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Abstract

This thesis investigates voltage instability leading to voltage collapse in PSS/E and
how such scenario can be prevented by the use of a system protection model which
has been proposed and developed in this thesis. The model sees the system as a
whole and can initiate a system protection response based on a voltage stability
indicator in parallel with signals from over excitation limiters (OELs).

Three case studies were performed for evaluating two well-known voltage stability
indicators in the literature, namely the Impedance Stability Index (ISI) and the
Transmission Path Stability Index (TPSI). The two first studies showed that one
of two methods to calculate the ISI gave a more stable result, which was selected
to be used in later case studies. Both indicators were then used and evaluated in a
third case study consisting of the Nordic 32-bus test system developed by Svenska
Kraftnét. In this case study, two separate contingency scenarios were designed to
cause a voltage collapse. It was found that the calculations of the ISI were time
consuming and did not indicate the margin to voltage collapse as clearly as the
TPSI did.

The TPSI and signals from OELs were used as input signals in the system pro-
tection model designed to protect the power system. The model was designed to
generate control signals to change Automated Voltage Regulator (AVR) set-points
of synchronous generators and initiate load shedding schemes. The functionality
of the system protection model was successfully verified when its implementation
in PSS/E was able to prevent the voltage collapse scenarios designed in the third
case study. Voltage collapse in the first scenario was prevented by increasing AVR
set-points when OELs were activated and the TPSI value was lower than 0.15. The
second scenario was more severe and it was necessary to utilize both increasing
AVR set-points and as load shedding which was initialized when the TPSI dropped
below a threshold of 0.05.

Keywords: Voltage stability, Voltage stability indicators, Impedance stability
index (IST), Transmission path stability index (TPSI), PSS/E, System protection
relay model, Automatic voltage regulator (AVR), Load shedding
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Introduction

lenges in the development of modern power systems. The production of

electric power is seldom located close to where the consumption of electric-
ity is located. This increases the complexity of a reliable power transfer and is the
result of both economical and environmental pressure, which is compensated for
by operating the power system close to the limits of stability [1, 2]. A large and
highly interconnected power system connected to loads that varies throughout the
day and which operates close to its limits during certain periods of time will be
defined as a stressed network [2]. When contingencies occur at this stage, voltage
instability and in worst case voltage collapse is likely to occur [2]. Protecting the
power system from voltage collapse is essential for providing a reliable power trans-
fer and to be able to ensure that precautions are taken when a contingency occur.
A voltage collapse can result in the entire systems shutting down, which leads to
extensive economical consequences and unsatisfied customers [3]. The vitality in
detecting an imminent voltage collapse and take fast corrective actions to prevent
it is of great importance in order to maintain stability [1, 2]. One way to obtain this
is to implement a system protection model based on system stability indicators [4].
These types of models are still in a stage where not as much research is done for
an operational implementation in the power system and the efficiency is still being
evaluated by means of simulations. In such simulations the model utilizes system
protection schemes (SPS) which are initialized to protect the system if there are
tendencies to voltage instability [1, 2, 4].

T he continuous demand of electric power entails a growing number of chal-



1.1. PROBLEM Chapter 1

1.1 Problem

This thesis is supposed to result in an investigation of how to detect a voltage
collapse by means of system stability indicators such as different voltage stabil-
ity indicators together with signals from over-excitation limiters (OELs). The
information necessary for calculating these indicators is measured locally at each
bus and/or are extracted from a supervisory control and data acquisition system
(SCADA) supported with phasor measurement units (PMUs). These signals can
be processed and used to monitor the trends which may point towards a voltage
instability. The indicators give an overview of weak load buses in the system and
can be used as a basis for initializing SPSs to prevent a voltage collapse. Such
methods could for example be increasing AVR set-points to prevent OELSs to be
activated, shunt compensation such as Static Var Compensators (SVC) or shed-
ding of load. Based on the signals obtained from indicators and OELSs, a method to
process these are proposed. The signals are to be processed in a system protection
model which takes the corrective actions automatically in terms of where, when
and how much preventive actions are to be taken.

1.2 Purpose of the thesis

The purpose of the thesis is to develop and implement a system protection model
for the Nordic 32-bus test system [5] in PSS/E [6] in order to foresee and prevent
voltage collapse. The system protection model will be based upon voltage stability
indicators and signals from OELs which are used to predict and prevent possible
voltage collapse scenarios in an interconnected power system.

1.3 Delimitations

This thesis will investigate the usage of voltage stability indicators when designing
system protection models. The voltage stability indicators will be investigated in
PSS/E and the most suitable indicator for the purpose of the protection model
will be implemented. The design of the model algorithms in PSS/E will be based
on these indicators and information from OELs signals from the synchronous gen-
erators. The following limitations are set:

e The system protection model will be implemented and tested for the Nordic32
test system, a generic model for any power system network will not be de-
veloped.
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The model for system protection will not include all possible mitigating ac-
tions.

The impact of transients occurring in measured quantities used for the cal-
culations of the indicators will not be investigated.

1.4 Method

The problem is broken down into a number of specified tasks which are necessary in
order to design the system protection model. The work mainly involves simulations
in PSS/E. The simulations were run and automated by the use of Python scripts
[6, 7] to increase speed and keep the simulations consistent. Furthermore, the
system protection model which will be incorporated in PSS/E will be developed in
the imperative programming language Fortran [8]. The specified tasks are listed
below in chronological order:

Literature studies on voltage instability, collapse and system stability indi-
cators as well as methods to prevent a voltage collapse.

Simulations in PSS/E of a two and a three-bus system to get an understand-
ing of different voltage stability indicators as well as learning how to control
PSS/E with Python scripts in order to do simulations faster and to keep the
simulations consistent.

Perform simulations on the Nordic32 test system and extract measurement
data to base the calculations of the voltage stability indicators on using
Matlab.

Analysis of the result in Step 2 and 3 above in order to be able to develop
a method of how to prevent voltage collapse by using the information from
indicators.

Develop a system protection model based on the method developed in step
4 using Fortran and implement the model in PSS/E.

Perform simulations in the Nordic32 test system with the system protection
model implemented to evaluate indicator characteristics compared to the
result obtained from Matlab [9] (Step 3) and automatic mitigating actions.

Perform case studies designed to cause a voltage collapse in the Nordic32
test system and evaluate how the models can prevent the collapse.
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1.5 Thesis outline

This thesis is divided into four chapters beyond the present one. The content of
these four chapters are summarized in the bullet list below:

e Chapter 2 contains the theoretical background on which this thesis is based
on.

e Chapter 3 contains three case studies designed to evaluate the performance
of the voltage stability indicators and how these react to different dynamic
scenarios. The three case studies consists of a two-bus system, a three-bus
system and on the Nordic32 test system.

e Chapter 4 contains the functionality, implementation and evaluation of the
system protection model of how well it can prevent a voltage collapse in the
Nordic32 test system.

e Chapter 5 contains the conclusions which can be drawn from the result pre-
sented in this thesis as well as suggestions for future work that can be done
to improve the result.



2

Technical Background

purpose of monitoring and for taking mitigating actions. These mitigating

actions should leave as much as possible of the network still operational
when a contingency occur [10]. Power system protection comprises different com-
ponents protecting specified parts in the network. However, this report will focus
on and investigate system protection models and schemes monitoring voltage sta-
bility in the network and the way it processes local bus data measured by current
transducers and voltage transducers (VT) [11]. The data provided by the trans-
ducers are processed to calculate voltage stability indicators and based on these
indicators, algorithms will automatically determine when, where and how mitiga-
tion actions are taken. Theory that addresses the advantage of using a system
protection model and its implementation as a model in PSS/E will be discussed
in this section.

M odern power systems are getting more and more automated, both for the

2.1 Voltage stability

Voltage stability is not something new for the transmission system operators
(TSOs). As a consequence of the major grid blackouts caused by voltage instabil-
ity in North America and Europe during the year of 2003 the topic has been given
more attention [12]. Together with an increasing demand of electricity, increasing
load rates and a more complex level of power system control, monitoring voltage
stability constitutes a more important role for the PSOs [2]. The higher level of
complexity is a result of that more compensating equipment, such as SVCs, are
installed and used in order to handle longer transmission paths since most power
is produced far from where it is consumed [13].
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2.1.1 PV and VQ curves and system stability

The characteristics of power transfer and voltage stability in a power systems
can be described by P-V and V-Q curves, where P is active power, () reactive
power and V' the voltage. The characteristics depend on multiple factors, such as
transmission line impedance, power factor, injected reactive power and the power
consumed by loads. These factors can dynamically be altered, meaning that the
curves will change, for example if there is a loss of transmission lines due to faults
or change in power factor of the load [14]. The PV-curve equation can be expressed
by combining the following two power transfer equations for a two bus system and
solving it for the receiving end voltage, V. Here, F is the sending end voltage, X
the line impedance and ¢ the voltage angle.

EV
P, = —Tsm((S) (2.1)

_ VEcos(6) = V?

- (2.2)

Qr

This gives the following equations which can be used to describe both the PV-curve
and the VQ characteristics for reactive compensation.

E? B4
V:\/7—QX1\/I—X2P2—XE2Q (2.3)

The maximum active power transfer with the corresponding voltage can be found
through the fact that the equation only has one solution at this point, whereas it
for P < P,,4, has two. This yields the following two equations which corresponds
to the PV-curves "tip of the knee” as seen in Fig. 2.1a [14].

1 Bt _E? cos(o)
Pm“x_f\/Z_XEQQ_ﬁHsm(qﬁ) (2.4)

E? E 1
Vimas =\ = XQ = e s (25)

The equations can also be expressed as a function of the power angle ¢ (2.4) and
(2.5) also characterize the boundary for voltage stability and instability operation.
By replacing the @ with (Q1-Q¢) where @, is load reactive power and Q¢ is the
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compensated reactive power in (2.3), the VQ-characteristics can be explained by
the following equations [14].

E*  XP?
QC,min = QL - & + 2 (26)
E?2  X2p?

These indicate the minimum point of the VQ-curve seen in Fig. 2.1b which is
defined for a constant P+j@Q load. A PV-curve for a constant power factor with
no injected reactive power and a VQ-curve with a constant load can be seen in
Fig. 2.1. The curves is for an ideal case with no line charging or resistance and
with a constant power factor[14].

El
0.8 =
5 o 05;
E£0.67 o)
) z
204 N
=047 © i
= 2
0.2} 51
S 0.5
0 ‘ ‘ ‘ al ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 0.2 0.4 0.6 0.8 1 1.2
Active power P (p.u.) Voltage (p.u.)
(a) (b)

Fig. 2.1: PV and VQ curves illustrating a system with a constant power factor, with
no injected reactive power and with a constant load. (a) Voltage as a function of
transferred active power with a constant power factor and with no injected reactive
power. (b) Voltage as a function of transferred reactive power with a constant load.

2.1.2 The effects of contingencies on voltage stability

If a fault or a scenario that can cause a transmission line to be tripped take place,
voltage stability can heavily be affected due to the loss of power transfer capability
because of an increasing transmission line impedance. A basic ideal case can be
seen in Fig. 2.2 where three lines are connected in parallel between two buses, as
well as two lines and one single line [14][15].
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Fig. 2.2: The characteristics of PV and QV curves when one, two or three lines
carries the power transfer between two buses. (a) Voltage as a function of transferred
active power as the operating point for the voltage decreases with less lines in parallel.
(b) Voltage as a function of transferred reactive power as reactive power losses is
affected with less lines in parallel.

The increase of transmission line impedance changes the PV-characteristics which
is seen in Fig. 2.2a. For a given load, the voltage will find a new operating
point with less active power transfer. This, will result in higher requirement of
reactive power at the generator and a higher reactive compensation to increase
the operating point for the voltage and this is illustrated in Fig. 2.2b. If the
system is operating close to the limit it is also possible that the bus can become
unstable.

2.1.3 Reactive power compensation

Capacitive shunt compensation in form of fixed shunts can increase the maximum
power transfer by increasing the bus voltage by means of injecting reactive power.
Therefore the margin to voltage instability is also increased. The amount of in-
jected reactive power is square-proportional to bus voltage, thus is the available
shunt compensation less when the voltage is lower and vice verse. The injected
power (¢ is determined by the following equation, where V' is bus voltage and
Xgp, is the shunt reactance [15][14].

V2

Qc = o

(2.8)
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The Nordic32 test system, which is used for the purpose of the subject of this thesis
only includes fixed shunts which is why only this method is covered in this section.
With this said, the above equation concludes that a fixed shunt cannot be used for
voltage control but only for voltage support. The steady state operating voltage
can be found where the VQ-curve intersects the shunts characteristic curve as seen
in Fig. 2.3. A disturbance leading to a change in the balance of active and reactive
power as well as impedance will result in a change of the VQ-characteristics, thus
moving the operating point [15].

—
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W

—VQ curve ]
Shunt

Reactiove power Qc (p.u.)
o

I
—_

0.5 1 1.5
Voltage (p.u.)

=)

Fig. 2.3: Reactive power as a function of voltage and the
associated shunt compensation as a function of voltage.

2.1.4 Online load tap changers (OLTC)

OLTCs are used for frequent regulation of reactive power, and thus load voltage.
They can be used for regulating the voltage level in, for example a low voltage
distribution area to keep constant voltage in the load area. OLTCs can therefore
have a significant effect on voltage stability, due to the change in admittance and
reactive power flow during tap changing operation [16]. A m-model for an OLTC
can be seen in Fig. 2.4, which consist of a series admittance y; that is dependent on
the tap-ratio a. Tap changing operation change the value of the tap-ratio and thus
the voltage difference between the main and secondary sides of the transformer.
The voltage difference can typically be adjusted to +-10% of the nominal value
[15, 16].
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Fig. 2.4: m-model of a OLTC with series admittance
and tap-ratio a.

