingencies or system faults [8]. Dynam-
ics involved in large disturbance voltage stability can last from seconds
to tens of minutes [9]. Large disturbances might also lead to voltage col-
lapse, which is categorised by a sequence of events resulting in black-
out, in part of, or the whole grid. In this report only large disturbances
in the form of line contingencies are considered.

2.3.1.2  Small Disturbance Voltage Stability

Small disturbances are often caused by gradual changes in load. Small
disturbance voltage stability can be studied using an linearisation ap-
proach if the dynamics of components that are highly non-linear in
response are not taken into consideration [9].

In both cases, the ability of the system to maintain steady voltage after a
change in the system occurs, determines if the system is voltage stable.
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2.4 PHASOR MEASUREMENT UNITS

To increase the situational awareness, Statnetts research and develop-
ment division has an ongoing project installing Phasor Measurement
Units (PMU). By the end of 2015, they had 23 PMUs installed in the
Norwegian central grid [10].

The benefits of PMUs compared to traditional SCADA systems, is the
data acquisition rate. Traditional SCADA systems acquire data every
3-10 seconds. In contrast, PMUs acquire data at a rate of up to 60 times
per second [11]. This is over hundred times faster, making it possible
to observe the faster dynamic phenomena occurring in a power system
as well.

Central location Im
PDC - i N\
Substation i Substation j
9.
PMU PMU / 0. Vi
1
! 7 Ml Re
Line ij

Vil # ) Vil ¢

(a) Data transfer from PMUs to PDC (b) Output from PDC

Figure 2.1: Communication from two PMUs at different substations to a PDC

A Phasor measurement unit takes in current and voltage measurements
and applies a time stamps to the measured value. The timing signals
are obtained from clocks inside the substation that are synchronised
using global positioning systems (GPS) [12]. The time stamped data is
then sent to a phasor data concentrator (PDC), which obtains the rel-
ative angle difference for the location of PMUs in the power system.
This principle is illustrated in figure 2.1.



25 WIDE AREA MEASUREMENT SYSTEMS | 11

2.5 WIDE AREA MEASUREMENT SYSTEMS

A Wide Area Measurement System (WAMS), is a monitoring system
based on phasor measurement units (PMUs) [13]. The implementation
of a wide area measurement system has multiple proposed usages and
benefits [11]. In this report the main focus is on acquisition and pro-
cessing of data in real time to assess power system stability and take
action if instability is detected.

The proposed WAMS system used in this report is illustrated in figure
2.2. Here the PMU signals are sent to a a central location, preferably
the central or a regional control centre where the data is processed and
actions are taken based on this processed data.

Data

PMU PMU PMU
Acquisition
Data Phasor Data
Consolidation Concentrator (PDC)
Data l
Storage Regional Control ——> Control Signal
——————>» On-line Monitoring
Center —— > Archive Data

Data Analysis &

Visualization

Figure 2.2: Data management and flow visualised in a Smart Grid system
based on WAMS

In Norway, the transmission system operator, Statnett SF, has since 2005
developed and tested a wide area monitoring system to monitor power
oscillations [11]. There is currently, as of 2016, no voltage stability mon-
itoring system, but research is being done in cooperation between Stat-
nett SF, NTNU and KTH. Published articles can be found in references

[14, 15, 16].
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2.6 REVIEW OF EMERGENCY LOAD SHEDDING
SCHEMES

There are various schemes proposed for Emergency Load Shedding
(ELS), to maintain voltage stable operation. These methods can be di-
vided into two categories; local and wide area. Wide area methods
measures observable quantities and gathers the data to a centralized
location. In local methods the relays act based on local bus voltages or
calculated stability indices [17].

Assessing stability based on voltage magnitude is proposed in many
papers, and is commonly referred to as an Under Voltage Load Shed-
ding Scheme (UVLS). In [18], stability is assessed within an area by
voltage magnitude monitoring, using distributed controllers. An adap-
tive under voltage load shedding scheme is proposed in [19], using
model predictive control. The methods using voltage magnitude have
the disadvantage that they rely on an already degraded state of the
power system.

A large number of methods determining the optimal amount of load
to be shed have been proposed by researchers. With the increased us-
age of Wide Area Measurement Systems (WAMS), these methods have
become closer to a reality. Using matching impedance in [20], a wide-
area scheme, in order to prevent voltage instability, is proposed. An-
other proposed method for finding the minimal amount of load shed
is the usage of sensitivities. The research into the usage of sensitivity
analysis is not new in power systems, [21, 22, 23, 24]. In [24], sensitivity
computations are done in order to identify when a set of load powers
have passed through maximum loadability. The method has the benefit
that it tries to detect the initiation of voltage instability and does not
act based on the consequence.

In a emergency load shedding scheme, the time at which load shedding
is initiated is also of importance. In, [25] and [26] the time between a
contingency occurs and the time load shedding is initiated is analysed.



3 VOLTAGE STABILITY

3.1 LOADABILITY LIMIT

To understand the causes of voltage instability and power transfer lim-
its in a power system, consider a simple two bus system as shown in
figure 3.1. The apparant power consumed by the load can be written
as,

P = % sin 6 (3.1)
EV V2
Q: YCOSQ—T (32)

A new expression can be obtained using equation (3.1) and (3.2), and
the identity sin?0 + cos?# = 1. In this expression the angle 6 can be
eliminated,

2 292
(%) =7+ |e-%] 53)

Rewriting equation 3.3 as a quadratic equation the new expression be-
comes,

(V2)2 4+ 2XQ-E>)V?+ X2(P?+ Q%) =0 (3.4)

This quadratic equation has two solutions representing a high voltage
and low voltage solution. Solving the equation for a given load power
factor, and using Q = Ptan ¢ gives,

13
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E? E*
V= 7—XPtan4>J_r Z—XZPz—XEZPtancp (3.5)

Solving equation (3.5) for different values of P the PV curve is obtained
as illustrated in figure 3.1.

Figure 3.1: Loadability limit illustrated with a simple two bus system

This PV curve is the basis for understanding voltage stability, even
though it refers to a static case, important information can be obtained
from it.

The PQ relation, tan¢ determines how far the system can be loaded
before the nose point is reached. A smaller or negative tan ¢, will
make the system less prone to voltage stability problems. One
way to improve tan ¢ is by installing reactive compensation at the
given node.

Loadability Limit for different types of loads will not be the same. This
is illustrated in figure 3.1. The vertical dashed line representing a
PQ-load will reach its loadability limit at the tip of the nose point.
A ZIP load represented by the curved line reaches its loadability
limit below the nose point giving a higher loadability margin for
the given PV curve [27].

It is important to emphasize that the load demand and consumption
of power does not always correlate and is important in understanding
the basis for voltage instability [9].



Increase in z

(a) Polynomial Load (ZIP) (b) Constant power load

Figure 3.2: Effect of an increase in load demand, z for different load types.

Consider the case in figure 3.2 where the ZIP load is increasing its de-
mand. After a certain load demand, z, the load characteristic is below
the nose point. When this point is reached we see that even though the
load demand is increasing the actual power P is decreasing.

An operating point below the nose curve is theoretically feasible when
considering static loads. But with the introduction of dynamic loads
this no longer becomes viable. This is due to the action of self restora-
tion as illustrated in figure 3.5. The load trying to restore itself will
cause a decrease in both power and voltage, resulting in a voltage col-
lapse.
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3.2 CAUSES FOR VOLTAGE INSTABILITY

3.21  Transmission Line Contingencies

One of the common scenarios where voltage stability problems might
occur is weakening of the network [9]. If one considers the equation for
the PV curve derived in section 3.1,

E? E*
EZ0 X V.Zo %
@ X pre-disturbance
jp Load
ﬂ post-disturbance
EZO V./6
O —
................. P
hp Load

(a) Two bus system (b) PV curves for (a).

Figure 3.3: Change in network PV curve following a line contingency

By setting Q = 0, assuming the load only draws real power, this re-

duces to,
E? E*
—A| = +4/ = — X2P? :
1% 7 A\ (3.7)




The maximum power transfer occur when there is only one solution to
equation (3.7). This happens when the inner root expression is equal to
zero,

4
%—ﬁﬁzo
E2
P=_ :
X (3.8)

If one considers the scenario given in figure 3.3 before the line contin-
gency occur, the total reactance of the transmission line is X /2. After
the contingency occurs, the only change in the system is a doubling in
the reactance of the transmission line. As equation (3.8) for the nose
point of the system is dependent on the reactance, a decrease in maxi-
mum power will occur,

E?

Pnose,prior = ﬁ (3.9)
E?

Pnose,post = E (3-10)

The case that is looked at in this scenario is of a radial network, but
this also holds for a meshed network, as is the case for the central grid.

This is because any node can be described by its Thevenin equivalent.
The change in network topology that occurs after a disturbance will
therefore alter the Thevenin impedance, making the loadability limit
smaller.

3.2.2 Increase in Load Demand

One way the system can become unstable is if areas with lack of gen-
eration and a weak grid gets an increase in load demand. This can
happen during morning hours when people are waking up, or during
cold winter days. Usually for this to happen the system needs to be in
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a stressed state where a sudden increase in load demand pushes the
system over its maximum loadability limit. A change in the reactive
power demand will also cause a change in voltage if it is not properly
compensated for.

3.3 STATIC AND DYNAMIC LOADS

For stability studies load modelling is usually split into two groups,
static and dynamic load modelling. Within these two groups further
division is done based on load characteristics and dynamics involved.

The loads in this report have both a static and dynamic part. The static
loads are represented by ZIP-loads, and the dynamic part, is a slow
restoring dynamic load.

3.3.1  Static Loads

Static loads will exhibit different behavior depending on parameters
and type of the load. Three common static loads are PQ-loads, ZIP-
loads and voltage dependent loads. Depending on the wanted charac-
teristic of the load, and complexity of the system, either of these can be
used.

PQ-loads are loads where Py and Qp is defined and the power remains
constant with variations in voltage. This is the simplest way of mod-
elling a load and is often used in power flow studies.