2.1.5 Over excitation limiters (OEL)

In case of a decrease in voltage, generators can be used as AVRs to increase the
production of reactive power and thus increase voltage. An increase in reactive
power output is achieved by an increase in field winding current. However, higher
reactive power production than what the machine is designed for can be harmful
for the field windings and can possibly overheat the machine. If this happens the
OEL of the generator is activated and thus preventing change in the field current
(and reactive power generation). This will result in loosing control of the voltage
regulation at the generator terminal F; and a constant voltage is instead found at
E as seen in Fig. 2.5 [14, 15].

Fig. 2.5: Equivalent circuit of a two bus network showing
the generator reactance Xy which is added in series with
X7 and Zpp, when the OEL is active, thus increasing the
impedance.

10
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When this happens the total impedance of the generator seen from the receiving
end bus will change. The generator direct axis reactance X, will thus be added in
series with the generator transformer reactance, instead of only consist of the trans-
former reactance as when the OEL is inactive. The result is a higher impedance
seen from the bus and when this happens the network is weakened. Furthermore a
reduction in maximum power transfer is enforced and the bus voltage tend to de-
crease [15]. The signal from OEL activation at generator buses is therefore critical
for determining the systems stability margin to unstable operation.

2.1.6 Voltage instability and voltage collapse

Voltage instability and voltage collapse may be defined in several ways depending
on organization. Conseil International des Grands Réseaux Electriques (CIGRE,
International Council on Large Electric Systems) and IEEE use their own formal
definitions, but with a common characterization that can be compiled with the
explanation given by P. Kundur: "Voltage collapse is the process by which the
sequence of events accompanying voltage instability leads to a low unacceptable
voltage profile in a significant part of the power system.” [15].

Voltage instability on the other hand can be defined as: “voltage instability stems
from the attempt of load dynamics to restore power consumption beyond the capa-
bility of the combined transmission and generation system.” [13].

Propagation time for this type of instability problems can both be short-term and
long-term. Short-term voltage instability is the cause of fast dynamic behavior
from electronically controlled loads while long-term voltage instability is a result
of slow acting regulating equipment such as tap-changers etc. [17].

2.1.7 Causes of voltage instability

A power system is subject to different types of voltage instability during regular
operation and there are many possible causes of voltage instability that can lead
to a voltage collapse [17]. Both voltage and voltage angle have an impact on the
stability of a network and instability in one of them can lead to instability in the
other. At the same time, a solution for one of them may not be the solution for
the other [18].

Areas in the power system with a high density of loads are often a victim of
voltage instability. While areas remote from the load, that are exposed to voltage
instability has an angle instability problem [13]. With this said, voltage instability

11
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is mainly caused by loads, since the power consumed by them are often restored
by regulating measures. Such measures are for example tap-changing transformers
whose operation often increases the reactive power above the capability point of
the system which tend to stress the system [17]. Meshed network tend to be extra
vulnerable when lines or generators are down for service. Maintenance work at
critical areas of the network cause stress in the system and make it much weaker
than during normal operation [17]. Contingencies at this stage often lead to voltage
instability which is difficult to compensate for without quick protection schemes
that are able to prevent instability escalation [17].

2.2 Previous work on voltage stability indica-
tors

Voltage stability analysis is getting more and more attention in literature due to
the growing demand of the PSOs to foresee voltage instability in order to ensure
reliable electricity distribution. The use of voltage stability indicators have the
advantage of easily monitoring how close the system is to a voltage collapse which
in other words can be seen as a way to estimate how much power the system are
able to supply the loads without endangering the stability of the system. Mon-
itoring voltage stability margins can be done by many methods [19]. There are
a lot of research carried out on the topic of voltage stability indicators. A good
guide to the topic is the work done by the IEEE Power and Energy Society in the
report Voltage stability and assessment: concepts, practices and tools [19]. Here,
the basic concepts are explained and the advantages and disadvantages with dif-
ferent indices compared to conventional methods for monitoring voltage stability
are listed. Further, a more overall comparison of different voltage stability indica-
tors was conducted by the master’s thesis student Vegar Storvann at Norwegian
university of science and technology-Trondheim (NTNU) [4]. In the Norwegian
report a thorough investigation is done for six voltage stability indicators. The
performance of the indicators are investigated in different network setups and the
result of this investigation is the underlying reason for the choice of indicators used
in this report.

2.3 Voltage stability indicators

Four of the voltage stability indicators investigated in [4] mentioned in Section
2.2 are further examined in this report. These indicators are impedance stability

12
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index (ISI), transmission path stability index (TPSI), s-difference indicator (SDI)
and fast voltage stability index (FVSI). These four indicators are explained below,
followed by an comparison of advantages and disadvantages when choosing the
most suitable indicators for the purpose of this thesis. The indicators are used as
pointers to find the weakest bus in the network and these buses have often loads
connected to them.

2.3.1 Impedance stability index (ISI)

ISI is based on the maximum power transfer of a circuit. The maximum power
transfer of the simple circuit in Fig. 2.6 occurs when the thévenin impedance Z7y,
equals the load impedance Zj,.,4 and can easily be derived by taking ohm’s law of
the circuit [20]

E;
l=——— 2.9
ZLoad + ZT]’LU ( )
and finding the voltage across Zryuq-
ZLoad
Vi=E——"—7—— 2.10
! "Z toad + Z1ho (2.10)
The power dissipated by the load is then described by
Proaq = ViIcos(8) = E} ZLood 5 cos(8) (2.11)
(ZLoad + ZThv)
which can be rewritten as
E2
Proad = : ) 2.12
Load \/ZZLnad) \/ZZThu) QCOS( ) ( )

Z oa
L d( \/EZThv) \/EZLoad)

which has its maximum value when Z7p, = Zroeq Or in other words, when the
voltage drop over Zry, is equal to the voltage drop over the Z;,.,4. This also
implies that the maximum power transfer and therefore the voltage instability
critical point is reached when

IST

’ZThv‘
— i —1 (2.13)
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If the IST is less than one, the voltage at the bus is stable. If instead greater or
equal to one, the voltage profile is unstable. A value of 0.8 is discussed to be a
good indicator value for alarm [4, 21].

Thévenin equivalent estimation methods

In this report two methods of estimating the thévenin impedance of a meshed
network are used, these are described below.

Method 1: Estimation by local bus measurements

The use of thévenin’s theorem enables any one-port circuits to be modeled as a
single voltage source with a equivalent impedance. One way to implement this
approach and to estimate the parameters of the simple power system network seen
in Fig. 2.6 is presented below [20, 22].

Fig. 2.6: Thévenin equivalent of a simple power system
network.

This method is based on consecutive measurements of the complex quantities volt-
age V; and current I at the load bus. The measurements are used to find the
unknown thévenin voltage F; and the thévenin impedance Zpy, in

EO = v 41070 (2.14)

This equation has an infinite number of solutions but one way to get around this
problem is to perform consecutive measurements of V; and I and assuming that
E; and Zpp,, are constant. If these assumptions are made it is possible to say
that

14
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t t+1
Et() _ Et( +1)
(t) t+1
LThe = Z;iw)
which result in that the following connection are valid:
Vj(t) 4 I(t)Z%)w _ Vj(t-i—l) + ](t—i-l)Zz(f}-l&;l) (2.15)

and solving for Z%;l) gives

(t) (t+1)
Tho = J(+1) — J(t) :

which will be an estimation of the thévenin impedance of the network seen by the
bus [20].

Method 2: Estimation by admittance matrix

Another way to estimate the thévenin impedance of a interconnected power system
is to use the admittance matrix of the network which can be obtained from SCADA.
To illustrate this method the simple two bus system in Fig. 2.6 is used as an
example. The associated admittance matrix for this system becomes

1
— ZTh'v ZThv
! 1
ZThy ZTho

which can be inverted to its impedance matrix Z = Y ! where the diagonal
elements will form the thévenin impedance seen by the bus [23]. However, matrix
inversion procedure for larger power system networks may need a large amount
of computational power. By modifying the admittance matrix by adding the load
impedance Z,.q and generator impedance X, (Fig. 2.5) to the self admittance of
each bus it is possible to make an estimation of all the thévenin impedance in the
system with only one inversion of the admittance matrix instead of doing it for
each bus [23].

Yin Y
Yo Yo

Y —

1 1 1
Y = | 4t X7 ZTho

ZTho ZThy ZLoad
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The self impedance obtained from this admittance matrix however, will include
the load impedance which is not the quantity used for the ISI calculation. What
is obtained from the diagonal elements in this matrix is illustrated in Fig. 2.7
[23].

E't

’
z Thv

U

Fig. 2.7: Thévenin equivalent illustrating the thévenin
impedance Z/.,, which includes the load impedance.

By comparing Fig. 2.6 and Fig. 2.7 one can conclude that 27, is the result of
paralleling Zry, and Z} ., which implies that

_ZroadZn (2.17)

Lrhy =
T ZLoad + Z’}hv

which makes it possible to extract the Z7y, used in the calculation for ISI [23].

2.3.2 Transmission path stability index (TPSI)

TPSI is based on (2.5) which describes the voltage magnitude of which maximum
power transfer occur. Inserting the receiving-end reactive power equation (2.2),
gives the following equation,

TPSI = % — (Vs — Vicos(6)) (2.18)

which when equals zero, indicates the maximum power transfer operation point or
the stability/instability boundary at the knee of the PV-curve [4, 24].

This indicator is like the ISI based upon that the maximum power transfer occurs
when the voltage drop over the line equals the drop over the load. The voltage
drop over the line Vi — V,.cos(d) can be illustrated with phasors as in Fig. 2.8.
Where V; and V. is the sending and receiving end voltage with the angle difference
0 for a two bus system. The TPSI does not however, use the thévenin equivalent
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compared to the ISI but only the voltage at the sending end, receiving end and
and the voltage angle difference for a two bus system [24]. The voltage and angle
measurement needs to be synchronized.

Vr

P Vs

D

V; -V,cosb

Fig. 2.8: Voltage drop Vi — V,.cos§ between sending end
and receiving end projected on the sending end bus voltage
phasor V.

For the two bus system the indicator can easily be calculated with (2.18), for
larger system however, all paths need to be taken into account. The weakest path
will then determine the margin to a voltage collapse. This is due to that if one
transmission path moves past the maximum transmission point, it will put higher
stress on the other transmission paths. Each transmission path can be seen as a
radial network with the bus furthest away from the generating bus being the bus
which is most exposed to voltage instability. In addition, the effect of each bus
along the path needs to be taken into account as they can contribute to keeping
the path stable. An active power transmission path is defined as a sequence of
buses with decreasing voltage angle between each bus, in essence the direction
of active power flow [4, 24]. The voltage drop along a path can be explained by
the phasor-diagram seen in Fig. 2.9. Where AV} is the sum of the sequence of
voltage drops along the transmission line, where each voltage drop for each voltage
vector is projected on the previous voltage vector [24]. Each voltage drop is then
projected on the starting bus, which results in the voltage drops AVy9, AVye3 and
AVys4 seen from the sending end bus with the voltage phasor Vi. The sum of these
voltage drops results in AVd/ which is the voltage drop over the transmission path.
The condition for maximum power transfer and voltage instability for a radial or
meshed network is therefore when

AV, = % (2.19)
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6i,i+l 4
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AleZ

AV’

Fig. 2.9: Voltage drops of a transmission path projected on
the sending end bus voltage phasor V; . Resulting in a sum
of voltage drops AVC;

The Transmission path stability index for a n-bus transmission path can be cal-
culated as the receiving end voltage subtracted by the sum of all voltage drops
between each bus according to the following equations.

n—1

AV, = Z(V; — Vig1cos(0;i11))cos(d1,:) (2.20)
i=1

TPSI = % — AV, (2:21)

Where V; is the first bus in a transmission path, d; ;41 is the voltage angle between
two given buses in the transmission path, and 4, ; is the voltage angle between the
first bus and a given bus of a transmission path [24].

This calculation needs to be preformed for each path in the system to be able to find
the weakest path and thus be able to determine the system voltage stability margin
[24]. Previous work states that for meshed networks, there is not enough evidence
that proves that a TPSI value of zero corresponds to voltage instability/collapse
due to that a bus is stable as long as there is one stable path. This implies
that for a meshed network, the TPSI can reach below zero while maintaining
voltage stability. However, due to the increased stress on other paths when the
weakest path becomes unstable, simulations have proven that it serves well as
an estimation method for voltage stability [4]. Previous work states that reactive
power flow paths also needs to be considered when finding the lowest TPSI. This is
achieved by using the same method and equations but with the exception of instead
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choosing paths with decreasing bus voltage magnitude instead of bus voltage angle
[4, 24].

To find the weakest transmission path, Dijkstra’s algorithm of finding the least
weighted path in a directional graph can be used. This as the active power flow is
directional and each branch will have a certain "weight” (increase in voltage angle
and change in voltage magnitude). Dijkstra’s algorithm assumes that both the
starting and ending bus is known, however in this case, the bus with the lowest
TPSI value is unknown (ending bus) and only the starting bus is known [25].
Therefore the algorithm is modified to find all paths to buses which have lower
voltage angle than all connected buses. Through this the lowest TPSI value for
the weakest bus can be found, and also enables the possibility to find other buses
with low TPSI values.

The algorithm is based on the use of two arrays called stack and wvisited to find
paths. The visited-array is used for making sure that each path is only considered
and calculated once. The stack-array is used for storing a path as a sequence of
nodes and in the end calculating the TPSI. Considering the directed graph in Fig.
2.10, there are four different paths from node one to seven which all need to be
found if they are to be compared. The algorithm both have to find the green and
red path which share paths from node one to two, as well as it has to take into
account that the green and yellow paths share the last part between node six and
seven.

Fig. 2.10: Directed graph with four different possible paths
from node one to seven.

A solution of how the problem can be solved is stated in the following list, starting
at node 1:
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1. Node 1 is put in the Visited-array as well as in the Stack-array. Since either
one of node 2, 3, 4 are in the Visited-array, the path can therefore continue
with node 2.

2. When the algorithm has reached node 2 the two arrays (Stack and Visited)
will both contain node 1 and 2, continue with node 5.

3. At node 5 the two arrays Visited and Stack will contain 1, 2, 5 and 1, 2,
5 respectively. Continue with 7 where the red path is found and TPSI can
be calculated. When reversing to node 2, node 5 and 7 are removed from
Stack but only node 7 from Visited is removed so that the algorithm does
not continue with node 5 again.

4. Next step is to continue from node 2 to 6, the arrays will contain nodes 1, 2,
5, 6 and nodes 1, 2, 6 for Visited and Stack respectively.

5. Continuing with node 7, comprising the green path. When the algorithm
revert back to node 2, it will find that both node 5 and 6 are in the Visited
array. At this point the algorithm have to revert back to node 1, removing
node 2, 6, and 7 from the Stack but only nodes 5, 6 and 7 from Visited.

6. Since either one of node 3, 6 and 7 are now found in visited, this also forms
the yellow path in similar way. When reverting back to node 1, the Visited
array will contain node 1, 2 and 3 and the Stack will contain node 1 again.

7. In the end, when the blue path is found, the Visited array will contain 1, 2,
3 and 4 thus leaving no more options. At this point all paths are found.

The TPSI can be calculated at each time a new path is found and compared to
the previous calculated TPSI value in order to find the path with the lowest TPSI.
Several ending nodes can be found using this method, as the graph is directed.
An ending node is seen as a graph with no direction leading from it. This can be
applied to power systems as the power flow is directional.

2.3.3 S-difference indicator (SDI)

The SDI is just as the ISI based on local bus measurements. Two consecutive
measurements of the apparent power at the receiving end on a line is done. Voltage
instability for this indicator occur when the change in apparent power at the
sending and receiving end is zero, AS=0. In other words, when an increase in
apparent power at the sending end no longer yields an increase in receiving end
apparent power due to an increase in losses along the line. Increasing losses along
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the line occur when the line is heavily loaded and starts to consume more and
more reactive power [26].

If the apparent power at the receiving end is given by

S = v (2.22)

Where the subscripts i and j constitutes different buses. The difference between
the two consecutive measurements is written as

AVj(tJrl) _ Vj(t+1) _ V;-(t) (2.23)
t+1 t
AL;HD = 10— 1) (2.24)

This yields an apparent power at the following time steps as

500 = 57+ A5 = (VO + AV + AL (225)

which can be simplified to and rewritten as the critical condition below.

(1) _ Ay D) (0% 10 A pltHD)s _
ASIHY = AV L yOAL = (2.26)

If this criterion is met it means that the receiving end apparent power flow no
longer increases even though more power is transmitted from the sending end.
Separating the angle between the two terms the SDI indicator can be defined
as:

(t)* (t+1)

SD[:1+-anEﬁﬁ
J )

cos(6) >0 (2.27)

A stable voltage profile occurs when SDI > 0 and can only be trusted when the
line actually consumes reactive power [4].

2.3.4 Fast Voltage Stability Index (FVSI)

The FVSI is in its simplest form based on measurements of sending end voltage
and reactive power at the receiving end, as well as known characteristics of the
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line. The two bus system in Fig. 2.11 can be used to explain the principle. The
current equation between two buses is used as starting point [27].

V-V,

I= 2.28
R+jX (2:28)

The apparent power at the receiving end j can be found by multiplying the the
current I with the receiving end voltage V; [4].

8= Vil = P+ Q; (2:29)

If the reactive power (); is extracted from the apparent power and rewritten as a
second-order equation for U; the following is obtained

R+ jX

Vi20 V28

Fig. 2.11: Two bus system used to explain FVSI, V; and
V; are sending and receiving end voltage and I the current
flowing in the line with characteristics R 4 jX between the
two load buses.

R2

V- Vivj(gsz’n(é) +cos(9)) + (Xij + <) =0 (2:30)

As long as there is only real solutions for the second-order equation the system is
stable, which is how the FVSI is defined [27].

y, _ Ghsin®) + os(o) + v [(wz'z(a) eosOVI 4K+ RN
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Solutions of the above equation that corresponds to only real solutions are de-
scribed by

12°Q,X
(Vi)2(Rsin(d) + Xcos(9))?

<1 (2.32)

For these roots, the angle difference ¢ is very small, which results in the following
expression

172Q);

FVS]ZJ = W—X

(2.33)

Which will indicate a stable voltage profile as long as FV SI;; <1

2.3.5 Indicator comparison

The four indicators explained under Section 2.3 have different characteristics and
are suitable for different types of applications. These indicators are based on local
and wide area measurements by PMUs [28]. The comparison below is mainly based
on the work done by Vegar Storvann mentioned in Section 2.2. The focus of this
comparison is oriented towards the discussion on advantages and disadvantages by
V. Storvann and not necessarily on the results presented in the report.

The ISI which is defined by the ratio between the load impedance Z,,q and the
thévenin impedance Zry,, involves two common methods to calculate the thévenin
impedance, both explained in Section 2.3.1. Using consecutive measurements
(method 1) as is done in (2.16) has the drawback of creating a noisy signal, due
to small variations during steady state operation [4]. Using the admittance ma-
trix of the system (method 2) on the other hand has the advantage of a more
stable calculation of the thévenin impedance even though the computational cal-
culation are more demanding [23]. The TPSI is based on wide area monitoring
where the weakest path from the strongest bus in the system to the weakest bus,
is found and evaluated. V. Storvann proposes that a path finding algorithm needs
to be implemented in meshed network to find all possible paths in order to ensure
that all combinations are analyzed [4]. SDI is like the ISI based on consecutive
measurements and is subject to the same noisy signal at steady state operation.
FVSI which depend on both PMU measurements and branch characteristics show
the worst result during stable conditions as well as during contingencies and which
performance was categorized as "does not provide any useful information” [4].
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2.3.6 Choice of voltage stability indicators

Two of the indicators compared in Section 2.3.5 were decided to be further in-
vestigated and evaluated for the purpose of the protection model designed in this
thesis. These indicators are the ISI and the TPSI. This choice was based on the
opportunities to further develop the performance of the indicators and their re-
liability. The ISI had the advantages of calculating the thévenin impedance by
using the system admittance matrix which makes it more stable at the same time
as it was performing well during both steady state operations and contingencies.
The TPSI had a lot of development potential when it comes to the path finding
algorithm. Extending the indicator with implementing the algorithm would make
it a more reliable and make a good candidate for a wide area indicator.

2.4 Preventing voltage collapse

If a power system is operating close to its limits and voltage instability is likely
to occur, preventive measures must be taken. This can be done in several ways
depending on situation and available compensation devices.

The main idea of voltage control is to control the production and absorption of
reactive power in the network [17]. Three mitigating methods are further discussed
in this report, these are load shedding, exciter control by increasing the AVR set-
point and FACTS devices.

2.4.1 Load Shedding

Shedding of load is an efficient method to prevent voltage instability and collapse
due to that it imitatively decreases the stress on the system. In a system protection
scheme, load shedding is seen as the last measure to prevent a power system
collapse but is a daily procedure in many developing countries [29].

There are different approaches to when, where and how much to shed loads in a
power system. On method to shed load automatically is described in [30]. This
paper proposes a method to find the minimal shedding that have the least impact
on the system but still is enough to save it from further instability. Further are
this method optimized based on shedding delays and location of shedding and in
the end are a method to find and optimize controller parameters for achieving
an automatic load shed [30]. Another method described in [31] covers the use of
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Generation Shift Factors (GSF) for which the sensitivity is calculated to find the
most optimal loads to shed in terms of location and amount [31].

2.4.2 Exciter control and increasing AVR set-point

Synchronous machines with AVRs is one of the key stones of an active voltage
control. Clever use of AVRs can help to prevent the activation of OELs in order
to prevent these from activating or to "buy time” until this happens by increasing
reactive power production from other generators. Delaying the activation of the
OEL has the advantage of buying more time that can be used to take further
preventive measures. Such measures could be to activate compensating devices
and by this measure prevent a voltage collapse [14, 17].

The idea behind using the AVR to regulate the voltage set-point in a power system,
where most machines have the feature installed, is to increase the set-point at
nearby buses whenever a triggering event at one or many machines occur. Such
triggering events can be that the OEL is close to activation or has already been
activated. If the voltage set-point is increased within a safe level at all nearby buses,
these machines will start to increase their reactive power production resulting in
an decrease of reactive power production at nearby voltage controlling equipment.
The reactive power production is therefore re-dispatched to other machines in the
system when one or more AVRs lose their control capability. When increasing
set-points, great caution needs to be taken due to that an excessive increase can
result in a too high field current. Thus resulting in activation of the OEL and loss
of voltage control. Increases should therefore preferably be performed in smaller
steps at several generator instead of larger steps on fewer generators[14]. Reactive
power control by means of voltage regulation which is explained above is discussed
in several papers covering the topic and can for the interested reader be found in
(32, 33].

2.4.3 FACTS devices

Installing flexible alternating current transmission systems (FACTS) devices in
the power system has increased in parallel with the development of power elec-
tronics and the voltage range these can operate within. The use of FACTS devices
gives the advantage of handling a power systems capability to control the flow of
reactive power in a way which hasn’t been possible before [17]. Being able to con-
trol the reactive power balance enables the PSO to control voltage stability and
hopefully prevent and anticipate voltage collapse. The use of FACTS devices are
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advantageous for mainly two approaches: to operate the power system in accor-
dance with its power flow control capability; and to be able to improve the systems
steady-state and transient stability [15, 17].

2.5 Simulation Models

In order to perform more realistic simulations of phenomena occurring in power
systems, models are used to describe and characterize different parts of the system
and how these respond to changes in dynamic simulations. Many of the models
used in the simulations in this thesis were predefined in the Nordic32 test system.
A number of models were however added to provide a more realistic view on voltage
stability. Such models are presented below. The 3-bus case study also use several
of the models stated in this section.

2.5.1 Essential models regarding voltage stability

When simulating voltage collapse, some models and their functions in the system
have higher impact. Models for field current and OTLC were originally added to
the Nordic32 test system but models for OEL, under voltage tripping of generators
as well as distance relays had to be added. The following models are used in the
simulations and are taken from [34].

SEXS

SEXS is a field current model which was already applied to the Nordic32 test
system. It can be used for regulation of the field current for generators in PSS/E
and thus also serves as an AVR. The voltage reference for the model can be changed
to both increasing and decreasing the AVR set points and therefore be used to
prevent voltage instability as described in Section 2.4.2.

MAXEX2

The model MAXEX2 was added to represent over excitation limiters in the sim-
ulations. It provides a three point characteristic current limit with corresponding
time delays and uses the rated field current as base reference for the three current
limits. It has a shorter activation timer for higher field current and vice verse for
lower field current. When the OEL is activated it reduces the field current to 1.05
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pu of rated field current. Adding a OEL model was important due to that it can
have a significant effect on voltage stability due to the decrease in reactive power
production as described in Section 2.1.5. When the MAXEX2 limiter model is
applied, it reduces the field current below the lowest field current limit. A signal
of whether the OEL is activated or not is also important for determining the sys-
tems margin to instability. The decrease in voltage caused by a OEL can result in
activation of timers for under voltage tripping of generators.

VTGTPAT

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

OLTC1T

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

2.5.2 Additional models

Several other models which were predefined in the Nordic32 system were also
used. The models mainly represent generator and load characteristics which have
an contribution to voltage collapse, but not in the same extent as the previously
mentioned models. The models which are still important to notice can be seen in
Table 2.1.
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Table 2.1: Table over additional models used for the dynamic simulations of the
Nordic32 test system.

Model

Description

GENCLS

The GENCLS model is a classic generator model which was only used
in the two bus system to simulate an infinite bus. The model only have
inertia and damping constants, which when set to zero in combination
with a small generator reactance results in a infinite bus.

GENSAL

GENSAL is a generator model which was already applied to the
Nordic32 test system. It describes the characteristics of a salient pole
generator.

GENROU

GENROU is also a generator model which was originally applied to
the Nordic32 test system. It describes the characteristics of a round
or cylindrical rotor generator.

HYGOV

HYGOV is a governor model which was originally applied to the
Nordic32 test system.

STAB2A

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

LDFRAL

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

DISTR1

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

Evaluation of voltage stability
indicators

ory behind the two indicators ISI and TPSI explained in Section 2.3.6 and

their performance in different network setups. The three network setups
investigated are a two-bus network, a three-bus network setup and the Nordic32
test system. The two-bus case study is designed to illustrate the behaviors of the
indicators with an increasing load over time while the three-bus case study investi-
gates the behaviors when a contingency occurs. The Nordic32 study contains two
separate case studies designed to investigate the behavior of the indicators when
a full voltage collapse occur.