ZIP-loads is a special case of the polynomial load [9]. The ZIP-load is
made up of the three components: Constant impedance (Z), constant



current (I) and constant power (P). The real and reactive characteristic
of the ZIP load is given by the equations [9]:

2
1% 1%
P =zP, [ap (70> + bpvo + cP] (3.11)

2
Q =zQo {aQ <%) + bQ% + CQ} (3.12)

In equation (3.11) and (3.12), ap,g + bp,o + cpo = 1. This ratio between
the three constants will give the weighting of each term in the load.
When these parameters are changed, the load characteristic changes its
curvature and the response of the load. A typical ZIP-load characteris-
tic and PQ-load characteristic for a given load demand, z, is shown in
figure 3.4.

V V | Load Characteristic
Load Characteristic ZIP L ——
PQ-load

(a) Polynomial load (ZIP) (b) Constant power load

Figure 3.4: Load characteristics for ZIP- and PQ-loads

In this report, the weighting for real and reactive power of the ZIP-
load is [28], It should be noted that the ZIP characteristic is not valid
for voltages below 0.5 pu [9]. This is taken into consideration when
doing simulations in PSS®E, where the function PQBRAK, changes the
response of the load after a defined voltage threshold.
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Real power

Constant Impedance (Z) Constant Current (I) Constant Power (P)
40 60 0

Reactive power

Constant Impedance (Z) Constant Current (I) Constant Power (P)
100 0 0

3.3.2 Dynamic Loads and Load Restoration

In certain cases, the dynamics of the load components try to restore
the power after a disturbance occurs. This is referred to as load restora-
tion. The process of load restoration may occur fast, as in the case with
induction motors, or slow, as in thermostatic loads and tap changing
transformers [29]. This restoration mechanism is one of the driving
forces behind voltage instability.

In figure 3.5 the response of the dynamic EXTL load model is shown.
A disturbance occurs, and there is a drop in voltage, causing a drop in
power as well. Due to the restoration mechanism, the load power re-
stores itself to its initial steady state value. This is in most cases ok, but
if the system is in a state close to its loadability limit, voltage collapse
might occur.

From a mathematical point of view a general dynamic load can be
described as,

P =Pz, V,x) (3.13)
Q=10Q:(zV,x) (3.14)

Here, x, is the load state variable, z is the load demand and V is the
voltage. The state variable, x, might be rotor slip, tap changing position
or other connected equipment [9]. Without any disturbances occuring,
the expression reduces to,
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06}
. — — — Load voltage

05

Load power

0 50 100 150 200 250 300
Time (s)

Figure 3.5: Load restoration of the EXTL model subjected to a 0.1 pu voltage
drop from [1].

P = PS(Z/ V) (3'15)
Q=0Qs(z V) (3.16)

From equation (3.15) and (3.16) it can be seen, that in steady state, the
dynamic load behaves as a static load. This is also illustrated in figure
3.6 of the EXTL load model. The dynamic load model measures the
difference between P,.,,; and Pj,jtip1, and when the system is operating
steady state, this equals to zero.

Pinitial Qinitial
PMLTMX QMLTMX
+ +
K 1 K
> Ly Ee > — 2 >
Pactual Pinitial S PMULT  Qactual Qinitial S OMULT
/
—
PMLTMN QMLTMN

Figure 3.6: The EXTL load model from PSS®E documentation [2]
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Figure 3.6 is the dynamic load model used in the case studies. Its pa-
rameters are chosen such that the load restoration process has a large
time constant as shown in figure 3.5. A complete list of parameters can
be found in Appendix B.1.

3.4 OVEREXCITATION LIMITERS

Overexcitation limiters (OXL) are used in generators to protect the field
windings of the rotor from overheating. This is done by regulating the
current flowing through the winding, so that it does not exceed a given
limit. Depending on the OXL this limit may be dynamic, allowing a
higher current for a certain amount, or it may be static. As shown in
tigure 3.7, the overexcitation limiter reduces the operational area of a
synchronous generator only operating with stator current limitations.
The activation of the OXL occurs faster when the generator is operating
with a higher demand of reactive power.

\ Q [MVar]

Rotor current limiter

Stator current limiter

N
~
~
N
\

Maximum turbine output

| P [MW)

L [\

Figure 3.7: Partial capability diagram for a synchronous generator.

The block diagram of the MAXEX2 overexcitation limiter can be found
in Appendix B.2 with a complete list of parameters.
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3.5 OBTAINING Ypys

In the topology based methods presented in section 4.6 and 4.7, Yy,
is computed as an intermediate step when assessing voltage stability
using Zy,. In the Virtual impedance method, in section 4.7, only step
1 and 2 are used in the creation of Yy,,. The general rules used in the
inspection method for obtaining Yy, is presented below.

Rules for obtaining Y,,:

1. The diagonal terms of Y, Y;;, contain the sum of all shunt terms
and branch admittances connected directly to bus i.

2. The off-diagonal elements of Y Yi]', is the negative sum of
branch elements connected between bus i and j.

3. Loads are modelled as admittances and included as shunt ele-
ments on the diagonal.

4. If considering the Thévenin impedance at bus i, load admittance
at bus i is not included in Yj;.

The dimension of Y, is dependent on number of nodes in a given
power system, with n nodes the dimensions of Yy,s is n x n. A general
expression for Yy, is presented in equation 3.17.

B Yll e Yli
Ypus = ) (3.17)
Yy ... ¥,

36 TIME DOMAIN SIMULATION

As large disturbance voltage stability is non-linear, and the time con-
stants are large, time domain simulations is a suitable simulation method
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of choice.

Time domain simulations give accurate and detailed results if the power
system is modelled correctly. There is a disadvantage in that it is com-
putationally heavy, therefore simulations take a long time and it is not
considered a good method for on-line assessment of voltage stability.
Simplifications can be made to make simulations run faster, but in the
case of long-term voltage stability, it takes time to determine the state
of the system post contingency.

In this report time domain simulations are used to determine the ro-
bustness and error of indicators. For this task it is a suitable choice as
you can investigate a situation that otherwise don’t occur other then in
the most severe cases and see how the proposed methods respond. An
assumption for the validity of the result, is that the system is modelled
correctly. For voltage stability studies the model provided by Statnett
is not fully functional to capture all the dynamics of voltage stability,
therefore additional modelling is needed.



4 ON-LINE VOLTAGE STABILITY IN-
DICATORS

4.1 SUMMARY OF PROPOSED METHODS

In this chapter four methods for estimating the Thévenin equivalent of
a power system is introduced. Two are based on local PMU measure-
ments. The remaining two are based on system topology, and requires
information about load power from SCADA and the transmission grid
within the bounded area. As with the measurement based methods,
PMU measurements are required at the monitored load. Additionally,
measurements are required at the boundary nodes as well. In table 4.1
a brief summary of the proposed methods is given.

Table 4.1: Selected set of voltage stability indicators.

Type Name Index (ISI) Stab.lim.  Ref.
|Z1
Local Delta method _— ISI <1 [30]
| Zsys]
: |Z1
Local Corsi-Taranto e ISI <1 [31]
method °ys
Z
Topology Duong-Uhlen ||Z L|| ISI <1 [14, 15]
method sYys
. Z
Topology Virtual Impedance % ISI <1 [32]
method e ¢/
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4.2 THEVENIN EQUIVALENT

Any power system viewed from a load can be represented by the load,
and a voltage source in series with an impedance, more commonly re-
ferred to as the Thévenin equivalent. This simplification holds true even
if the power system represented behind the load is meshed and consists
of loads, generators or other electrical components. This elegant way of
representing a complex system is shown in figure 4.1.

Z - —
sys I, W
Eth Zload

Figure 4.1: Two bus Thévenin equivalent circuit

From figure 4.1 it can be seen that the simplified circuit is easy to anal-
yse if the circuit parameters are known. In a real power system not all
the parameters are known. Eth and system impedance, Zsys can not be
directly calculated if there are components with non ideal behaviour
present in the power system. In [15] it is shown that with limited gener-
ation capabilities, the evaluated Thévenin impedance, using only infor-
mation about the topology gives a large deviation to the true Thévenin
impedance. Therefore methods have been proposed either using con-
secutive measurements or information about topology together with
measurements to calculate the Thévenin impedance of the system.
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4.3 MAXIMUM POWER TRANSFER

4.3.1  Impedance Stability Index

The concept of impedance stability index (ISI) [27] is based on the theoreti-
cal maximum transfer between system and load. In [33] it is shown that
the maximum power transfer is achieved when the load impedance,
| Z1004| and system impedance, |Zsys| are equal. From this impedance sta-
bility index (ISI) can be defined as the ratio between the two impedances
where the system is considered unstable if the index is less then one.

ISI = [Z1oad] <1 (4.1)
|ZSyS|

4.3.2 Power Margin

Considering the power system represented in figure 4.1 an expression
for the load current, I} can be derived,

e - (4.2)
Zsys +7Zr
Rewriting as apparent power for the load, Sy and using the relation for
the maximum power transfer |Zss| = |Zp |
g 7T R — 17 T2
SL,max - |ZL||IL| - |Zsys||1L| (4-3)

From this the power margin for a given load power can be found by
comparing the current load power, to the maximum load power, as
derived in [34],

. |EnP |1 Zsys) — (Re(Zsys) cos 0 + Im(Zgys) sin )]

; _ ! - )
L,max 2 ( Im(Zsys) cosO — Re(ZSyS) sin 6 )2 (4.4)
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Load Power, 5. Estimated Maximum power, Sy,

14 /
Power Margin /

Figure 4.2: Power Margin shown on a PV-curve

It should be noted that the estimated maximum power is derived for
apparent power and not real power as a PV-curve depicts in figure 4.2.
The power margin is defined as,

-

SLmax — S
margin = % x 100% (4.5)
L

4.4 THE CORSI-TARANTO METHOD

The Corsi-Taranto (CT) method from [31] is a local phasor measure-
ment based algorithm for finding the Thévenin equivalent of a power
system viewed from a monitored load. A further study is done in [35]
where the proposed algorithm is tested in critical situations.

Estimating the Thévenin equivalent

The Thévenin equivalent of a power system seen from a load in the
system is shown in figure 4.3. Using Kirchoff’s law an expression for
the load voltage can be derived:

VL = Eth - zsysTL (4.6)
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Here VL and T 1 are known values, while Eth and Zsys = Rsys + jXsys are
the unknown parameters of the system.

Measured Phasors

Z
°vs /0 V. /6

EmZp Z1oad

Figure 4.3: Two bus Thévenin equivalent circuit with phasor notations used
in the CT-method

Using the Thévenin equivalent in figure 4.3 a phasor representation is
drawn in figure 4.4. From the phasor diagram the following relation-
ship holds:

VA = ZsysTL = Rsys I + jXsysIL (4.7)
En=Vi+ Vs (4.8)

In equation 4.7, VA represents the phasor from VL to Eth- Inserting 4.7
into 4.8 and separating the real and imaginary parts gives,

Eyycos = RsysIp + Vicoso (4-9)
Eysing = XsysIp + Visint (4.10)

An assumption made in the method is that Xsys >> Rsys, therefore the
assumption that Rsys ~ 0 is considered valid. In high voltage systems
the R/ X relationship is often in the order of 1/10, therefore the method
is less prone to errors in impedance at the highest voltage levels. The
validity of the Thévenin impedance using this method is further dis-
cussed by the creators of the algorithm Corsi and Taranto in [35].
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Im, o
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Y

Figure 4.4: Phasor diagram for Thévenin equivalent in figure 4.3

With the assumption that Rsys ~ 0 equation 4.9 reduces to:

Vi 6
B = cos™! —Lgos (4.11)
th

As V}, and 6 are measured values the only unknown parameter is Ey,.
An initial guess of the Thévenin voltage needs to be in agreement with
the electric circuit laws, therefore:

0 nose point
Vi <Ej, <E,"7F (4.12)

Using the approach given in [31] and arithmetic average is proposed.
As the proposed approach gave varying results, a new approach for
guessing the initial Thévenin voltage was used to achieve faster conver-
gence.

Eg, = VP +0.05 (pu) (4.13)

Even with Ej, being inside its allowed range it should at each sampling
be re evaluated to speed up the convergence of Xy;. The algorithm also
makes the assumption that E;, and X;ys are constant in the brief time
frame “i — (i — 1)”, giving the requirement of a fast sampling time.

Knowing the initial values, the algorithm also needs to know which
direction it should update E;;, and how large a step it should take
to reach convergence. In brief, the value of E;, will be reduced when
Z; and X;; moves in the same direction, otherwise it will increase Ey,.
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Now that the direction is known, how large the step is should also be
taken into consideration. This is calculated as follows:

€g = min( €inf, €inf, €lim ) (4-14)
€mf = | Ep' = Vi | (4.15)
E€sup = | E;;l — Ej™* (4.16)
€lim = | Efj ' < k| (4-17)

Here the smallest of three values are chosen as the step size for Ey,.
A pre-specified parameter k, has a large influence on how well the
algorithm works. For a larger part of the convergence process ¢y, is
the smallest value making the choice of k a particular difficult problem.
Too large and you get an oscillatory response, and with k being too
small slow the algorithm has a slow rate of convergence.

Algorithm for identifying X,

1. Estimate initial value for E) using equation (4.13). Using the mea-
sured phasors for V; and I; together with EY, in equation (4.11)
to find an initial estimate of 8°.

2. Calculate X?h from equation (4.10).
3. Calculate Eih according to the conditions:
If (12}~ 1ZE")) <0
If (X — X 1) <O0thenEl, =E/, ' —er
If ( X# —X1) > 0 then Ei, = EL! + e
If (123~ 1) > 0
If ( Xi* — X 1) <0then El, = El,' + e
If (Xi* — X 1) >0thenEl, =E, ' —er

If load impedance is constant
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| ON-LINE VOLTAGE STABILITY INDICATORS

| _ pi-1
Eyp = Ei,
4. Calculate B’ and X!, from equation 4.11 and 4.10.

5. Increment i and go to step 3.

PS: In the algorithm X!* is an intermediate evaluation of X!, using Vi,
I; with the previous value of Ey, and

i—1 i-1 _ i i
i« Ey, cosp' ™ —Vjcost

th = Ii (4.18)

4.5 DELTA METHOD

The Delta method [30] is a measurement based method using consec-
utive measurements to estimate the Thévenin of the system viewed
from a load. In this report a simplified version is implemented using
only two consecutive measurements therefore eliminating the need for
the least squares method.

Consider the Thévenin equivalent in figure 4.3 at a given point in time,
t:

=(t St ()t
Ey) =V + 2T (4.19)
Here we still have two unknowns in each equation Eth, and Zsys. To

solve this, two (or more) measurements, in this case, t — 1, and t can be
taken. Using Kirchoff’s law for each of the measurements we get:

E(t) = VL(t) + Zg;)ST(Lt) (4.20)

F(t-1) —'(t—1)+2(t—1)f(Lt—1)

sys (4.21)



Even though E;, and Zsys are still unknown we can assume that in a
small time frame these values are held constant

Et(;l) = Et(]i_l) (4.22)
Zhh = 74" (423)

Using this assumption of static Thévenin parameters, equation 4.20 and
4.21 can be rewritten as:

70 1 2 = 70 4 2 (420
Now that E;, is eliminated the equation can be solved for ZS(;)S:

P % (4-25)
ys T(Lt) _ Tz(f_l) AI(Lt) ’

Z

For the algorithm to work properly there has to be changes in the load
current, else the impedance is not defined and problems occur. One
way of counteracting this problem is to increase the sampling time, but

as the sampling time increases, the assumption that Et(;l) = ]:ff,i_l) does

not hold.

Since there are always load changes in a real power system, the as-
sumption that Eth is constant never holds true. This will give noise
when computing the Thévenin impedance, and filtering might be re-
quired. In [30] the usage of cumulative sum filter is used to filter the
estimated value.

46 DUONG-UHLEN METHOD

In [14], a method is presented for computing the Thévenin impedance
used in on-line monitoring of voltage stability. The method uses infor-
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mation about system topology and load power from SCADA to com-
pute the Thévenin impedance at a concerned load bus in the system.
To reduce the problem size and computational efforts, a bounded area
within the power system, henceforth referred to as study area, is cho-
sen where voltage stability is of concern. To model the boundary nodes,
PMU measurements are required at the boundaries, as well as the load
where the Thévenin impedance is evaluated from. An outline for the
key steps in the method is presented below,

Select a boundary for the load area where voltage stability is as-
sessed.

Simplify the load area using Gaussian elimination of Yus-

Calculate system boundary impedances.

4.6.0.1  Topology Boundary Selection

Voltage stability is often considered a local problem caused by high
loading within a specific area where generation is scarce and the trans-
mission grid consists of long lines. Considering voltage stability as a
local phenomena, it is possible to make the problem bounded within a
smaller part of the power system.

As a part of the Duong-Uhlen method, a way of determining the bound-
ary nodes for a study area is presented in [15]. Boundary nodes should
have the characteristic that if the system is close to voltage collapse, the
boundary nodes should be able to maintain its voltage close to nom-
inal value. By monitoring voltage at proposed boundary nodes when
the system is close to voltage collapse the viability of the suggested
boundary can be assessed. If a chosen boundary is not satisfactory, you
move your boundaries further out into the system from the load area.
Using the bounded area drastically reduces the problem size and hence
computational efforts needed, making it more suitable for on-line mon-
itoring of voltage stability.



4.6.0.2  Simplification of Load Area

With the boundary area chosen there is still no tie between generation
and load if the system is meshed. Power is diverted through multi-
ple loads along the way and flowing over different branches. In this
section, a simple 7 bus system is used to illustrate the principle of re-
duction to get a direct tie between generation and the load bus from
which the Thévenin impedance is evaluated. Consider figure 6.9, here
the Thévenin is considered at bus 7, with the boundaries represented
by G1, which is modelled as an infinite bus, and G, a smaller generator.

(o)

6

(REIC

3 4

o] Tl
o

Figure 4.5: Example 7 bus system

5

Using a modified representation of Y}, retaining boundaries and the
monitored bus in the bottom right quadrant denoted as Yj (bus 1, 6
and 7) we get,

Ye  Yep

_ (4.26)
Yep Vi

Ybus =

Here Yr is the rest of the system and Yrp represents the coupling matrix
between the two systems. Using Gaussian elimination technique on
Yp,s to remove Ygp below the diagonal we get [15],

Ybus = [ S ] (4'27)
0 Yleq
Here Yleq is a dense 3x3 matrix where a direct connection between gen-

erators and the load at bus 7 is achieved. This simplified representation
is shown in figure 6.10
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Figure 4.6: Simplified 7 bus system after Gaussian elimination

In figure 6.10 three impedances are of interest Z17, Zey and Z77. As Gy
behaves as an infinite bus, Z;7 is the constraint limiting power trans-
fer from generator 1 to the bus 7. The impedance Z7 is the coupling
impedance between bus 6 and 7, and is used to determine the virtual
power flow between bus 6 and 7. This is further delved into in the next
paragraph. While the unnamed impedances can be neglected in the as-
sessment of the Thévenin impedance, the shunt impedance, Zgg serves
an important purpose. The impedance contains information about the
loading condition in the simplified sub-system and therefore should
not be neglected. There are two scenarios to consider now when assess-
ing voltage stability, either the power is flowing from bus 6 to 7 or the
power flows from bus 7 to 6.

Case 1) When power is flowing from bus 7 to 6 remove bus 7 and
impedances connected to this bus, a new load impedance needs to be
added at bus 7, Z76,00 Which extracts the same power from bus 7. The
reduces system as illustrated in figure 4.7

Case 2) When power is flowing from bus 6 to 7, Z76new is modelled
based on the capabilities of G,. From [15] we obtain an expression for
the new impedance. The reduces system as illustrated in figure 4.8.

_ E2 V2
7 — th . V2 )
7onetw 4Ppyax * ]4PG2 (4 28)
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1 7

Z17
( : )—|—4 ] Sy
>
Z77 ﬂz%,new

Figure 4.7: Equivalent circuit with power flowing from bus 7 to 6

Boundary with Power Injection

I Zhy 3 v, ix i
G1 | I @ — | Gaussian
ﬂ ' 3 Reduced Y7eq v
" a ) ! for a H—» Load
6 i - | Simplified
I Z67,new — 3 I@_:)_.—T Power System

Figure 4.8: Equivalent circuit with
power flowing from
bus 6 to 7

Figure 4.9: Generator model when
power is flowing from
6toy

It should be noted that this method is not needed when generators con-
tribute equally on the boundaries. With a limiting generator as Gy, sys-
tem modifications have to be made as the transmission line no longer
acts as the limiting factor in power transfer.