This chapter contains three case studies which are performed to verify the the-

3.1 Two-bus case study

The two-bus case study had the goal of verifying the voltage stability indicators and
giving an understanding of how these perform. The simulations were performed
on a simple two-bus system consisting of an infinite bus and a load bus. Due to
it being only two buses, verification of the simulation results could easily be done.
The simulations were preformed using dynamic simulation in PSS/E which were
automated by using Python scripts. The load was increased during the simulation
at specified time steps up to the point of no converging solutions. A constant
power factor was assumed and the voltage stability indicators were calculated for
each level of load. The simulations were performed with and without switched
shunt compensation at the load bus.
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3.1.1 Network setup

The basic two-bus network used in the simulation can be seen in Fig. 3.1. The
source bus is modeled as a swing bus while the load bus is modeled as a non
generating bus. The generator at the source bus was modeled with the dynamic
model GENCLS. The system has a per-unit power reference of 100 MVA and a
per-unit voltage reference of 132 kV. The load was increased with 1 MW for each
simulation with a constant power factor of cos ¢=0.95 and the branch between the
buses is assumed to be lossless.

1 2
SOURCE LOAD

5 ‘

Fig. 3.1: The 2-bus network used in the simulation for
verifying voltage indicators when no shunt compensation is
active.

3.1.2 Indicator evaluation: Two-bus system, without switched
shunt compensation

The behavior of the two indicators ISI and TPSI are investigated for the network
setup explained in Section 3.1.1. Fig. 3.2 shows the performance of the voltage
stability indicators as the system is getting closer to voltage collapse as the load
is increased with time.
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Fig. 3.2: Performance of the voltage stability indicators IST and TPSI for a two
bus system without compensation. (a) Voltage and voltage stability indicators as a
function of the active power consumed by the load. (b) Active power consumed by
the load and voltage stability indicators as a function of time.

Impedance stability index, ISI

The performances of the IST using the two different methods as explained in Section
2.3.1 show similar result. Both methods reach the value of 1 at maximum power
transfer. Looking at Fig. 3.2a where the quantities are plotted with the active
power consumed by the load one can see the impact of the step wise increasing
power. The voltage at the load bus is decreasing as a result of the increasing
power which is voltage dependent. As the power increases the impedance that
constitute the load decreases forcing the ISI to increase since it is getting closer to
the thévenin impedance of the system.

Fig. 3.2b shows the same scenario but with time on the x-axis. This result is
expected after what was said about Fig. 3.2a and the ISI reaches 1 after about
190 s which at the maximum power transfer occurs.

On the other hand, comparing the both methods of calculating the ISI show that
the two methods are equivalent up to a certain point after maximum power trans-
fer is reaches at time greater than 200 s. However, after this point no physical
conclusions can be drawn since the lower part of the PV-curve only is used for
theoretical explanation.
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Transmission path stability index indicator, TPSI

The TPSI performs in accordance with theory and reaches zero at the point when
maximum power transfer occurs. (2.18) describes the TPSI and as the voltage
angle at bus 2 increases, making Vzcos § smaller, the TPSI decreases towards
zero. When this happens the voltage drops over the line and over the load are
equal which indicates instability. Both Fig. 3.2b and 3.2a show similar trends of
the TPSI at bus 2 where it decreases with time/load power. The TPSI is only
evaluated at bus 2 since it is the weakest bus of the two and there is only one path
from the strongest bus to the weakest.

3.1.3 Indicator evaluation: Two-bus system, with switched
shunt compensation

The behaviors of the indicators were also investigated when connecting a switched
shunt compensation to the load bus. The compensation in MVAr was set to a
very large value to simulate a very efficient compensation scenario and to verify
the indicators functionality even with high levels of compensation. The shunt
compensation enables a higher maximum power transfer compared to the case
without compensation and this is explained under Section 2.1.3.

2 T T 3 r . :
ISI Bus 2 Method #1 = ISI Bus 2 Method #1
15l * ISI Bus 2 Method #2 S * ISI Bus 2 Method #2
= TPSI Bus 2 S, TPSI Bus 2
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Fig. 3.3: Performance of the voltage stability indicators ISI and TPSI for a two
bus system with compensation. (a) Voltage and voltage stability indicators as a
function of the active power consumed by the load. (b) Active power consumed by
the load and voltage stability indicators as a function of time.

The compensation at the load bus will force the voltage at the bus to increase
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since the reactive power consumed by the load no longer is supplied through the
line. This results in minimizing the voltage drop over the line.

Impedance stability index, ISI

The ISI-values in Fig. 3.3a and 3.3b increase more linear compared to the case
without compensation which is a result of a more linear decreasing load impedance
that has most of its reactive power provided directly from the shunt. The two
methods of calculating the ISI give similar results. The critical point is reached
at maximum power transfer, which is expected in accordance with theory. The
compensation of reactive power increases the point of maximum power transfer
compared to the case with no compensation, which result in that the system is
operational for a longer period of time.

Transmission path stability index indicator, TPSI

The TPSI-values show the same trend as was shown with no compensation device.
In Fig. 3.3b the TPSI seems somewhat flatter after 200 s compared to previous
case and this has to do with the slowing increase of load power at this stage. The
shunt device compensation at the load bus has a small impact on the voltage angle
but has, on the other hand, a great impact on the voltage magnitude which has a
theoretical connection to the compensation of reactive power.

3.1.4 Discussion

For the two bus system where the load is gradually increased both indicators
perform in accordance with what previous work and theory have shown, both
with and without compensation measures. Even though the two-bus network is
stronger with compensation and is able to remain stable for a longer time and can
at the same time transfer more power. The result is clear and it’s possible to say
that both indicators are able to indicate a voltage collapse for the type of network
investigated in this section.

3.2 Three-bus case study

The three-bus case had the purpose of investigating how the voltage stability in-
dicators responded to contingencies instead of a gradual load increase as was the
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scenario for the two-bus case study. The three-bus case study was also used to
evaluate the effect of different dynamic load model composition in PSS/E, as well
as have the indicators behave under the impact of over excitation limiters. Be
aware of that the intention of this section is not to cause a voltage collapse, it
is the behavior of the indicators when a contingency occur and actions by the
dynamic models that is investigated.

3.2.1 Network setup

A three-bus system with generators at bus 1 and 2 and loads at bus 2 and 3 as
seen in Fig. 3.4 was investigated in this case study. Bus 3 served as the main bus
for analyzing the indicators since it was the most exposed bus in terms of loading.
In this case the complexity of the network is increased. Compared to the two bus
case, a more complex admittance matrix used to estimate the thévenin impedance
of the network was obtained and the impact of this could be examined. Being more
complex, it also later made the transition to the Nordic 32 system less complicated.
As effects could easier be evaluated in the three-bus system compared to Nordic
32.

The system has a per-unit power reference of 100 MVA and a per-unit voltage
reference of 138 kV. The loads has a constant power factor of cos $=0.95 and the
branches between the buses are not loss less.

V

Fig. 3.4: The 3-bus network used in the simulation for
verifying the TPSI and ISI.

The generators were modeled using the classical generator model GENCLS, sim-
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plified excitation system model SEXS and the maximum excitation limiter model
MAXEX2 which are described in Section 2.5 (see Appendix A.2 for model data).
The excitation current limiter model was implemented to see how the effect of
loosing voltage control at the generator terminal would effect the indicators. Ex-
pected results were to see a decrease in voltage as the limiter is activated, as well
as an increase in the thévenin impedance as described in Section 2.1.5.

3.2.2 Indicator evaluation

The behavior of indicators were investigated as a line trip between bus one and
three occurred. The simulations were preformed with the dynamic models men-
tioned in Section 3.2.1 to see the effects of usual dynamic scenarios in the power
system. The result of the simulation can be seen in Fig.3.2.
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Fig. 3.5: Performance of the voltage stability indicators ISI and TPSI in the three
bus case study. (a) Voltage and ISI indicator at bus 2 as a function of the time. (b)
Voltage, ISI and TPSI at bus 3 as a function of the time.

At 10 s, the line between bus one and three was tripped, this increased the reactive
power production at bus two in order to maintain the voltage level and supply the
load at bus three with reactive power. However, this also increased the field current
above the OEL for the generator at bus two, which was activated at 37 s. This
was followed by an increase in field current for the generator at bus one as well,
and the OEL for the generator is applied at 67 s.
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Impedance stability index, ISI

In this case study and in the remaining report, only the ISI method 2 will be used.
This was decided since method 1 which is based on consecutive measurements
became too noisy during steady state operation (e.g if no immediate change of
power flow between each step in time the estimate of the thévenin impedance will
give a to small value and forcing the ISI value to infinity.). ISI method 2 gives for
this reason a more uniform result without the use of consecutive measurements.
As can be seen in Fig. 3.5, the ISI increases for both the tripping of line and
activation of OELs. These trends can be seen both in Fig. 3.5a and 3.5b meaning
that dynamic actions at one bus has an impact on the indicator values on adjacent
buses.

The tripping of the line between bus one and three directly increases the thévenin
impedance seen from bus three as can be seen in Fig. 3.6. It also decreases the load
impedance because the load has a constant power characteristic. The decrease in
load voltage thus decreases the load impedance according to

V2
S*

Zload = (3.1)
The ISI at bus two is not heavily affected due to that the tripped line is not
connected to it. The self-admittance and thus the thévenin impedance does not
change as much as for bus three.

JE— ZLoa d Bus 3

— ZThv Bus 3

pu]

o
)

f

Active load power [
e 2
N E

]

0 20 40 60 80 100 120
Time [s]

Fig. 3.6: Characteristics of the load impedance and the
thévenin impedance at bus 3 as a function of time for the
three bus case study.

The activation of OEL also increases the thévenin impedance due to that the
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constant voltage is seen behind the generator reactance as discussed in Section
2.1.5. This further weakens the systems and the ISI increases. Due to less in-
jected reactive power by the generators, the voltage is decreased and thus the load
impedance.

Transmission path stability index indicator, TPSI

The TPSI is also affected by the system changes during the simulated case. The
tripping of the line increased the voltage angle at bus three as well as it lowered
the voltage at all buses. The voltage drop for the transmission path to bus 3 was
therefore increased which gives an decreased TPSI value according to (2.20). The
activation of the OELs mainly decreases the voltage levels which has less of an
impact than an increase of voltage angle. The TPSI was only investigated for
bus three as it was the weakest bus in the three bus system regarding voltage
stability.

3.2.3 Discussion

The case study performed in this section have shown what effects line tripping and
actions by dynamic models have on the ISI and TPSI indicators.

Method 1 used for estimating the thévenin impedance which was used to calculate
the ISI did not give an accurate result for the ISI. This is explained by the small
change in current in the denominator of (2.16) during steady state operation. The
result is a unreasonably high value of the ISI. This result was also stated by V.
Storvann which was discussed in Section 2.2. The second method was decided to
be used to calculate the ISI in the remaining work for this thesis. Method 2 entails
a higher reliability of the credibility of the indicator but it also demand a higher
computational effort due to the need of updating the admittance matrix during
each measurement point.

The indicators gave verdict in accordance with theory, the system gets weaker
which the decrease and increase of the ISI and TPSI respectively show.

3.3 Nordic32 case study

This section contains two different base cases where contingency scenarios occur.
For each case the designed scenarios lead to a full voltage collapse in the Nordic32
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test system. The indicators were evaluated in both cases together with the voltage
characteristics at the most critical buses. The base cases presented here contain
the underlying sequence of events leading to a voltage collapse which is going to be
prevented by implementing the system protection model which will be presented
in next the chapter.

The Nordic32 test system has an increased complexity compared to the two and
three-bus case studies. A greater number of buses introduces new challenges when
implementing the calculations of the indicators. Further, the test system contains
more dynamic models resulting in a more realistic simulation outcome of phenom-
ena occurring in the power system.

3.3.1 Network setup

The Nordic32 test system is designed for simulation purposes of transient stability
and long term dynamics. The test system is constructed for use in PSS/E [5]. The
network seen in Fig. 3.7 is a 50 Hz grid consisting of a 400 kV main transmission
system and some regional systems at 220 kV and 130 kV and is divided into 4
major parts:

e North: Consists of hydro generation and loads.
e Central: Consists of heavy loads and thermal power generation.
e Southwest: Consists of a few thermal generation units and loads.

e External: Consists of a mixture of generation and loads and are connected
to the north.

Per-unit data is based on the voltage levels 130, 220 and 400 kV and a power
base of 100 MVA and generation units have their own individual unit rating in
MVA. Six dynamic models originally implemented in the test system are GEN-
ROU, GENSAL, SEXS, HYGOV and OLTC1 and their parameters can be found
in the documentation of the Nordic32 [5]. DISTR1, MAXEX2 and VITGTPAT
were added to this collection. All the models are further explained in Section
2.5 and settings can be found in Appendix A. The Nordic32 simulation model is
closely related to the Nordic power network and contains many of its challenges.
The challenges are associated with the high power production in the north and
large loads in the south, resulting in a high power transfer from the northern part
to the south. As a result of this, there are critical lines and buses which are vital
for the system to operate at stable conditions. Such critical lines and weak buses
are utilized in this chapter to create scenarios that lead to voltage collapse.
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Fig. 3.7: The Nordic32 network which was used for verifying the implementation
of the protection model.
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3.3.2 Voltage instability cases

To evaluate the performance of the two voltage stability indicators in the Nordic32
test system measurement data was extracted from each of the two simulation cases
and processed in Matlab in order to calculate the indicators. Two simulation cases
with two different contingencies were performed. The scenarios used to cause the
voltage collapse were designed in such a way that the system already was weakened
due to modified load levels at some buses. This modification was done in order
to force the system to a collapse. The simulation was run for 20 seconds and at
this time a contingency occur, which leads to a weakened system. The weakened
system leads to automatic actions of the dynamic models in terms of under voltage
tripping of generators, activation of OELSs, actions by distance relays and tap
changing operations which in the end results in voltage instability and collapse.
The dynamic models used to simulate each device in the Nordic32 test system
are implemented with individual settings. However, the limit for under voltage
tripping of all generators are set to 0.85 pu.

The goal of the simulations was to see how the indicators behaved to different
changes in the system as well as to evaluate how much effort was needed to use
these indicators in a more complex system. The cases presented in this section is
further used in Chapter 4, together with the system protection model designed in
this thesis. This in order to verify its functionality and ability to prevent a voltage
collapse.

Case 1

The first case study was designed in such a way that distance relays was utilized
which lead to a sequence of events that resulted in a voltage collapse for the
modified Nordic32 test system. A three phase to ground fault was introduced at
the line between bus 4032 - 4044 and the succeeding events can be seen in Tabel
3.1. The impact of these events can be seen in Fig. 3.8a which show the behavior
of the two indicators and Fig. 3.8b show the voltage profiles at the buses 1042,
1043, 4042, and 4047 which were most affected by the contingency.
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Table 3.1: Sequence of events leading to voltage collapse in the first case study of
the Nordic32 test system.

Bus number Event Time [s]
4032 - 4044 Fault on line, tripped by distance relay 20.00

All transformer buses OLTC actions 20.01-52.00
1043, 4031, 4042 OEL activated 48.00 - 53.00
1043 Under voltage tripping of generator 72.60

All transformer buses OLTC actions 72.60 - 270.00
4047 OEL activated 104.00

1042 OEL activated 177.00

4042 Under voltage tripping of generator 270.00

The fault occurred at 20 s and after 2.5 simulation cycles (50 ms) the distance
relay from bus 4032 to 4044 tripped the line. Between these two time instances
the three phase fault gave rise to transient behavior of the voltage which decreased
after the line was tripped and after which a somewhat more stable operating point
was found. However, OLTC actions between 20.6 - 52 s lead to the activations of
the OELs at the generator buses 1043, 4031 and 4042. The intention of the OLTC
actions at this stage was to increase the voltage in the 130 kV grid, which is the
weakest. An increase of this voltage will force the voltage in the 400 kV grid to de-
crease the flow of reactive power will change, leading to the OEL activation.

The TPSI and IST behaved in the similar way as was shown in the two and three
bus case studies. Bus 1041 was the weakest bus in the system, which is why the
IST was only evaluated for this bus. The activation of the OEL at bus 1043 at 52 s
resulted in that the voltage at bus 1043 fell below the under voltage limit of 0.85
pu, and after a time delay of 20 s and a breaker time of 2.5 cycles the generator
at 1043 was tripped at 72.6 s. The tripping gave rise to further OLTC actions and
OEL activations at generator buses 4047 and 1042, at 104 and 177 s respectively,
and the system was further weakened. Finally, at 270 s the generator at bus 4042
was tripped due to under voltage and the system collapses.

From Fig. 3.9 it can be seen that the collapse of the system has to do with voltage
instability rather than frequency since the frequency recovers after the fault. The
initial increase in frequency when the fault occurs is caused by the voltage drop
over the loads. Due to the voltage dependency of the loads, there is a decrease in
load power and therefore an increase in frequency. The primary governor reduces
the frequency after this event. Other events such as activation of OELs and under
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voltage tripping of generators also effect the voltage and therefore load power, will
also affect the frequency and cause transients.
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Fig. 3.8: Indicator values and voltage characteristics as a function of time of the
first case study in the Nordic32 test system. (a) The characteristics of TPSI and
IST of the weakest bus for the first case study of the Nordic32 test system. (b)
The voltage characteristics of the buses 1042, 1043, 4042 and 4047 which are most
affected of the first case study of the Nordic32 test system.
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Fig. 3.9: Frequency characteristic at bus 1041 which is the

weakest bus in Case 1. All buses do however show similar
frequency characteristics.
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Case 2

The second case study was designed as a scenario where the events in Table 3.2 lead
to a voltage collapse after a initial loss of generation. The impact of these events
on the indicator values can be seen in Fig. 3.10a and the voltage characteristics of
buses 1043, 2032, 4041 and 4042 are shown in Fig. 3.10b. At 20 s the generator at
bus 4042 was tripped. The events that followed were first activation of the OELs
at buses 1022, 1043, 4031 between times 46.61 and 52.44 s. These events initiated
OLTC actions at all transformers until 108 s, forcing the OELSs at buses 2032, 4021
and 4041 to be activated one by one.

Table 3.2: Sequence of events leading to voltage collapse in the second case study
of the Nordic32.

Bus number Event Time [s]
4042 Generator tripped 20.00
1022, 1043, 4031 OEL activated 46.61 - 52.44
All transformer buses OLTC actions 46.61 - 108.00
2032, 4021, 4041 OELs activated time >108.00
All transformer buses OLTC actions time >108.00
1043, 4021, 4041 Under voltage tripping of generators 131.00
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Fig. 3.10: Indicator values and voltage characteristics as a function of time of the
second case study in the Nordic32 test system. (a) The characteristics of TPSI and
IST of the weakest bus for the second case study of the Nordic32 test system. (b)
The voltage characteristics of the buses 1042, 1043, 4042 and 4047 which are most
affected of the second case study of the Nordic32 test system.
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The impact of the OELs does not show very clearly at times greater than 108
s, but the gradually decreasing voltage at this time was a result of this. OLTC
actions together with the previous events at times less than 108 s result in that the
generators at buses 1043, 4021 and 4041 are tripped due to under voltage which
lead to a full system collapse.

The frequency in Fig. 3.11 show that the loss of the generator at bus 4042 causes
a decrease in frequency. The system does however recover from this through the
primary governors in the system. Other transients in the frequency can like the
previous case be explained by that the load is voltage dependent. This can es-
pecially be seen towards the end of the simulations where activation of several
OELs which decrease the voltage and therefore load power, thus an increase in
frequency.
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Fig. 3.11: Frequency characteristic at bus 4042 where 720
MVA of generation is lost in the beginning of the simulation.

3.3.3 Indicators evaluation

For each case presented in the previous section the behavior of the two indicators
are investigated and evaluated in this section.

ISI

The ISI is for both cases only illustrated for bus 1041. The reason behind this is
because this bus only had one load and a switched shunt connected to it, no gener-
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ation occur which make 1041 the weakest bus in the network under the conditions
for which the case is designed.

The initiating contingency causing the collapse show similar trends for both Case
1 and 2 in Fig. 3.8a and 3.10a respectively. The three phase fault in Case 1 created
transients in the ISI which clearly can be addressed to the a voltage instability seen
at this time instance in Fig. 3.8b. Overlooking the transients, an increase can be
seen for the ISI for both cases just after the contingency takes place. Continuing
with the sequence of events presented in Tables 3.1 and 3.2 for the two cases
respectively, one can conclude that the ISI follows the characteristics connected
to each contingency investigated until the collapse occur. Since the ISI is based
on changes in the thévenin impedance of the system seen from the bus where it
is calculated, the ISI tends to be more sensitive for events causing an impedance
change compared to the TPSI. Looking at the ISI, OELs that are activated tend
to be picked up and indicating a weakened system in greater extent than the effect
OELs have on the TPSI.

TPSI

The TPSI algorithm is designed in such a way that it finds the path from the
strongest bus to the weakest bus in the network. For the Nordic32 test system the
strongest bus is often found in the northern part of the network and for the two
case studies presented in this chapter the weakest bus was mainly 1041. After the
initiating contingency for both cases the TPSI decreased with time as the events
in Tables 3.1 and 3.2 for Case 1 and 2 respectively takes place. However, the TPSI
compared to the ISI was in greater extent more prone to indicate a weakened
system when events containing loss of generation occur. Since the calculations are
dependent on voltage and its angle the impact of OELs was not as clear as for the
ISI which can be illustrated at 52 s in Fig. 3.10a where the OEL of the generator
at bus 4043 was activated. Another example of this phenomena can be seen when
the OEL at bus 1042 was activated at 177 s. The voltage at bus 1042 in Fig.
3.8b illustrates this well. The ISI at bus 1041 indicated this event but the TPSI
for the weakest path at this time instance does not indicate the activation of the
OEL.

3.3.4 Discussion

The two case studies in Sections 3.3.2 and 3.3.2 showed an overall good perfor-
mances of the TPSI and the ISI indicators. The indicators responded to the
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dynamic events taking place in the system and are behaving in ways both theory
and present two and three-bus case studies have shown.

The ISI have initial values close to 0.3 between 0 - 20 s in both cases which
corresponds to the index value under current network conditions. This value only
increases to about 0.5 just before the actual collapse of the system occur. This can
be seen as a low indicator value just before collapse compared to 0.8 which often
is chosen as alarm limit [4]. The reason for this low value is that the thévenin
impedance of the system does not change significantly by the specific dynamic
events taking place in Case 1 and 2. Since the ISI is based on the ratio between
Zrny and Zp.qq it tend to be more sensitive to change or loss of high impedance
devices and loads in the system. The TPSI have initial values close to 0.2 between
0 - 20 s. The algorithm designed for calculating the TPSI in the Nordic32 test
system is mainly based on the active power paths. There is a lot of active power
transfer from the north and thus long active power paths with a large voltage
angle difference. This assumption might not be true in other systems than the
Nordic32. Based on the active power, the TPSI performs well for most dynamic
events. OEL actions do not have the same clear impact as for the ISI but is
still following the trends. On the other hand, the effect of OLTC operations have
significantly higher effect on the TPSI compared to the ISI. This especially seen in
Case 2 which is gradually weakened due to OEL activation and OLTC operations
instead of under voltage tripping of generators or loss of transmission lines. In
terms of computational times for the calculations the TPSI was much faster than
the IST which is one thing speaking against the ISI for further uses in this thesis.
The time consuming calculation of the ISI had to do with the method used for
calculating the ISI in this thesis.

For the system protection model described in the next chapter, only the TPSI was
used as an indicator mainly due to the lower time consumption of the calculations
as well as that the TPSI performed slightly better when indicating the stability
margin compared to the ISI.

46



4

Prevention of voltage collapse

user defined model constituting the system protection model, and how it

was used together with OEL and AVR signals to monitor and protect
the system from voltage instability and collapse with help of a system protec-
tion scheme. The implementation of the model was verified and its performance
was also evaluated.

This chapter describes how the TPSI indicator was implemented in a PSS/E

4.1 The implementation of the system protec-
tion model

The purpose of the model was to monitor the voltage stability of the system in
real-time as well as to be able to take corrective actions to mitigate instability
and to prevent voltage collapse. The model was developed by implementing the
indicator calculations from Chapter 3.3 continuously in the Fortran code. After
this implementation the SPS by means of controlling synchronous generator AVR
set-points and load shedding were implemented. The model was created as a user
defined model within PSS/E and was defined as a miscellaneous model, as it was
not supposed to be tied to a certain part or component in the system but as an
external model monitoring the system as a whole. The model was written in Intel
Visual Fortran 2005[35] as an .F90 file and compiled using the PSS/E Environment
manager which links it to PSS/E libraries. The model was later called from the
.dyr file in the simulation scripts written in Python.
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4.2 Model working principle

The work flow of the model can be seen in Fig. 4.1 and the steps in this block
diagram is performed at each time step. At each time step, synchronized measure-
ments of voltage and angle are performed after which the TPSI are calculated. The
system protection scheme uses two types of voltage instability mitigation actions.
The first option, which is ranked as the first mitigating action in the SPS, is to in-
crease AVR set-points with a predefined percentage for generators in the network.
The second one is load shedding, which is performed if the increase of the AVR
set-points is not enough as mitigating action. The increase of AVR set-points are
triggered by reduction in a reactive power production from synchronous generators
caused by OEL activation and therefore use this signal. This action attempt to
balance out the loss of reactive power production. The triggering event for the
model to start shed loads is based on the value of the TPSI.

OEL, AVR and
field current data

v

Increase AVR set-

Meaa:;;?nrg;ennts, Yes | points with 5% if Yes Shed load on
a?gorithm afd possible and if weakest bus with
TPSI calculation No there is an active No 35%

OEL

T

Fig. 4.1: Block diagram of the system protection model
which is run at each simulation time step in PSS/E

4.3 Settings of the model

The load shedding criterion was set to when the TPSI reached a value below 0.05,
which in this thesis was decided to be the limit for when the margin to instability
is critically low. The choice of limit for load shedding was based on consecutive
simulation results which showed that the risk for under voltage tripping of gener-
ators increased for TPSI values lower than 0.05. For the simulations presented in
this chapter, loads were shedded by 35% and the reason behind this is explained
later in this chapter. The criterion for increasing AVR set-points were set so that
the TPSI needed to be set lower than 0.15 and the increase will occur when the
first OEL i activated to compensate for the loss of reactive power.
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The percentage of how much to increase the AVR set-point and how much load to
shed, as well as the TPSI threshold for load shedding are changeable settings in the
dynamic data file from where PSS/E calls dynamic models (Appendix B).

4.4 Verification of the model

To verify the model, the result of the calculation of the TPSI which were calculated
using Matlab in Chapter 3.3 was compared to the TPSI which was calculated by
the system protection model. The same base cases that was analyzed using Matlab
in the previous chapter were again used for this verification. Extracting the TPSI
values from the model was done by assigning it an output channel in PSS/E from
which the values were extracted and plotted in Matlab. The TPSI calculated by
the model in real-time proved to be identical to the one calculated in Matlab which
is illustrated in Fig. 4.2 for both Case 1 and 2.