4.7 VIRTUAL IMPEDANCE METHOD

Figure 4.10 shows a multi-port representation [36] of a power system
distinguishing between load and generator buses. This power system
model consists of m generator buses, n load buses and tie buses. The
power system can be described by its injected currents in equation 4.29,
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Power Grid

© 00

Figure 4.10: Multi-port power system model
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where the subscripts L, T and G are respectively for load, tie and gen-
erator. From figure 4.11 the load voltage can be written as,

|
|
Eth,i ?

Figure 4.11: Thévenin representation for the virtual impedance method

Vi = Eopen — Z1L11 (4-30)
Here Eopen and Z;; is calculated as [37],
ARy, v. v—1y._ \—1
Zir = (Yo — YirYop YrL) (4.31)

Eopen = Zr1(YirYetYre — Yic) Vs (4-32)



From this equation 4.30 can be written as,
— n p—
V8Li = Eopeni — ZLLiilL,i — Z Zrriilp (4-33)
j=1,i#]

The third term in equation 4.33 represents the effect of other loads on
the jth load when assessing the stability index.

n —_
_ _ . _ I
Zei+Zej=Zini+ Y. Ziij=2 (4-34)
j=1i#] I
|Z1]
Index = ———— (4-35)
|Zeq,i + Zci|

48 IMPLEMENTATION DETAILS OF ON-LINE IN-
DICATORS

Here is a brief overview of implementation process of different indica-
tors and challenges encountered. The implementations are done using
MATLAB with simulation results from PSS®E. Every measured value
is taken at the 130 [kV] side of the transformers. Therefore loads are an
aggregate of transformer impedance, the actual load and in some cases
shunt elements connected at the secondary side of the transformer.

From PSS®E apparent power (3-phase) and voltage magnitude mea-
surements (V1) are obtained in pu. The reason apparent power is taken
as a measurement and not current directly is that in PSS®E there is no
current channel. Therefore using the measured apparent power and
voltage magnitude, load current needs to be obtained using ohms law:

Sap = 3Viplt, = V3ViLIFL  [pu] (4.36)

Rewriting ohms law assuming a star connected load an expression for
L1y can be obtained. As Vi is considered the reference there is no
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voltage angle, V;; = |V;;|. From this we get an expression for the
current: (P Os)*
39 + U3gp
I 260 = ————— [pu] (4.37)
V3|V

As the topic studied is voltage stability loads are represented as impedances
compared to power subtractions as in the case for power flow studies.
An expression for impedance can be obtained directly from apparent
power and voltage magnitude,

— VP
7| sL*L| [pu] (438)
3¢
V [pu] Sec. side V [pu] Sec. side

SL(md

I [pu] ©
lsLoad

(b) One transformer connected to a

(@) Two transformers in parallel to-
load bus

wards a load bus

Figure 4.12: Illustration of measurement taken in the implementation of indi-
cators

In the case of two transformers in parallel as shown in figure 4.12, KCL
is used to get the current for the total load.

4.8.1  Corsi-Taranto Method

The CT Method uses an iterative approach for determining the Thévenin
equivalent parameters. The method starts from an initial starting point
defined in the implementation, and converges towards a steady state
value. This initialization process only happens when the algorithm is
commissioned, but extra care should be taken if the approach is used in
a ELS, as false instability triggers can happen during the convergence
process. In operation and convergence, the parameter, k from equation
4.17 is of great importance. The algorithm, when evaluating the small-
est value of the three, often chooses equation 4.17. A larger k gives



faster convergence, while with a smaller k the rate of E;;, and therefore
Xy, decreases. If k is chosen too large, the other two terms may become
smaller, thus changing the algorithm’s decision making. Therefore, the
value of this parameter must be chosen carefully. From testing, values
of k in the range of 0.0001 to 0.0005 gave good results.

4.8.2 Delta Method

The Delta method takes the difference of two consecutive current and

voltage measurements to obtain an estimate of the Thévenin Impedance.

To reduce noise, filtering is a requirement, which in this report was
solved by the requirement of a minimal amount of change between two
consecutive measurements being introduced. To reduce large spikes in

the result, a requirement for change was set on the current, ATS) >

0.001 — 0.000001. If this requirement was not fulfilled, ZS(;)S = Zs(;s_l).
The large variation of the minimum change level for AT(Lt) is due to the

variation of scenarios the algorithm has been tested on.

4.8.3 Doung-Uhlen Method

The general theory for the Doung-Uhlen Method is presented in section
4.6. In discussion with the author of the paper, a simplified version of
the method is implemented in this paper. The implementation details
and outline of the method are presented in this section.

4.8.3.1  Choice and Modelling of Boundary Area

In figure 4.13, the system reduction used in this report is shown. The
boundary is chosen based on model behaviour at the given boundary
nodes. B; and B; have generation capabilities for keeping the voltage
near nominal value, while B3 is connected to a strong 400 kV grid with
a larger SVC connected, therefore exhibiting the same behaviour. Mul-
tiple boundary areas have been tested, with all using the same prin-
ciple as discussed in section 4.6.0.1. To model the boundaries, a load
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increase was introduced at node 1, and by observing at the moment
of maximum loadability if |Z;1| = ||Zsys|, adjustments were made to
the boundary impedances. Measurements from other loads are also re-

Study Area

(b) The reduced study area

(a) Prior to reduction

Figure 4.13: Reduction of a larger power system to a smaller study area.

quired and if a given load does not serve as a indicator node, measure-
ments are obtained from SCADA and are assumed updated every 10
seconds. At the indicator nodes and boundaries it is assumed that PMU
measurements are available with fast sampling time. A brief overview
of the implementation steps and on-line monitoring of the proposed
simplified model is given below,

Outline of the Simplified Duong-Uhlen method for computing Z;;

1. Select a boundary for the area where voltage stability is assessed.

2. Create Y}, based on current topology of the considered study
area without adding shunt elements

3. From SCADA compute load admittance based on current and
voltage measurements.
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4. Add boundary admittances and load admittances to their respec-
tive diagonals in Yy,.

5. Invert Yy, to obtain Z;,.

6. Compute | Z; ;; | and compare to | Zy,s;; |- With new measure-
ments go back to step 3.

Notes:
o The node with an indicator does not have its value included in Yp,s.

o PMU measurements are required at boundary nodes and the indicator
node.

e Other load nodes should calculate admittance based on SCADA mea-
surements.

 If a transmission line contingency occurs within boundary area, go to
step 2.

4.8.4 Virtual Impedance Method

The boundary selection used in the implementation of the virtual impedance
method is the same as with the Doung-Uhlen method. The key differ-
ence between the two is that the boundaries in the Virtual Impedance
Method are represented as generators as illustrated in figure 4.10. In the
structuring of the admittance matrix from equation 4.29, these buses
were considered as generator buses. In By and B, the respective gen-
erators at the buses were used, while at B3 the power flowing into to

the region is assumed to represent the generator. The chosen area with
generators are illustrated in figure A,

Measurements from other loads are also required and if a given load
does not serve as a indicator node, measurements are obtained from
SCADA and are assumed updated every 10 seconds. At the indicator
nodes and generators it is assumed that PMU measurements are avail-
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Figure 4.14: Study system implementation using the virtual impedance
method

able with fast sampling time.



Part II

PROPOSED EMERGENCY LOAD SHEDDING
SCHEME






DESCRIPTION OF PROPOSED EMER-

GENCY LOAD SHEDDING SCHEME

In this report Indicator Stability Index (ISI) is used to assess if the sys-
tem is stable. If the Thévenin Impedance is calculated correctly it is a
simple and elegant approach of assessing how far a given loading point
is from the loadability limit. Drawbacks using indicator stability index
is that even though the margin to maximum loadability is calculated,
there is no information about when or if voltage collapse might occur.
Therefore the usage of a corrective scheme where mitigation actions are
initiated automatically if the indicators crosses a predefined threshold
is proposed.

The considered study area in this report is categorized by high load-
ing, lack of generation and long 130 [kV] transmission lines. Further
the area has few mitigation actions or they are already saturated in
situations where voltage collapse is approaching. Taking this under
consideration a Emergency Load Shedding (ELS) scheme is is found to
be a suitable choice over a System Integrity Protection Scheme where
alternative resources are used before load shedding is initiated.

This chapter describes a emergency load shedding scheme that evalu-
ates voltage stability based on indicators placed a critical nodes in the
system.
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5.1 OVERVIEW

An overview of the proposed algorithm for the emergency load shed-
ding scheme is presented in figure 5.1. Indicators are implemented at
critical nodes and they system state is assessed based on the indicator
values. The states are represented as normal, critical and collapse.

At the critical level power system operators are warned that given in-
dicators indicate that the impedance stability index is below a certain
threshold. The proposed algorithm does not tell the operator what to
do, it is assumed that the operator makes the decision of what is to be
done to restore the system.

Init

Y

—>] Calculate ISI's

Indicator(s) Yes

below collapse Initiate load shedding ——s

Indicator(s)
below critical Warn operators —

level?

Figure 5.1: Flowchart for the proposed emergency load shedding scheme

At the critical level load shedding is initated after a time delay. This
delay is introduced as short circuits may occur giving large spikes in
the indicators assessment of voltage stability. As there are fast and slow
dynamics involved their are two conditions that can be met to initate
load shedding. One involves a fast deterioration of system state, while



the other takes into account the slower dynamics giving more time to
assess stability.

5.2 PRE-COMMISSIONING CONSIDERATIONS

5.2.1  Selection of Indicators

A critical part of the emergency protection scheme is the choice of volt-
age stability indicators. Detailed analysis and testing should be done
prior to implementing the ELS. The robustness of the indicator for dif-
ferent types of disturbances as well as steady state operation needs to
be tested exhaustively. As voltage collapse does not occur often, the
effectiveness of a given indicator when the system loses stability needs
to be tested using simulation software, preferably time domain sim-
ulation. Here care needs to be taken of the correctness of the model
compared to the real study system where the indicator is implemented.