0.3 T T T 0.3 T
— TPSI, relay model — TPSI, relay model
o | | TPSI, matlab ° 02— |7 TPSI, matlab
= — Filtered TPSI = — Filtered TPSI
=02 =
> >
g g 0.1
< <
.2 R
< 0.1 3
A= S0t
0 . - . . . -0.1 . .
0 50 100 150 200 250 0 50 100
Time [s] Time [s]
(a) (b)

Fig. 4.2: A comparison between calculating the TPSI with Matlab and with the
system protection model as well as the filtered signal of the TPSI. TPSI calculated
by both Matlab and the system protection model as well as a filtered TPSI signal
for Case 1 in (a). TPSI calculated by both Matlab and the system protection model
as well as a filtered TPSI signal for Case 2 in (b).

In addition to the original TPSI signal a first order low pass filter was imple-
mented to filter out the effects of transients on the TPSI value from the model.
In this way the TPSI becomes more reliable for determining the systems margin
to instability. The filtered TPSI-values were delayed with one time step due to
the model structure in PSS/E and how models are executed and called for in the
software.
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4.5 Evaluation of the system protection model

The system protection model is designed to prevent voltage instability in two steps,
the first step is to increase the AVR set-points for generators capable of increasing
reactive power output without the risk of entering the limit of over voltage at the
bus. Furthermore, an increase of the AVR set-points is not performed at generators
where the OELs are active, nor for generators with field currents above their rated
value. If the first step is not sufficient for preventing a voltage collapse the model
will shed load at the bus with the lowest TPSI. The functionality of the model is
evaluated by observing how well the model prevents the voltage collapse occurring
in the two base cases presented in Section 3.3.2.

4.5.1 Case 1l

Starting with the least severe, Case 1, which had a longer time after the fault
until the system collapsed. Rerunning the simulation of the same case presented
in Section 3.3.2 but this time with the system protection model implemented. The
result can be seen in Fig. 4.3b. This clearly show that the model prevents the
voltage collapse which previously occurred at approximately 270 seconds. With
the corrective actions in the SPS the TPSI value was finally stabilized at around
0.09. Bus voltages were stabilized to values slightly lower than before the fault,
which can be seen in Fig. 4.3b.
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Fig. 4.3: Case 1 TPSI in (a) and bus voltages in (b) for critical buses after
the fault with corrective actions through AVR set-point increase performed by the
system protection model resulting in a prevention of voltage collapse.
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Due to that there is no major simulation events after 200 seconds the system can
be considered to have reached a new steady state. After this point, no OEL timers
are activated as well as only a few OLTC operations. The TPSI threshold for load
shedding was 0.05 for this simulation, although it can clearly be seen that TPSI
never reaches this value. The increase of AVR set-points is initiated when the
TPSI is below 0.15 and when an OEL is activated.

The simulation scenario of Case 1 with the system protection model implemented
followed a sequence of events which can be seen in Table 4.1. The AVR set-points
are increased with 5% for a number of selected buses when then first OEL at bus
1022 is activated after 38 seconds, where the effect on bus voltage and reactive
power production at buses 1022 and 4021 can be seen in Fig. 4.4. The increase
resulted in that the two generators at bus 4047 which in Section 3.3.2 tripped due to
under voltage remained in operation due to the increased bus voltage at 4047 and
now only experienced activation of its OEL at 143 seconds. The system experienced
an activation of a number of OELs which forces the OEL at the generator at bus
4062 to activate at 158 seconds which previously had its AVR set-point increased
at 38 s. This is due to a decrease of reactive power production of the other
generators.

Table 4.1: Sequence of events for Case 1 with the system protection model

Bus number Event Time [s]
4032 - 4044 Fault on line, tripped by distance relay 20

1022 OEL activated 38

4011, 4012, 4021, 4041, AVR set-point increased with 5% 38

4051, 4062, 4063

4031 OEL activated 53

4042, 1042 OEL activated 56 - 58
All transformer buses ~ OLTC actions 60 - 170
4047 OEL activated 143

4062 OEL activated 158

The bus voltage at bus 1043 for the new steady state after 200 s were only 0.87
pu making the generator prone to a under voltage trip if additional faults would
occur. This is however to be compared with the base case in Section 3.3.2, where
the generator at 1043 was tripped due to under voltage 50 seconds after the fault.
The system is operating in a weakened state and more mitigating actions could
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possibly be performed to increase the margin to instability. The immediate collapse
is however prevented due to the increase of AVR set-points and no load shedding
was needed for this case.
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Fig. 4.4: Reactive power production in (a) and voltages in (b) for bus 1022 which
generator experienced activation of OEL and therefore initiated the AVR set-points
increase and for bus 4021 which is one of the buses with increased AVR set-points

4.5.2 Case 2

Case 2 which was initialized by a tripped generator at bus 4042 was more severe
with a shorter time course until collapse compared to Case 1. For this case, an
increase of AVR set-points did not prove to be enough to prevent the collapse and
load shedding had to be utilized. After this action the system margin to voltage
instability was increased and when the system had stabilized it had a TPSI value
at around 0.09 which can be seen in Fig. 4.5a. The full sequence of events can
be seen in Table 4.2. The voltages for the more exposed buses of the network are
kept at lower level compared to before the fault which can be seen in Fig. 4.5b.
This is mostly due to the loss of reactive power production at bus 4042 where the
generator is tripped. This bus is a critical part of the network and can be seen as
a node where a high power transfer from the northern area to the southern and
central area of the Nordic32 takes place.
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Fig. 4.5: Case 2 TPSI in (a) and bus voltages in (b) for critical buses after
the fault with corrective actions through AVR set-point increase performed by the
system protection model resulting in a prevention of voltage collapse.

Table 4.2: Sequence of events for Case 2 with the system protection relay model

Bus number Event Time [s]
4042 Generator tripped, 630 MW 350 MVAr 20

1022 OEL activated 34

4011, 4012, 4051, 4063 AVR set-point increased by 5% 34

4031 OEL activated 52

42 Load shed by 35 % 172 MVA 53

4021 AVR set-point increased by 5% 55

All transformer buses  OLTC actions time >60
4047 OELs activated 81

46 Load shed by 35 % 254 MVA 100
2032, 4011 OELs activated 150 - 166

The increase by 5 % of the AVR set-point when the first OEL is activated at
bus 1022 after 34 seconds was not enough to save the system and had to be
supplemented by load sheds of 35 % at bus 42 and 46 after 53 and 100 seconds,
until the systems stability margin can be maintained. The shedding occurs at
two different buses due to that the weakest bus according to the TPSI is changed
after the first load shed, where the effect on voltage and apparent power for these
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buses can be seen in Fig. 4.6. The percentage value to shed loads with was based
on consecutive simulations where different percentages were tested and evaluated.
A too low percentage increased the number of times loads had to be shed to
avoid a collapse. As well as that a low percentage in the end resulted in a higher
accumulated load shed. A high percentage could efficiently prevent instability and
collapse, however, this also resulted in an extensive amount of load shed at only
one bus. If load shedding instead occurs at a couple of buses in the system when
needed, then the improvement of the overall system stability proved to be better.
For this reason 35% was found to be a balanced amount due to that the load
shedding was divided between two buses as well as that the total amount of load
shed was kept at a low level compared to the overall load of the system. When and
where the load shedding occurs are entirely based on the value of the TPSI.
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Fig. 4.6: Apparent load power in (a) and bus voltages in (b) for bus 42 and 46
which experience load shedding at 53 and 100 seconds respectively.

Further increasing the AVR set-point could result in a over voltage at certain
buses in the northern part of the network and could instead resulted in negative
results. The activation of OELs at 52 and 81 s for generators at buses 4031 and
4047 respectively cause a major loss of reactive power production resulting in a
loss of voltage control. Since these generators stand for the major reactive power
production in the transfer area, the generator at bus 4011 also reaches its field
current limit resulting in OEL activation at 166 seconds. The collapse is prevented
through the increase of AVR set-points together with the shedding of load at the
two occasions. One can however argue that the load shedding is at a minimal level
due to that OELs are still active when system enter its new steady state. It is
also important to mention that minimal shedding of load is desired due to that
the main purpose of a power system is to supply power to the customers. In other
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words, load shedding can be seen as a last resort for maintaining system stability.
In addition to this, the total load shed did not equal the generation lost by tripping
of the generator at bus 4042. This can be explained by that other generators have
increased power production as well as because of the load’s voltage dependency
and thus reduced load power. It is also worth to note that the system frequency
was slightly lower than 50 Hz when the system was stabilized.

4.6 Discussion

The system protection model designed in this thesis has proved its ability to pre-
vent a voltage collapse in the two cases investigated in this chapter. The first case
responded well to an increase of the AVR set-point and the second case to load
shedding. The immediate effect of an increasing AVR set-point was that it could
prevent under voltage tripping of generators, thus maintaining a higher generation
of power to supply the grid. Since the shunt compensation in the Nordic32 test
system is fixed with the reactive production proportional to the square of the volt-
age, an increase in voltage at buses with shunt compensation further strengthens
the effect of increasing the AVR set-points. However, the set-point increase has
to be done carefully in order for the increase not result in a over voltage for buses
with already high voltage in areas with high power production. Further, a to large
increase of the set-point of a generator could increase the field current above the
field current limit, especially if nearby generators experiences activation of their
OELs.

The load shedding is an effective method to restore stability and for increasing
the margin to instability. It is however important to note that it is used mainly
as the last option as well as keeping the load shedding at a minimal amount. It
is also worth to note that these actions are short term and used in emergency
situations.

While indicators such as the TPSI and the ISI can be used to determine the margin
to voltage stability, it is important to add that stability indicators do not show all
weaknesses in a system. Other important signals to consider are for example signals
from OELSs, timers for under voltage tripping, OLTC actions etc. which have to be
used in combination with voltage stability indicators in order to monitor all events
in a network. A combination of multiple stability indicators and input signals
mentioned above will help to increase the credibility of a system protection model
and make it more robust. As an example, in case of an under voltage trip, a system
can quickly become significantly weakened and experience instability at buses if
more indicators are utilized indicating the same event the probability to take the
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right mitigating actions are increased. This is however a balance, since using a
model with many inputs requires a complex solution with longer computational
times.

For the system protection model in PSS/E, measurements for the TPSI could
easily be preformed due to that voltage and angle are synchronized for each time
step. To preform synchronized measurements can however be a challenging task
in a real system where communications can be a limiting factor.
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Conclusions and future work

5.1 Conclusions

This thesis was focused on developing a system protection model and evaluating
how such model can use voltage stability indicators together with signals from
OELs as inputs in order to monitor the voltage stability of the system. Depending
on the value of the two input signals the model will initialize and utilize SPSs
to prevent a voltage collapse. The model described in the previous chapter was
successfully developed and implemented in PSS/E. The conclusions of the results
of the present work leading up to a functional system protection model is presented
below.

e The indicators which were decided to be used in this thesis were the ISI and
the TPSI. This decision was based on the advantages and disadvantages of
the six different voltage stability indicators discussed in [4].

e It was shown that the ISI gave the best result when calculated by means
of estimating the thévenin impedance with help of the system admittance
matrix rather than by estimating it with consecutive measurements of bus
voltage and current. Consecutive measurement resulted in a noisy ISI signal.

e Both the ISI and the TPSI behaved as expected to a line trip leading to a
sequence of dynamic events amongst activations of OELs.

e Implementing and evaluating the behavior of the two indicators in the Nordic32
test system did however show that the ISI was not suitable for use in the
system protection model. This conclusion was drawn because of the need of
a large amount of computational power resulting in long calculation times
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compared to the TPSI. In parallel with this, the ISI was not as accurate as
the TPSI in indicating the margin to voltage collapse.

e The system protection model was developed and implemented in PSS/E with
the TPSI and OEL signals as inputs. The model was designed to initialize
a SPS consisting of increasing AVR set-points of generators if an OEL is
activated at the same time as the value of the TPSI is below 0.15 and to
shed load when the TPSI fell below 0.05.

e The calculation of the TPSI done in the model was verified by comparing it
with external calculations performed in Matlab and these showed the same
result.

e Two base cases leading to a voltage collapse was designed for the Nordic32.
The model and associated SPS successfully prevented the voltage collapse
in both cases, for the first case a increase of AVR set-points was enough
to prevent voltage collapse and in the second case both increase of AVR
set-point and load shedding was utilized to save the system from collapse.

5.2 Future work

There are several ways to continue and optimize the work done in this thesis.
Suggestions on such work are presented below, starting with the voltage stability
indicators.

e Future work can be done concerning the ISI and how to estimate the thévenin
impedance in the most efficient and accurate way as this is the greatest chal-
lenge concerning this indicator. The two methods presented in Section 2.3.1
can both be investigated further. Method 1 for estimating the thévenin
impedance needs an algorithm to separate indicator values for which the
change between consecutive measurements are to small. Designing such al-
gorithm could in best case result in that Method 2 for calculating the ISI,
which was used in this thesis, could be abandoned to advantages of Method
1 which requires less computational power. If this is is achievable, optimizing
Method 2 in terms of decreasing the time of calculation could be done.

e Regarding improvement for the TPSI, it could be utilized to find several
weak buses with low TPSI values without increasing the computational time
as the path finding algorithm in its current form supports this. This could
for example give more options regarding load shedding, for example when
concerning prioritized loads. Optimization to decrease the computational
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time could also be performed, although this could disable the possibility to
find multiple weak buses. Further development of TPSI can therefore be
directed to how it will be used for decision making.

e The model developed in this thesis was only designed for use with the
Nordic32 test system. Depending on the limitations regarding which in-
formation that is available in PSS/E when developing a user defined model,
it would be interesting to see a generic system protection model.