5.2.2 Determining Critical Alarm Levels

The proposed emergency load shedding scheme consists of three states;
normal, alert, critical. A system will in all but the most severe cases be
in the normal state. A brief overview of the states are given in table 5.1.
The levels of the states are based on simulations. In [20] load shedding
is initiated at an ISI level less than 2, this is considered to conservative
in this report.

5.2.3 Determining Amount of Load Shed

In the proposed scheme load shedding is available at the nodes where
indicators are placed. For the proposed scheme to be realisitc consider-
ations has to be taken into limits of load shedding. Any load has the
possibility of shedding 10 [MW]. Load shedding is always initiated on
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Table 5.1: Emergency Load Shedding scheme state description

Impedance Stability

State Index Action
Normal ISI> 14 No actions taken
Critical 14 >1SI > 1.0 Warn system operators

Initiate load shedding if:
Collapse ISI< 1.0 ISI <09

ISI < 1.0 minimum 4 s]

the load where the indicator crosses over to the collapse state first, if
the system does not regain stability after shedding 20 [MW], load shed-
ding is initiated on the load that crossed into the collapse state as the
second. To find the amount of load to be shed two methods are tested
in this report.

Method 1)

Shed 10 [MW] and assess stability. Post shedding, if the indicators eval-
uates to ISI < 1 within a time span of 5 minutes, another 10 [MW]
should be shed instantly. Repeat until voltage stable operation.

Method 2)

Evaluate ISI and measure load power before load shedding is initiated
and using the information calculate the amount to be shed

Pieq = PP x (1 —1ISI') x k (5.1)

A consideration that needs to be taken into consideration using this
approach is the load power changing after contingencies due to charac-
teristic of the load. This is illustrated in figure 5.2
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Figure 5.2: Load power after a line contingency occurs

The constant k is a correctional factor implemented after finding that
the original approach Py, = P’ x (1 — ISI') did not give satisfactory
results. The constant k is suggested as 4 in this report. It should be
noted if Py, is always rounded up to the nearest possible amount of
load to be shed. Which in this report is either 10 or 20 [MW].

5.3 OPERATIONAL DETAILS

In operation the state of the impedance stability indexes is updated
continuously. Based on the rate of data acquisition and computational
time of impedance stability index the algorithm monitors the stability
by comparing to the predefined state values set during commissioning

of the system. Using the proposed values set in this report would look
like

10

1| — — — sStability limit
4| — — — Warn Operators

Index [scalar]
N S
1 1
{
/
//
/
/
/
[

50 100 150 200 250 300 350 400 450 500 550
Time [s]

Figure 5.3: Predefined warning and load shedding levels visualised.
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Part III

RESULTS AND DISCUSSION






INDICATOR PERFORMANCE AS-
SESSMENT

In this chapter, the performance of the different indicators and the abil-
ity to indicate voltage collapse at the correct node is assessed. For all
the indicators, a gradual load increase is introduced at Node 1 in the
study area. The load is increased until the load reaches its loadabil-
ity limit and then further increased until voltage collapse. The reason
voltage collapse does not occur at the loadability limit is due to the
ZIP characteristic of the load, giving it a loadability limit that is be-
low the nose point. For this report it is assumed that the load reaches
its loadability limit at the nose point. This assumption is valid as load
restoration is present, making operating points below the nose point
unstable. For a correct assessment of instability, the Indicator Stability
Index (ISI) should cross the value one when the maximum loadability
is reached.

For steady state performance of the measurement based methods, am-
bient load noise is added to simulate the constant small load changes
occurring in power systems. This measurement noise is also a require-
ment for the measurement based methods to work, as their conver-
gence is dependent on a change between consecutive measurements.

The study in this chapter is done on a model of the Norwegian power
system provided by Statnett SE. Due to restrictions on the data, care
is taken in the presentation of results and only publicly available in-
formation is presented. Nodes that are of relevance are represented
by numbers instead of there real names, and no critical model data is
presented.
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Figure 6.1: Indicator placements in the study area

For reference the reader should refer to node numbering in figure 6.1
when reading this chapter. Some loads are not part of the indicator
testing. This is a choice based on either the size of the concerned load
or the assessment that the nodes were not prone to voltage instabil-
ity. Some additional details about the modelling relevant to the study
system in question is introduced.

6.1 OPERATING SCENARIO

The basis scenario for the steady state operation in the provided model
is a high load scenario for a typical winter day in Norway. As of early
2016 the region has been reinforced by the addition of capacitor banks
and an SVC [38]. These new additions are not part of the study done in
this thesis. This is considered a valid assumption as components may
fail or need maintenance, therefore a weakened state of the power sys-
tem might occur.



In the operating scenario, the Northern Norway region is importing
550 [MW]| from Middle Norway and exporting 440 [MW] to Sweden
due to a high load demand. Out towards the Lofoten region there is a
load demand of 340 [MW], and no generation. Further North there is
a an export of 110 [MW]. This means that the region generates enough
power to support its own demand during the day.

6.2 MODEL DESCRIPTION AND ASSUMPTIONS

6.2.1 Disconnection of Small Scale Generation

An assumption made in this report is that small scale generation lo-
cated around the study region is disconnected. This is considered a
valid assumption as the generators are modelled closer in the model
than how they are located in reality.

6.2.2 Overexcitation Limiters

Most of the larger generators in the model have pre modelled overex-
citation limiters. This means that only a few generators will need addi-
tional modelling, when operating under the assumption of disconnec-
tion of small-scale generation. To model the overexcitation limiters, the
MAXEX2 model from the PSS®E model library is used. Parameters can
be found in Appendix B.2.

6.2.3 Load Modelling

In the original load modelling, static ZIP load models are used. To
model the response of tap changing transformers and self restoring
loads, the EXTL load model from the PSS®E library is used. The pa-
rameters are chosen such that the load restoration has a large time
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constant, resulting in a restoration process happening over a long time
span. The load model is applied to all the loads in Northern Norway,
but Sweden and Finland are still considered to be ZIP loads. In the sce-
narios where a gradual load increase is introduced at node 1 the load
is only considered a ZIP load.

63 CORSI-TARANTO METHOD

6.3.1  Steady State Performance

A requirement for convergence of the CT-method is ambient load noise.
Once convergence is reached, the algorithm evaluates the impedance
between measurements as constant, as long as no change in load is
measured. The direction of reactive power flow has been found to have
a major impact on the convergence of the method. In figure 6.2, node
1 is presented in two scenarios, one where the load is capacitive and
another where the load is inductive.

er [Mvar]

Reactive pow

-10 T T T T T 1 0 T T T T T 1
50 100 150 200 250 300 50 100 150 200 250 300
time [s] time [s]

Figure 6.2: Convergence of the CT-method when implemented on a capaci-
tive and inductive load

In the model, the load at node 1 has capacitor banks connected to the
22 [kV] subsystem, causing the aggregated load seen from the 132 [kV]
side to be capacitive. As all measurements are assumed at the high
voltage side of the transformer, this is not an uncommon occurrence
in the given study area. From figure 6.2 it can be seen that capacitive
loads do not converge to a steady state for the CT-method. Even though
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the CT-method does not converge to a steady state, it predicts voltage
collapse rather well. This is found to be a result of the load changing
reactive power demand from capacitive to inductive when the system
is close to voltage collapse. A solution to the problem is considering all
the loads as inductive by taking the absolute value of the angle between
current and voltage, when current is considered the zero reference as in
the phasor diagram in figure 4.4. To test the validity of the assumption
that all loads can be considered inductive, a test is conducted, shown
in figure 6.3.

100 —

Load at node 1 Maximum loadability for load = 363.5 [s]
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50 515
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50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
time [s] time [s]

] 3
40 — s ]
] E

Real power [MW]

30 —

20

Figure 6.3: Indicating maximum loadability using the CT-method

Figure 6.3 shows a scenario with ambient load noise for 250 seconds
followed by a gradual load increase at node 1. It can be seen that
the assumption that the load can be considered inductive holds. At
t = 200 — 250 [s], the system impedance lies between 5.2 — 5.5 [pu]. As
there is no change in system state other than a gradual load increase,
the system impedance should stay constant through the simulation and
cross the loadability limit at t+ = 363.5 [s]. When the load start increas-
ing, the system impedances increase slightly, therefore predicting insta-
bility 3.5 seconds earlier than the actual maximum loadability. As the
method assumes Ry, = 0, a slight deviation is the be expected, but the
overall performance is within acceptable limits.

To assess the performance of the indicators at other loads in the study
area, the indicators are implemented at node 1 to node 10. The conver-
gence of all the ten nodes using only ambient load noise is shown in
tigure 6.4.
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(b) Xsys after convergence at t = 350 [s]

Figure 6.4: Convergence of Thévenin impedance, X;,s for node 1-10 using CT-
method

As the inital values of the indicators are not finely tuned, the conver-
gence time of Xys in figure 6.4 varies, but after 300 seconds steady state
is obtained for the Thévenin impedance estimates. The steady state
value of the Thévenin impedance for the different nodes can be found
in the bar chart. The results for all the nodes except node g are within
reason. The reason why X,,s at node nine converges to a lower than
expected system impedance is not known, but a reason might be that
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there is negligible reactive power flowing to the the load, or in other
words, that the angle between load and current is = 0.

Using the same scenario as in figure 6.3, but with ambient noise for 400
seconds prior to load increase, the ability for the indicators to predict
voltage collapse at the correct node can be studied.

15
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Index node 1
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(b) Index value at moment of maximum loadability

Figure 6.5: Indicator values at moment of maximum loadability after a grad-
ual load increase
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From figure 6.5 it can be seen that at the instant of maximum loadabil-
ity, the method predicts correctly which node voltage collapse occurs
at. There can be seen some steady state noise for certain indexes. This
is most likely due to the ambient noise at certain loads accounting for a
higher % of the load as they are smaller and the same amount of noise
is present. The same noise is present through the whole simulation and
it can be seen that as voltage collapse gets closer, the load noise has a
less impact on the index.

6.3.1.1  Effect of Variations in k on Convergence

The convergence of the Thévenin impedance in the CT-method has
been found to be largely dependent on two important factors, the direc-
tion of E;;, and step size. The change in load and Thévenin impedance
between consecutive measurements chooses the direction the algorithm
takes, while the step length is chosen as the smallest of the three values
given in equation 6.1.

€g = min( €iuf, €inf, €lim ) (6.1)
emf = | Ep' = Vi | (6.2)
esup = | By — Ej" (63)
€im = | Ejj x k | (6.4)

Mostly equation 6.4 will be the smallest of the three values, therefore
large importance is put on the choice of the k parameter. In figure 6.6,
the effect of varying k in a simulation with ambient load noise is shown.

As can be seen from in figure 6.6 a larger k gives faster convergence,
but is more subsceptible to load changes. From testing, it is found that
a k between 0.005 and 0.0001 gives good overall results for all the nodes.
In scenarios where the system impedance changes in an instance, like
line contingencies, a fast reaction time with a larger k is to be preferred.
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Figure 6.6: Effect of varying the parameter k, in the CT-method

0.4 DELTA METHOD

The Delta method uses two consecutive measurements of current and
voltage to determine the Thévenin impedance of a system viewed from
a node, therefore convergence time is not an issue as it is with the
CT-method. If the following assumptions are made between two mea-
surements, Ey, = const and Zsys = const, the algorithm finds the real
thevenin impedance directly. In figure6.7 the Delta method is tested
on the same simulation as the CT-method with ambient load noise to
determine the Thévenin impedance.

From figure 6.7 it can be seen that the Delta method does not show
promising results in its estimate of the Thévenin equivalent. Compared
to the true impedance seen at node 1 of ~ 5.4 [pu]| there is a clear de-
viation of around 2.5 — 3 [pu]. A rate of change filter, AI > constant,
is also implemented for the best possible results. This way of filtering
does have problems associated with it. When there are small changes in
load power, as in figure 6.7, the constant which determines the change
has to be small, in order to reevalute the Thévenin impedance if small
changes occur. If the changes are large like in figure 6.8, a small con-
stant will give a large amount of noise when the load starts increasing.

In figure 6.8 the load at node 1 is again subjected to a load increase after
a fixed amount of time with only ambient load noise. The maximum
loadability of the load occurs at t = 363.5 [s], while the Delta method
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Figure 6.7: Delta methods performance in the presence of ambient load noise

predicts instability at t+ = 377.5 [s]. It should also be noted the amount
of noise around the occurrence of maximum loadability.

A few things can be done to improve this method. The addition of
additional measurements by using a least squares method and cumu-
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Figure 6.8: Estimating maximum loadability after a gradual load increase us-
ing the Delta method

lative filter as in [30] could be used to improve the performance of the
method. An increased sampling time may also give better results, but
the further between each sample the less likely it is that the assump-
tions about Ey;, and Zsys will hold.

6.5 DUONG-UHLEN METHOD

The Doung-Uhlen method uses information about load power and
topology to obtain the Thévenin impedance for a given node. In this
section it is chosen to focus on four load buses, node 1, node 2, node
4 and node 8. An important part of this method is the modelling of
boundary nodes. In this report, boundary nodes are tuned such that
the load impedance at node 1 crosses the Thévenin impedance at the
instant of maximum loadability as shown in figure 6.9.

The topology based Duong-Uhlen gives a steady estimate of the Thévenin

impedance compared to the measurement method where the Thévenin
impedance contains a large amount of noise. The ambient load noise
and change in load power at node 1 has nearly no effect on the Thévenin
impedance. In figure 6.10, the same scenario is run with indicators at
four nodes in the system.
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Compared to the measurement based method, the topology based Doung-

Uhlen method gives reliable Thévenin estimates for the loads at the
outer region of the study area. It can be seen that node 8 does have an
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Figure 6.9: Estimating maximum loadability after a gradual load increase us-
ing the Duong-Uhlen method

unexpectedly large index value. This might be due to the node being
closer to a boundary node and therefore being more affected by the
modelling of the boundary nodes. The simplified method used in this
report has also put a larger requirement on computing power. This can
be optimized, and might therefore not pose as a problem in a real time
implementation.

6.6 VIRTUAL IMPEDANCE METHOD

The virtual impedance as a method assumes observability of the whole
power system unlike the Duong-Uhlen method that uses the fact that
voltage stability can be considered a local problem, and can therefore be
bounded. Since the power system in this report, the Norwegian trans-
mission grid, is considered too large in order for a method that requires
information about the whole system to be used, the boundary selection
used in the Duong-Uhlen method is tested using the virtual impedance
method.

As can be seen in figure 6.11 the method does not give satisfactory
results. The system impedance at all the nodes except node 4 gives a too
large estimate on the Thévenin impedance. A large contribution from
the virtual impedance ch can also be seen during the load increase at
400 [s]. As the change in load at node 1 should not give a contribution to
a change in the Thévenin impedance at node 1, this term gives results
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Figure 6.10: Assessing the performance of multiple indicators using the
Duong-Uhlen method

that are not realistic. In addition to this, during the inversion to find
Z11, the resulting answer gives negative impedances at the diagonal.
This impedance which represents the transmission grid, gives a too
large contribution than what is considered to be realistic. In conclusion
the method might work with the constrained topology, but that result
was not achieved in this thesis. Further study has to be done to give
any definite answers to this.
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Figure 6.11: Performance of the virtual impedance method

6.7 SUMMARY

The performance of the different indicators have been tested. Two meth-
ods stand out in their performance, the local measurement based CT-
method and the topology based Duong-Uhlen method. The measure-
ment based CT-method is reliable and requires only a single PMU im-
plementation for any given indicator. For the topology based Duong-
Uhlen method, information about the load power and topology is re-
quired. However, signal noise is not an issue, which makes the method
better for an emergency load shedding scheme if implemented prop-
erly.



CASE STUDY: LOFOTEN IN NORTH-
ERN NORWAY

The goal of this thesis is to test the proposed emergency load shedding
scheme in the Norwegian transmission system. The Lofoten region in
Northern Norway is chosen as a case study since voltage stability pre-
viously has been a problem during high load winter periods. The op-
erating scenario and model assumptions are presented in chapter 6. In
this chapter, two different line contingency scenarios will be studied.
In the first scenario, a single line contingency results in a slow decline
in the state of the system eventually leading to voltage collapse. In the
second scenario, two line contingences occurring at different time in-
stances cause the system to become voltage unstable at a faster rate,
demanding a fast response. The performance of the proposed emer-
gency load shedding scheme for these scenarios will be tested.

7.1 CHOICE OF INDICATORS

In chapter 6 the performance of different indicators has been tested.
From this, it has been obtained that the local CT-method and topol-
ogy based Duong-Uhlen method are the two best performing indica-
tors. The main method used in the presentation of results will be the
CT-method, but the Doung-Uhlen method will be presented in certain
scenarios to assess how it responds compared to the CT-method.
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7-2 PLACEMENT OF INDICATORS

Based on the results presented in the performance assessment and gen-
eral studies, four nodes have been chosen to be included in the pro-
posed emergency load shedding scheme.

Outer Region of Study Area

Figure 7.1: Indicator placement in the case studies

Three of the four chosen nodes are in the area where voltage stability is
found to be the most problematic, node 1, node 2 and node 3. Node 4
is closer to a strong boundary node, but in certain contingent scenarios
might reach its maximum loadability limit and become unstable. It also
adds interesting comparison in scenarios where it should indicate that
it is stable while the other nodes are reaching their loadability limit.
The four chosen nodes are shown in figure 7.1
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7.3 CASE 1! TRIP OF CRITICAL LINE

7.3.1 Operating Scenario

For this case an additional 35 [MW], compared to an initial operating
condition presented in chapter 6, is added to the load region. This is an
unusual operating scenario, but changes in end-user consumption pat-
terns that lead an unexpected rise in load demand has been the cause
of previous voltage collapses, therefore the scenario is considered vi-
able. With the additional loading, the area can be considered operating
in a state defined as very stressed prior to any contingencies occurring.

v Red Node: Generation or strong grid connection to study area

Node 1
o

N\
( )

@ Green Node: Load in study area

Figure 7.2: Case study scenario with trip of critical line

In figure 7.2 the scenario that has been studied in this section is il-
lustrated. After 40 seconds the dashed line experiences an unexpected
fault and gets disconnected. The results of the simulation are presented
below.
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7.3.2 Simulation Results

Due to the high load demand in this scenario, the initial voltages for
the loads are quite low as shown in figure 7.3. At node 1, the voltage is
as low as 0.9 [pu], which implies a value of 117 [kV] in a system usually
operating above 130 [kV].
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Index node 4

Voltage instability detected at 76.9 [s] on node 1

Figure 7.3: Voltage decline and indicator values after line contingency

After the line disconnection occurs at 40 [s], the state of the system
starts declining, and at 91 [s] the system experiences a voltage collapse.
From the initial line contingency there is a time window of 51 [s] until
the system collapses. The indicators detect instability at 76.9 [s]|, and
while the system has deteriorated considerably, as can be seen by the
voltage profile, actions can be taken to restore the system.

7.3.2.1  Mitigating Voltage Collapse

Two approaches to load shedding was suggested in section 5.2.3 for the
proposed emergency load shedding scheme. These two methods will
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now be tested, and the effectiveness of each approach is evaluated.

In method 1 load shedding is initiated by either one of two criteria;
an indicator stays below one (ISI < 1) for 3 [s], or a rapid decline
to ISI = 0.9 causes the system to initate load shedding immediately,
without waiting for 3 [s] to pass. Figure 7.4 shows an example where
two rounds of load shedding has to be done prior to the restoration of
the system. The initial round is triggered by ISI = 0.9 where 10 [MW]
is shed at node 1. For the second round, two scenarios are chosen to
be studied. Either load shedding is initiated by the rules used for the
initial load shedding, or load shedding is done the instant it crosses
maximum loadability after load has been shed.