Continuing with the system protection scheme. The protection scheme was de-
signed with two mitigating actions, increase of AVR set-points and load shedding.
Further improvements of how these mitigating actions are implemented in the
model are proposed here:

e First of all could the algorithm deciding what actions to take be extended
with combinatorial optimization of load shedding [30]. And if no other op-
tion than to shed load remains, the shedding in a certain area of the network
should be performed according to a predetermined order where the least pri-
oritized load is shedded first. In other words, improve how the algorithm
handles and evaluates the three factors, when, where and how much preven-
tive actions to take.

e Another interesting topic which can be improved is how to increase (or de-
crease) the AVR set-points in an optimal way. This due to that this corrective
action can have a significant effect when preventing voltage collapse. The
AVR set-points could continuously be adjusted to re-dispatch production of
reactive power, and done so in a optimal way so that activation of OELs are
prevented. The challenging part could be that the limitations of each gen-
erator have to be considered individually as well as how they interact with
each other.

e Additional corrective action can also be implemented and this would prob-
ably require a more complex algorithm to decide what actions to take and
when. Such corrective actions could be blocking of zone 3 distance relays,
blocking of OLTC or through adding FACTS models to the simulation. To
be noted however, a more complex system protection model may lead to
more time consuming simulations.
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Simulation model data

A.1 Two-bus case study

A.1.1 Generator data

Table A1l: Generator data used in the simulation for the two bus case study,
dynamic data from .dyr file.

Generator source impedance (pu) | 0.000001
GENCLS dynamic model "GENCLS" 100/

A.1.2 Branch data

Table A2: Branch data used in the simulation for the two bus case study

Line R (pu) 0.0
Line X (pu) 0.20
Charging B (pu) | 0.0
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A.2. THREE-BUS CASE STUDY Chapter A

A.1.3 Load data

Table A3: Load data used in the simulation for the two bus case study, a constant
power factor of cos ¢p=0.95 was used.

Initial active power (MW) 1.0
Initial reactive power (MVAr) 1.0
Load increment (MW) per time step | 1.0

A.1.4 Switched shunt data

Table A4: Switched shunt data used in the simulation for the two bus case study

Block 1 steps | 500(Mvar)
Block 2 steps | -500 (Mvar)

A.2 Three-bus case study

A.2.1 Generator data

Table A5: Generator data used for both generators in the simulation for the three
bus case study, dynamic data from .dyr file.

Generator source imp. (pu) 0.2

Generator power base (MVA) | 100

GENSAL dynamic model "GENSAL’15.05.1301.1.7.25.2.15.1.3/
SEXS dynamic model 'SEXS’1.22050.105/

MAXEX dynamic model 'MAXEX2’111.71.1301.22101.752 1.05 1 -0.05/
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Chapter A

A.2.2 Branch data

Table A6: Branch data used for all three branches in the simulation for the three
bus case study.

Line R (pu) 0.001
Line X (pu) 0.20
Charging B (pu) | 0.0

A.2.3 Load data

Table AT7: Load data used for both loads in the simulation for the three bus case

study.

Active power (MW)

130.0

Reactive power (MVAr) | 42,7346

A.3 Nordic32 case studies

A.3.1 Case 1 data

Table A8: Modified load data used for Case 1 in the Nordic32, remaining buses
have original load levels.

Load | Active power P (MW) | Reactive power Q (MVAr)
42 450 200
1041 | 900 350
1042 | 400 250
1043 | 300 150
1044 | 600 300
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Chapter A

A.3.2 Case 2 data

Table A9: Modified load data used for Case 2 in the Nordic32, remaining buses

have original load levels.

Load | Active power P (MW) | Reactive power Q (MVAr)
41 550 200
42 450 200
47 200 100
61 500 200
1041 | 600 300
1042 | 300 150
1043 | 300 150
1044 | 900 400
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A.3.3 DISTR1 Mho settings used in the Nordic32

The settings for the DISTR1 model can be found in the Table A10 on the next page
and the settings for the other dynamic models used in the Nordic32 see [5].
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NORDIC32 CASE STUDIES

A.3.

Table A10: DISTR1 Mho settings used in the Nordic32, trip times are set to 2.5, 15 and 30 cycles for the three zones

respectively.

Zone 1 settings [pu]

Zone 2 settings [pu]

Zone 3 settings [pu]

Relay placement | Reach coverage | Branch No.
Z magnitude | Angle | Radius of reach | Z magnitude | Angle | Radius of reach | Z magnitude | Angle | Radius of reach
4047 4043-4044-1044 1 0.016 84.289 | 0.008 0.018 84.289 | 0.009 0.046 86.765 | 0.023
4011 4021-4032-4044 1 0.012 86.186 | 0.006 0.068 84.289 | 0.034 0.111 81.113 | 0.055
4011 4022-4031-4041 1 0.040 84.289 | 0.020 0.048 84.289 | 0.024 0.088 84.031 | 0.044
4012 4022-4031-4042 1 0.028 83.480 | 0.011 0.043 83.630 | 0.021 0.115 83.059 | 0.057
4021 4032-4042-4044 1 0.032 84.289 | 0.016 0.048 82.875 | 0.010 0.082 74.610 | 0.041
4022 4031-4041-4061 1 0.032 84.28 | 0.016 0.048 83.817 | 0.024 0.089 82.827 | 0.044
4022 4031-4041-4062 2 0.032 84.289 | 0.016 0.048 83.817 | 0.024 0.089 82.827 | 0.044
4031 4032-4042-4045 1 0.008 84.289 | 0.004 0.020 83.722 | 0.010 0.064 83.404 | 0.032
4031 4041-4044-4051 1 0.032 81.469 | 0.016 0.046 81.835 | 0.023 0.074 82.760 | 0.037
4031 4041-4044-4051 2 0.032 81.469 | 0.016 0.046 81.835 | 0.023 0.074 82.761 | 0.037
4032 4042-4043-4046 1 0.032 75.937 | 0.016 0.044 76.403 | 0.022 0.058 77.919 | 0.029
4032 4044-4043-4046 1 0.040 83.157 | 0.020 0.052 83.201 | 0.026 0.062 83.376 | 0.031
4041 4044-4043-4046 1 0.024 84.289 | 0.012 0.032 84.289 | 0.016 0.042 84.289 | 0.021
4041 4061-4062-4063 1 0.009 82.405 | 0.004 0.049 82.558 | 0.024 0.071 83.093 | 0.035
4042 4044-4045-4062 1 0.016 84.289 | 0.008 0.024 84.289 | 0.056 0.056 83.682 | 0.028
4042 4043-4046-4047 1 0.012 82.402 | 0.006 0.016 82.626 | 0.008 0.028 83.480 | 0.014
4044 4032-4031-4041 1 0.040 83.157 | 0.020 0.070 83.480 | 0.035 0.152 83.493 | 0.076
1043 1041-1045-1042 1 0.048 80.537 | 0.024 0.085 81.202 | 0.042 0.246 81.703 | 0.121
1043 1041-1045-1042 2 0.049 80.538 | 0.024 0.085 0.085 | 0.042 0.246 81.703 | 0.121
1045 1041-1041-1043 1 0.097 82.875 | 0.048 0.133 82.661 | 0.066 0.198 82.152 | 0.099
1045 1041-1041-1043 2 0.097 82.875 | 0.048 0.133 82.661 | 0.066 0.198 82.152 | 0.099
1044 1043-1041-1045 1 0.064 82.875 | 0.032 0.093 82.568 | 0.046 0.199 81.984 | 0.099
1044 1043-1041-1045 2 0.064 82.875 | 0.032 0.093 82.569 | 0.046 0.199 81.985 | 0.099
1044 1042-1045-1041 1 0.226 82.271 | 0.113 0.343 81.964 | 0.172 0.611 81.432 | 0.305
1044 1042-1045-1041 2 0.226 82.271 | 0.113 0.343 81.964 | 0.171 0.611 81.432 | 0.305
1045 1042-1044-1043 1 0.243 80.537 | 0.121 0.361 80.809 | 0.180 0.602 81.413 | 0.301
1041 1043-1044-1042 1 0.049 80.537 | 0.024 0.077 81.027 | 0.038 0.198 81.984 | 0.099
1041 1043-1044-1042 2 0.048 80.537 | 0.024 0.077 81.027 | 0.038 0.198 81.984 | 0.099
1041 1045-1042-1044 1 0.097 82.875 | 0.048 0.181 82.093 | 0.091 0.481 81.328 | 0.024
1041 1045-1042-1044 2 0.097 82.875 | 0.048 0.182 82.093 | 0.091 0.4816 81.328 | 0.0241
1043 1044-1042-1045 1 0.064 82.875 | 0.032 0.137 82.626 | 0.068 0.424 82.137 | 0.212
1043 1044-1042-1045 2 0.064 82.875 | 0.032 0.137 82.626 | 0.068 0.424 82.137 | 0.212
1042 1044-1043-1041 1 0.226 82.271 | 0.113 0.299 82.303 | 0.149 0.375 82.345 | 0.188
1042 1044-1043-1041 2 0.226 82.271 | 0.113 0.299 82.304 | 0.149 0.375 82.345 | 0.188
1042 1045-1041-1043 1 0.243 80.538 | 0.122 0.328 80.710 | 0.164 0.437 81.184 | 0.219
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System protection relay model
data sheet

Table A1l: Model CONs, STATEs, VARs and ICONs

CONs | Value | Description

G 0.2-27 | TPSI filter time constant
G+1 5 AVR set points increase (%)
G+2 35 Load shed step (%)

G+3 1.8991 | Generator bus 1012 rated field current pu.
G+4 1.8991 | Generator bus 1013 rated field current pu.
G+5 1.8991 | Generator bus 1014 rated field current pu.
G+6 1.8991 | Generator bus 1021 rated field current pu.
G+7 3.0618 | Generator bus 1022 rated field current pu.
G+8 3.0618 | Generator bus 1042 rated field current pu.
G+9 1.8991 | Generator bus 1043 rated field current pu.
G+10 | 1.8991 | Generator bus 2032 rated field current pu.
G+11 | 1.8991 | Generator bus 4011 rated field current pu.
G+12 | 1.8991 | Generator bus 4012 rated field current pu.
G+13 | 1.8991 | Generator bus 4021 rated field current pu.
G+14 | 2.9579 | Generator bus 4031 rated field current pu.
G+15 | 3.0618 | Generator bus 4041 rated field current pu.
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CONs | Value | Description
G+16 | 3.0618 | Generator bus 4042 rated field current pu.
G+17 | 3.0618 | Generator bus 4047 rated field current pu.
G+18 | 3.0618 | Generator 2 bus 4047 rated field current pu.
G+19 | 3.0618 | Generator bus 4051 rated field current pu.
G+20 | 3.0618 | Generator 2 bus 4051 rated field current pu.
G+21 | 3.0618 | Generator bus 4062 rated field current pu.
G+22 | 3.0618 | Generator bus 4063 rated field current pu.
G+23 | 3.0618 | Generator 2 bus 4063 rated field current pu.
G+24 | 1.8991 | Generator bus 4071 rated field current pu.
G+25 | 1.8991 | Generator bus 4072 rated field current pu.
STATESs | Value | Description
S TPSI filter STATE

VARs | Value | Description

D Filtered TPSI (Output channel)

D+1 Internal load shed timer

D+2 TPSI value (Output channel)

D+3 Internal voltage magnitude variable

D+4 Internal voltage angle variable

D+5 Lowest TPSI bus constant MVA load (Output channel)

D+6 Lowest TPSI bus constant admittance load (Output channel)

D+7 Lowest TPSI bus constant current load (Output channel)

D+8 Lowest TPSI bus number (Output channel)

ICONSs | Value | Description

F 41 Bus index for VOLMAG function
F+1 42 Bus index for VOLMAG function
F+2 43 Bus index for VOLMAG function
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ICONSs | Value | Description

F+3 46 Bus index for VOLMAG function
F+4 47 Bus index for VOLMAG function
F+5 51 Bus index for VOLMAG function
F+6 61 Bus index for VOLMAG function
F+47 62 Bus index for VOLMAG function
F+8 63 Bus index for VOLMAG function
F+9 1011 Bus index for VOLMAG function
F+10 1012 Bus index for VOLMAG function
F+11 1013 Bus index for VOLMAG function
F+12 1014 Bus index for VOLMAG function
F+13 1021 Bus index for VOLMAG function
F+14 1022 Bus index for VOLMAG function
F+15 1041 Bus index for VOLMAG function
F+16 1042 Bus index for VOLMAG function
F+17 1043 Bus index for VOLMAG function
F+18 1044 Bus index for VOLMAG function
F+19 1045 Bus index for VOLMAG function
F+20 2031 Bus index for VOLMAG function
F+21 2032 Bus index for VOLMAG function
F+4-22 4011 Bus index for VOLMAG function
F+23 4012 Bus index for VOLMAG function
F+24 4021 Bus index for VOLMAG function
F+25 4022 Bus index for VOLMAG function
F'+26 4031 Bus index for VOLMAG function
F+27 4032 Bus index for VOLMAG function
F+28 4041 Bus index for VOLMAG function
F+29 4042 Bus index for VOLMAG function
F+30 4043 Bus index for VOLMAG function
F+31 4044 Bus index for VOLMAG function
F+32 4045 Bus index for VOLMAG function
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ICONSs | Value | Description

F+433 4046 Bus index for VOLMAG function
F+34 4047 Bus index for VOLMAG function
F+435 4051 Bus index for VOLMAG function
F+36 4061 Bus index for VOLMAG function
F+4-37 4062 Bus index for VOLMAG function
F+38 4063 Bus index for VOLMAG function
F+39 4071 Bus index for VOLMAG function
F+40 4072 Bus index for VOLMAG function

Include SYSPROTMODEL.dIl in simulation.