— — — Stability limit
Index node 1

ISI =0.95, 10 MW shed Index node 2
Index node 3
Index node 4

ISI'=0.9, 10 MW shed

Index [scalar]

(a) Round two of load shedding initiated at ISI = 0.95 (value after 3 seconds)

10

— — — Stability limit
Index node 1
Index node 2
Index node 3
Index node 4

6 ISI =1, 10 MW shed
ISI'=0.9, 10 MW shed

Index [scalar]

(b) Round two of load shedding initiated at ISI = 1.0

Figure 7.4: Initiating round two of load shedding based on different rules

As can be seen from figure 7.4 the time at which load shedding occurs
is of great significance. A time delay of 3 seconds when shedding the
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same amount of load is the difference between the system remaining
stable or a voltage collapse occurring.

From this it can be seen that the indicator indicates voltage collapse,
and by using its available mitigation resources a voltage collapse can
be avoided. It should be noted that even though the system is stable
after the initial load shedding, it is still in a critical state, and actions
need to be taken to restore the system to a stable operating point.

In method 2, load shedding is initiated by the same two criteria as in
method 1, but the amount of load to be shed is calculated by:

Pyeq = PP x (1 —ISI') x k

Using the same scenario, load shedding is initiated initially when the
ISI = 0.9. From this, a value for the amount of load shed is calculated
by measuring the load power at the time instance the load shedding
occurs:

Pgjeq = 44[MW] x (1 -0.9) x4 = 17.6 [MW]

As the loads can only be disconnected in instances of 10 [MW], and up
to 20 [MW], the methods round up in value to assure that enough load
is shed. Therefore, using the second method, 20 [MW] is shed instantly.
This is shown in figure 7.5
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Figure 7.5: Initiating round two of load shedding based on different rules

As can be seen in the figure, the system instantly regains stability, but
there is some strange behaviour exhibited by the indicator after the
load is shed. This might be a result of the load restoration causing the
indicators to estimate the Thévenin incorrectly. With the same scenario
using the Duong-Uhlen method, a significant improvement in the be-
haviour of the indicators after the load has been shed can be seen. This
is illustrated in figure 7.6.

Considering the course of action and the importance of time at which
load shedding occurs, the more aggressive response of shedding 20 [MW]|
initially is to be preferred. In figure 7.4 it is shown that the margins de-
termining whether the system stabilises or collapses are quite small.
In a real system with measurement error and other uncertainties, the
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Figure 7.6: Steady state Indicator Stability Index values with the CT-method

approach of operating at safe values is always preferable to the system
collapsing.
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7-4 CASE 2! TRIPPING OF TWO LINES AT DIF-
FERENT TIME INSTANCES

7.4.1  Operating Scenario

For this case, a lighter loaded situation in the Lofoten region is chosen.
The total loading in the study area is 300 [MW], which is 40 [MW]|
less than the considered base case in chapter 6. The situation presented
in this case is a common occurrence during winter months. It is a rela-
tively stable operating condition, where the system is able to withstand
the contingency used in the first case study without losing system sta-
bility.

(L) Red Node: Generation or strong grid connection to study area

N\
( )

@ Green Node: Load in study area

obbely
—{
~ vanda
Middle Norway Q
— 420 [kV] Q \/ \) (/
A4

— 12[V]

A —
17

v
Finnmark

Figure 7.7: Steady state Indicator Stability Index values for case 1

In figure 7.7 the studied scenario in this section is illustrated. After
20 seconds the dashed line connected to Kvandal experiences an unex-
pected fault and gets disconnected. Following this, another transmis-
sion line experiences a fault at 8o seconds, causing the outer study
region to lie on a radial. The power flow over the radial line connected
to node 2 can cause the line to be disconnected by overcurrent relays,

77



78

| CASE STUDY: LOFOTEN IN NORTHERN NORWAY

prior to the system experiencing a voltage collapse. However, as the
situation is interesting for studying voltage stability, it is assumed that
the rating of the transmission line is high enough so the operating con-
dition imposed by the second fault can be considered valid.

7.4.2 Simulation Results

With the lighter load demand, the simulation almost matches the orginal
case, prior to the disconnection of small scale generation. It is therefore
characteristic of a winter day around Lofoten, and it can be seen that
the voltage profile is considerably better than in the previous simula-
tion. All the measured voltages lie above 1 [pu]| or, 130 [kV] as is usual
in day to day operation of this part of the power system.

Voltage [pu]
o
o]
|

T Node 1 : - /
- Node 2 Voltage instability detected at 104.8 [s]
06 - Node 3

Node 4

0.4 | | | | |

0 20 40 60 80 100
time [s]
1| — — — Stability limit
{ Index node 1
10 Index node 2
Index node 3 . -
Index node 4 Voltage instability detected at 104.8 [s] on node 3

10 20 30 40 50 60 70 80 90 100 110

Figure 7.8: Indicator Stability Index values for two methods of load shedding
in case 2

Following the first contingency, a small drop in voltage is observed
at all the buses, and they settle at this operating point. Without the
reconnection of the transmission line, the system is now operating in
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an insecure state, and when the second line is disconnected at 100 [s],
the state is worsened rapidly until voltage collapse occurs at 117 [s], as
shown in figure 7.8.

7.4.3 Mitigating Voltage Collapse

As in the previous study case, two approaches to load shedding are
tested. After the second line contingency, the situation is more severe
than the previous case. Within 17 [s] of the second fault, the system
collapses, leaving less time to perform corrective actions. Unlike the
previous scenario, voltage instability is first detected at node 3, which
is assumed correct behaviour as the highly loaded node now lies at the
end of a radial.
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Figure 7.9: Voltage and indicator values using a modified method 1 for load
shedding

Using method 1 directly is too conservative for the given scenario,
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therefore a modified version that disconnects 20 [MW] when the Impedance

Stability Index is equal to 0.9 has been used. As can be seen in figure
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7.9, the initial shedding of 20 [MW] is not enough. After the initial
load shedding, the indicator at node 1 indicates that it has reached its
loadability limit. This happens two times in a row, with 10 [MW] being
shed at each instance. After a total of 40 [MW]| being disconnected, the
system regins stable operation.

Using method 2 with the same constant, k, as used in case 1 does not
return the system to a stable operating condition. As the case is so
severe, the emergency load shedding scheme has to completely dis-
connect one of the two feeders connected to the substation at node 3.
The choice ends up being the 22 [kV] which has a load demand of
30 [MW]. In general, a preferable choice is to use the feeder where the
industry end-users are connected. This is usually at the 66 [kV] level,
meaning that if a disturbance occurs where a complete load has to be
disconnected, the 66 [kV] feeder can be preferable. This claim does not
always hold, and therefore investigation prior to the implementation of
such a scheme has to be done.
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Figure 7.10: Voltage and indicator values using a modified method 2 for load
shedding



DISCUSSION

This chapter discusses and summarises the findings from chapter 6 and
7.

8.1 VOLTAGE STABILITY INDICATORS

Out of the four presented indicators, the Corsi-Taranto method and
Duong-Uhlen method perform well under all the scenarios used in the
study cases. The measurement based Delta method, while easy to im-
plement, is very sensitive to noisy signals, which makes the method
unsuitable for applications where robust indicators are required. An
implementation of the virtual impedance method was also done using
the same boundary selection as the Duong-Uhlen method. The method
did not give correct results. It is not known if the boundary selection
does not work with the given method, or if there are mistakes made
in the implementation. As the Delta method and virtual impedance
method do not show promising results, they have not been taken into
consideration in the emergency load shedding scheme.

In the studies done in 6 the Corsi-Taranto and Duong-Uhlen methods
show that they are able to detect when a load reaches its maximum
power transfer, often referred to as the tip of the nose point. This has
been tested by a gradual load increase at a monitored node. This is
expanded upon in chapter 7, were the system is subjected to two dif-
ferent line contingencies where voltage collapse occurs fast and slow,
respectively. When a transmission line is disconnected, the impedance
of the system increases, which both of the methods correctly show. The
topology based Duong-Uhlen method handles the transient behaviour
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during contingencies and load shedding well, but as the boundaries are
considered static for the case of simplicity in this report, and dynamics
are present, there is error in the estimate of the Thévenin impedance.

The CT-method shows good convergence qualities in most of the situ-
ations it has been applied. A few observations have been made for the
steady state performance of the CT-method in section 6.3.1. The rea-
son for this may be that there is negligible amounts of reactive power
flowing towards the load at steady state operation. As the system is
close to voltage instability, the loads draw larger amounts of reactive
power. Therefore, the CT-method detects voltage instability better close
to voltage instability. In this regard, it almost detects voltage instability
as well as the Duong-Uhlen method.

Some convergence issues are also presented in 7.3.2.1 after load shed-
ding is initiated. The ISI first increases in value and then decreases
before settling at a steady state value, as shown in figure 7.5. A reason
for this might be due to the restoration of the loads. However, even
though the algorithm struggles in this situation, no false triggers of in-
stability are observed.

Implementing the Corsi-Taranto method only requires a single phasor
measurement unit at the monitored load. In contrast, the Duong-Uhlen
method requires information about load powers from SCADA as well
as information about topology. With the current SCADA system these
measurements are updated every 10 seconds, and as shown with the
scenario in section 7.4, the system collapses within a time frame of 17
seconds. With data acquisition only every 10 seconds, these measure-
ments are not acquired by the SCADA system fast enough, giving a
false estimation of the Thévenin equivalent. In addition, PMU measure-
ments are needed at boundary nodes as well as the monitored load. As
more measurements and information is used, the system therefore is
harder to maintain operational.



8.2 PERFORMANCE OF THE PROPOSED EMER-
GENCY LOAD SHEDDING SCHEME

A proposed emergency load shedding scheme is tested using two differ-
ent scenarios where both fast and slow dynamics are present. In these
studies, the proposed emergency load shedding scheme has shown
room for improvements. The predefined limits for when load shedding
should be initiated are quite low, leaving the system in a critical state
prior to any load being shed. This has resulted in an operating scenario
where other relays might act prior to load shedding being initiated. To
improve these limits, more studies have to be done to assess what is
defined as a critical state in the system.

The time at which load shedding is initiated has also proved to be cru-
cial. For the studied scenarios, the same amount of load or more had to
be shed in the instances where multiple rounds of load shedding was
used as opposed to when a single larger amount was shed. The larger
amount also put the rest of the system in a healthier state post load
shedding. As there is a direct connection between the ISI value and
the time at which load shedding occurs, a larger ISI value to initiate
the load shedding is preferred. The set point of these predetermined
rules are of even more importance if induction machines are present
in the system. These types of machines can stall, causing the system to
become even more unstable.

An important observation is that the slower dynamics gave better re-
sults for the proposed emergency load shedding scheme. A fast de-
terioration of the state of the system makes the proposed type of load
shedding in multiple stages inefficient, as the system deteriorates faster
than the improvements made by shedding load. This can cause either a
voltage collapse, or force a larger amount of load than necessary to be
shed, which is not desirable in a system that wants to keep the amount
of load shed to a minimum.
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The power system model provided by Statnett is not good enough
when asssessing voltage stability for the studied area of the power sys-
tem. Load modelling is an important part of voltage stability studies,
and the response of tap changing transformers are not sufficiently rep-
resented using the current load modelling. In addition to this, the ZIP
parameters need to be improved upon. These are important when con-
sidering a shorter time frame in the dynamics. The neighbouring coun-
try, Sweden, might also have given a larger contribution had it not been
modelled as a constant load. This might however not be a significant
contribution as it is quite far from the study region.

The overexcitation modelling needs to be further improved upon. With-
out measurements for the response of the generator in question, good
modelling is hard to achieve. As overexcitation limiters are crucial
when studying voltage stability, this needs to be taken into consider-
ation.

As the small-scale generators in the study area had to be disconnected,
a small contributor of active and reactive power in the study areas was
removed. Although its contribution might not have been significant, it
is shown that small contributions can be difference makers in whether
their respective systems remain voltage stable or collapse. The poten-
tial tripping of these machines in fault scenarios can also contribute to
worsen the state of the system.
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CONCLUSION AND FURTHER WORK

0.1 CONCLUSION

Out of the studied indicators, the measurement based Corsi-Taranto
method, and the topology based Duong-Uhlen method perform best
in the studies they have been tested in. The methods were tested using
a gradual load increase in the system, as well as studies where differ-
ent line contingencies occured, resulting in both fast, and slow voltage
collapse.

In implementation, the Corsi-Toranto method only requires a single

phasor measurement unit, compared to the Duong-Uhlen method which
requires load powers and topology information from SCADA, in ad-
dition to PMU measurement at boundry nodes and the monitored

load. As the Duong-Uhlen method requires a large amount of mea-
surements to be implemented, there is a larger chance that something

goes wrong. The positive side of using the Duong-Uhlen method is that

it is marginally affected by ambient load noise and disturbances occur-
ing in the power system. In this, the Corsi-Taranto method shows less

promising results, but as it is only based on a single PMU measurement

the performance is considered good.

An Emergency Load Shedding scheme (ELS) is also proposed. Using
a set of predetermined rules, load is shed when an indicator indicates
that the system is unstable. The performance of the proposed emer-
gency load shedding scheme is not ideal, but in most cases the sys-
tem is restored to stable operation following contingecies. The time at
which load shedding occurs has proved to be important. In this regard,
more conservative limits could have been chosen, as it is shown that
close to the nose point load restoration often causes the system to per-
form multiple instances of load shedding. An important observation is
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that the system performs better when slower dynamics are present, or
when the system gradually approaches voltage collapse.



9.2

FURTHER WORK

There are different continuations to this thesis that can be investigated.

1.

In the measurement based Corsi-Taranto method, the assumption
done in this report, that capacitive loads can be modelled as in-
ductive loads, needs to be further studied. Based on the studies
done, the assumption gives promising results, but more tests has
to be conducted to validate if the assumption holds.

. The robustness of the indicators needs to be further studied. In

a real power system, short circuits occur, and the system is never
completely balanced. There is also the response of non-linear com-
ponents such as tap changing transformers which are modelled
by a smoother response in this report. To test the proposed al-
gorithms, a monitored test should be conducted using real PMU
measurements.

. Load modelling is of great importance, and in the presence of

dynamic loads the time at which load shedding occurs need to
taken into consideration. In this report a fixed time delay is used
in the proposed emergency load shedding scheme. It is shown in
chapter 7 that different scenarios greatly impact the time at which
a voltage collapse might occur. An increased amount of wind
power can lead to more induction machines. Therefore, stalling
of machines should be taken into consideration.

. The proposed indicators only give a margin until voltage collapse,

and no information about when it might occur. Methods where
voltage instability is detected before the system is degraded are
proposed, but usually require good system observability. Further
studies should be done on methods using measurement available
currently or in the near future, in order to indicate when a col-
lapse might occur.

. To minimize the energy not supplied, further study should be

done on the amount of load required to restore a system. Many
methods propose formulating the problem as an optimization
problem. This can be a good solution, but in most real cases
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the load is not controllable to the degree that such a scheme is
possible. If the optimization problem is well formulated and con-
strained such that it represents a real smart grid implementation,
this can be an interesting study.

. The details in the proposed emergency load shedding scheme

needs to be looked closer into. As of now, the levels where a warn-
ing is issued and load shedding occurs are not derived scientifi-
cally. These levels are critical as to how the scheme responds. Too
conservative estimates may lead to accidental load shed in the
system, and too small limits may cause the system to collapse.
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MATPOWER

In the topology based method, matpower was used as a tool to get the
admittance matrix. Matpower [39] and PSS®E are very similiar in the
structure of the program and the way models are built. PSS®E models
can also be directly converted into Matpower files. A brief summary of
the usage of Matpower in this report is given below.

First a model of the admittance matrix has to be built,

function mpc = matpower_topology( y1 , i * sp , S.1 , S_.2 , S_3 , k)

%o MATPOWER Case Format : Version 2

mpc. version = ‘27;

9%8/——— Power Flow Data o
%o system MVA base
mpc.baseMVA = 1000;

%o Specify channels PSS\E for Gs and Bs

%% bus data
%
% It is important to add channels for loads to Gs and Ps as the admittance

% An alternative approach is to modify makeYbus
% Care should be taken in the direction of power flow

o
o

% bus_i type Pd Qd
mpc.bus = [

Gs Bs area Vm Va baseKV zone

23 1 1 o o Real power (MW) Reactive power (Mvar) 1 1 0 130 1
2 1 o o Real power (MW) Reactive power (Mvar) 1 1 0 130 1
25 3 1 o o Real power (MW) Reactive power (Mvar) 1 1 0 130 1
4 1 o o Real power (MW) Reactive power (Mvar) 1 10 130 1
27 5 1 o o Real power (MW) Reactive power (Mvar) 1 1 0 130 1
29 1;
31 %) generator data
0()
33 mpc.gen = [
% Not relevant when building the admittance matrix
35 1
%) branch data
37 %
% Here fbus tbus r X b are important to specify
39 %
% fbus tbus T X b rateA rateB rateC ratio angle status
41 mpc.branch = [
from bus to bus R in pu X in pu o 999 999 999 o o
43 from bus to bus R in pu X in pu o 999 999 999 o o
from bus to bus R in pu X in pu o 999 999 999 o o
45 from bus to bus R in pu X in pu o 999 999 999 o o

I

Vmax Vmin

1.3 0.8;

1.3 0.8;

1.3 0.8;

1.3 0.8;

1.3 0.8;
ar\gmin angmax
1 —360 360
1 —360 360
1 —360 360
1 —360 360

matrix built
% in matpower is used for powerflow. Therefore loads should be modelled as shunts.
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To create Yy, and Zj,;

end

boundry power flow;
boundry power flow;
boundry power flow;

is outfile from PSS\E converted to be read in matlab
is sampling rate

=1 :
% Ca]li]ng the function where Ybus is
sornettet = matpower_topology( y1 , i * sp , S.1 , S_2 , S_.3 , k);
% Creating Ybus
[ yp , ~ , ~ ] = makeYbus( sornettet );
% Inverting to get Zbus
Z_th = inv ( yb);
Zth( 1 ,1i)=2_th (1 ,1) ;

%) After fault occurs call a modified Ybus without the disconnected line
% this can be done in one loop but for simplicity is chosen to be done in two

for

end

i

=j : end
sornettet = matpower_topology_mod( y1 , i * sp , S_.1 , S_.2 , S_3 , k);
[ yp , ~, ~ 1 = makeYbus( sornettet );

Z_th = inv ( yb);
Zth( 1,1 )=2Zth (1, 1) ;

What is shown in this part of the appendix is a limited set of the method
use. As most of the data is considered sensitive, care has been taken in
the presentation and only a general outline for the usage of matpower
to find the Thévenin equivalent impedance is presented.



B MODEL DATA

B.14 DYNAMIC LOAD MODELLING

The load model used is the EXTLAR type found in the PSS®E doc-
umentation [2]. The structure of the model can be seen in figure B.1.

Pinitial Qinitial
PMLTMX OMLTMX
n +
K ! K
SN > — o R >
Pactual Pinitial S PMULT  Qactual Qjnitial S QMULT
/
p—
PMLTMN QMLTMN

Figure B.1: Block diagram of the EXTL model from PSS®E documentation
[2].

EXTLAR is an area specific implementation, therefore no individual
load specification had to be done. Parameters were chosen based on
previous work done by Vegar Storvann [1]. The full list of parameters
can be found in table B.1

| K, | PMLTMAX | PLMTMIN | Ky | QLMTMAX | QLMTMIN |

‘ 0.3 ‘ 100 ‘ [0} ‘ 0.3 ‘ 100 ‘ (0] ‘

Table B.1: Parameter list for the EXTL model implemented.
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B.2 OVEREXCITATION EXCITATION LIMITER

To model the overexcitation limiters the, MAXEX2 model from the
PSS®E is used. Time constants and parameters were chosen based on
generators with similar nominal power output.

EFDpEgg or IFDpEg

+

F - K
EFD __ -, MX

VOEL

or [FD S

VLow

To Rz:g,ﬂ.llatorr

Figure B.2: Block diagram of the MAXEX2 model from PSS®E documentation

[2].

Parameter Value
EFDgrarep (pu) 2
EFD; (pu of rated) 1.1
TIME; (s) 180.0
EFD; (pu of rated) 1.4
TIME; (s) 30.0
EFDs (pu of rated) 2
TIME; (s) 10.00
EFDpks (pu of rated) 1.1
Kmx 0.100
Viow (pw) 0.1

Table B.2: Parameter list for the MAXEX2 model implemented.
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