In .dyr file:

1, 'USRMSC’, "TPSIFOR’, 512, 0, 41, 27, 1, 15, ICON(F)-ICON(F-+40), CON(G)-

CON(G+25)/

The structure of how PSS/E call models in the .dyr file requires that all listed

ICONs and CONs are included.

The models .dll file also need to be imported to PSS/E when running simulations.
When using Python, this is achieved by using the command:

psspy.addmodellibrary (1”Z:\PATH\SYSTEMPROTECTIONMODEL.dII")
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System protection relay model
Fortran code

The code is written using Intel Visual Fortran 2005 with the format .F90 and is
compiled using PSS/E 34 Environment manager with the following steps:

1. Intel Visual Fortran must be installed and linked to the Enviroment manager.
Different versions of Intel Visual Fortran can have differences in syntax.

Choose output folder and name the model .dll file.
Add .F90 file as a "User Model Fortran Source File”.
Compile using "Compile + Create DLL”

A

Check log for errors. Only syntax errors are shown here. Errors in model
functions have to be troubleshooted through writing to the Output bar in
PSS/E with the use of WRITE ( ITERM, *) 'EXAMPLE TEXT’, EXAM-
PLE VARIABLE in the model code.

The model is not generic and changes have to be made in the code for it to suit other
systems. These changes are mainly to be made for the declaration of constants
and variables. These changes include:

e The bus array "BUSNR” which shall include all buses in the system and the
size should be the same as the number of buses. (Line 8 in the source code
of the model)

e The generator bus array "GENBUSNR” shall include bus numbers of all
generator buses in the system. (Line 10 in the source code of the model)
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e The connection matrix "conn” needs to be changed so that it contains con-
nections between all buses. (Lines 51-91 in the source code of the model)

The VOLMAG function used for measurements of voltage and angle requires bus
number in the format ICON as input, The number of ICONs therefore need to be
changed if the system is changed. The number of ICONs that the model uses is
set in the .dyr file and shall be the same as the number of buses.

If the number of generator buses is changed the number of CONs that the model
uses also have to be changed in the .dyr file. The number of CONs must be equal
to the number of generators plus four.

The model only considers active power paths as this proved to be the critical part
for the Nordic32. Reactive power paths were therefore not considered in order to
decrease the simulation time. This might not be true for other systems, where the
reactive power paths also need to be considered. The principle of finding reactive
power paths is the same as for the active with the modification that bus voltages
is considered instead of angles when finding paths [24]. An additional path finding
loop will need to be added for finding the reactive paths. Note that this will almost
double the time consumption of the model.

The model code in Fortran can be seen on the next page.
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!This model is developed by David Stenberg and Joakim Akesson
!Chalmers University of Technology 2016 Electric Power Engineering
SUBROUTINE TPSIFOR (KM, ISLOT)

O W 0 JO) Ul WN

=

12
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17
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22
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28
29
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44
45
46
47
48
49
50
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53

54

55

56

57

58

60

61

INCLUDE

'COMON4 .

INS'

!Declare Variables

INTEGER ISLOT, KM

INTEGER G,S,D,F

INTEGER I,Q, IBUS
INTEGER, DIMENSION (41)::&

!'Inputs

! STRTCCT variables

! Other variables

!Bus number array

BUSNR=(/ 41,42,43,46,47,51,61,62,63,1011,1012,1013,1014,1021,1022,1041,1042,1043,1044,1045¢
,2031,2032,4011,4012,4021,4022,4031,4032,4041,4042,4043,4044,4045,4046,4047,4051, 4061, «
4062,4063,4071,4072/)

INTEGER, DIMENSION(23)::&

!Generator bus number array

GENBUSNR=(/ 1012,1013,1014,1021,1022,1042,1043,2032,4011,4012,4021,4031,4041,4042,4047, "4
4047,4051,4051,4062,4063,4063,4071,4072/)

REAL, DIMENSION (SIZE (BUSNR))::&

!Voltage angle array

anglevector=0.0DO0

REAL, DIMENSION (SIZE (BUSNR)) ::&
voltvector=0.0D0

!Voltage magnitude array

!'AVR change function arrays and variables

INTEGER, DIMENSION (SIZE (GENBUSNR)) ::& !Generator index number array

GENINDEXARRAY=0.0DO

INTEGER, DIMENSION (SIZE (GENBUSNR))::& !Array that stores of an AVR has already been 4
increased

VREFCHECK=0.0DO

REAL, DIMENSION (SIZE (GENBUSNR))::&

GENOEL=0.0DO0O

REAL, DIMENSION (SIZE (GENBUSNR))::&

GENVREF=0.0D0

REAL, DIMENSION (SIZE (GENBUSNR))::&

GENFIELD=0.0DO

!Generator signal retrival
!Generator VREF retrival

!Generator field current retrival

CHARACTER GENIDENTIFIER

!Various variables,arrays and
j,k,n,m,y,p,NONzeros, APbuscounter, GENINDEX
number_of_paths,unstablepaths, stablepaths, startbus, A, stackL, stackindex, "4

INTEGER
INTEGER

constants for TPSI algorithm

childcheck,visitedL,visitedindex, TPSIBUS

REAL

LOGICAL
LOGICAL
LOGICAL

REAL connpos

childangle, TPSI_pathsum, TPSI_new, TPSI, Ts
stopp
back
visitedcheck

REAL, DIMENSION (20)::&

angledeg=0.0d0

INTEGER, DIMENSION(20) ::&
activepowerbuses=0.0d0
INTEGER, DIMENSION(1000)::&

stack=0.0d0

INTEGER, DIMENSION(1000)::&

visited=0.0d0

INTEGER, DIMENSION(10)::&

childs=0.0d0

REAL, DIMENSION(:),
INTEGER, DIMENSION(:),
INTEGER, DIMENSION(:),
INTEGER, DIMENSION(:),

ALLOCATABLE angle2
ALLOCATABLE activepowerbuses?2
ALLOCATABLE stack2
ALLOCATABLE childs2

!Declare connection matrix

INTEGER conn (41,

conn(1:41,1)=(/

0,0,0,0 /)
conn(1:41,2)=(/
0,0,0,0 /)
conn(1:41,3)=(/
0,0,0,0 /)
conn(1l:41,4)=(/
0,0,0,0 /)
conn(1:41,5)=(/
0,0,0,0 /)
conn(1:41,6)=(/
0,0,0,0 /)
conn(1l:41,7)=(/
0,0,0,0 /)
conn(1:41,8)=(/
1,0,0,0 /)
conn(1:41,9)=(/
)

0,1,0,0 /

41)
1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,¢

¢,1,09,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,¢
¢,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,¢
¢,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,¢
6,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,¢
¢,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,¢
¢,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,¢
¢,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,¢

¢,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,¢



62

63

64

66

67

68

70

71

72

73

74

76

77

78

80

81

82

83

84

85

86

87

88

95
96
97
98
99
100
101
102
103
104

conn(1:41,10)=(/

,0,0,0,0 /
conn(1:41,11)=(/
,0,0,0,0 /
conn(1:41,12)=(/
,0,0,0,0 /
conn(1:41,13)=(/
,0,0,0,0 /
conn(1:41,14)=(/
,0,0,0,0 /
conn(1:41,15)=(/
,0,0,0,0 /
conn(1l:41,16)=(/
,0,0,0,0 /
conn(1:41,17)=(/
,0,0,0,0 /
conn(1:41,18)=(/
,0,0,0,0 /
conn(1:41,19)=(/
IOIOIOIO/
conn(1:41,20)=(/
,0,0,0,0 /
conn(1:41,21)=(/
,0,0,0,0 /
conn(1:41,22)=(/
,0,0,0,0 /
conn(1:41,23)=(/
,0,0,1,0 /
conn(1:41,24)=(/
IOIOI]—IO/
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)

)

)

)

)

)

)
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)
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)

)

)

)

)

)

)

)

conn(1:41,25)=(/
,0,0,0,0 /)

conn(1:41,26)=(/

)

)

)

)

)

)

)

)

)
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)

)

)

)

)
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,0,0,0,0 /
conn(1:41,27)=(/
,0,0,0,0 /
conn(1:41,28)=(/
,0,0,0,0 /
conn(1:41,29)=(/
,0,0,0,0 /
conn(1:41,30)=(/
,0,0,0,0 /
conn(1:41,31)=(/
,0,0,0,0 /
conn(1:41,32)=(/
,0,0,0,0 /
conn(1:41,33)=(/
,1,0,0,0 /
conn(1:41,34)=(/
,0,0,0,0 /
conn(1:41,35)=(/
,0,0,0,0 /
conn(1:41,36)=(/
,0,0,0,0 /
conn(1:41,37)=(/
,1,0,0,0 /
conn(1:41,38)=(/
,1,1,0,0 /
conn(1:41,39)=(/
,1,1,0,0 /
conn(1:41,40)=(/
,0,0,1,1 /
conn(1:41,41)=(/
,0,0,1,1 /

!Model Start

IF (KM.EQ.1l) THEN
!Get starting ind
G=STRTCCT (1, ISLOT
S=STRTCCT (2, ISLOT
D=STRTCCT (3, ISLOT
F=STRTCCT (4, ISLOT
IF (MODE.EQ.1)
VAR (D+2) = 0.

THEN !

¢,0,0,0,0,0,0,0,0,1,0,1,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0, O
¢,0,0,0,0,0,0,0,0,0,1,0,1,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,1,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, O
¢,0,0,0,0,0,0,0,0,0,1,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, O
6,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0, O
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, O
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, O
6,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0, O
6,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,0,0,1,0,0,0,0,0,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0, O
¢,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,0,0,0,0,0, O
6,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,1,1,0,1,0,0,0,0,0,0,0,0,0,0, 0w
,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,0,0,1,0,1,0,0,0,0,0,0, Ow
6,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,1,1,0,1,1,0,0,0,0,0,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,1,1,1,1,0,0,0,0,0,0,0, O
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,1,0,1,0,1,0,0,0,0, O
1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,0,0,1,0,0,0,0, 1¢
,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1,0,1,1,1,0,0,0,0, Ow
6,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,1,1,1,1,1,1,0,0,0, O
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,1, O
6,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1,1,0, 0w
0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1,1,0, O
6,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1, 00
¢,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0, 1
¢,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0, 1
6,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0w
¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0, O

¢,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, O

ices

) ! CON
) ! STATE
) VAR

) 1 TCON

Mode=1 Initialize at STRT

3 ! TPSI
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STATE (S) = VAR(D+2)
VAR (D+1)=1000
I'VREFCHECK (9) =1
VREFCHECK (22)=1
VREFCHECK (23)=1
ENDIF 'End of Mode 1

IF (MODE.EQ.2) THEN ! Mode=2

DSTATE (S) = (VAR(D+2)-STATE(S))/CON(G)
ENDIF 'End of Mode 2
IF (MODE .EQ. 3) THEN 'Mode=3 Update output signal from model
DO 0=0,SIZE(BUSNR)-1,1 !Voltage magnitude and angle measurement

CALL VOLMAG (F+Q,D+3,D+4)

voltvector (Q+1)=VAR (D+3)

anglevector (Q+1)=VAR(D+4)
END DO

! TPSI-LOOP START
j=0
k=0
n=1
m=1
NONzeros=0
stopp=.true.

!'Find Active power buses, (Buses which voltage angle is
!"ahead" of all other busses connnected to that bus)
DO j=1,SIZE(BUSNR),1 !Loop through connection matrix to find sending buses
n=1
angledeg=0.0d0
DO k=1, SIZE(BUSNR), 1
connpos=conn(j, k)
IF (connpos==1) THEN !Compare bus angle to connected bus(es) angle(s)
angledeg(n)=anglevector (j)-anglevector (k)
n=n+1
END IF
END DO
NONzeros=COUNT (angledeg/=0)
ALLOCATE (angle2 (NONzeros) )
angle2=PACK (angledeg, angledeg/=0)
IF (all (angle2>0) ) THEN
activepowerbuses (m)=j !Store sending bus in array of
m=m+1 !'sending buses for use in TPSI algorithm
END IF
DEALLOCATE (angle?2)
END DO

NONzeros=COUNT (activepowerbuses/=0)
ALLOCATE (activepowerbuses2 (NONzeros) )
activepowerbuses2=PACK (activepowerbuses, activepowerbuses/=0)

| A OO A O

!'Tnitiation of TPSI algorihtm
TPSI=0.6
number_of_paths=0
unstablepaths=0
stablepaths=0
ALLOCATE (stack2 (1))
ALLOCATE (childs2 (1))
DO APbuscounter=1, SIZE (activepowerbuses2),1
!Loop though all sending end buses
'Reset values for next sending end bus
j=0
k=0
n=1
m=1
NONzeros=0
stopp=.true.
back=.false.
startbus=activepowerbuses2 (APbuscounter)
A=startbus
stackindex=1
visitedindex=2
visited=0.0d0
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stack=0.0d0
visited(1l)=A
stack (1)=A

!'Path finding algorithm
DO WHILE (stopp==.true.)

IF ((back==.true.).and. (ALL(stack==0)))THEN
stopp=.false. 'Exit if path is found
EXIT

END IF

'Reset connditions for path iteration

back=.false.

childs=0.0d0

j=0

3 ? ~
=P o

DO k=1, SIZE(BUSNR), 1
childangle=anglevector (A) —anglevector (k)
connpos=conn (A, k)

IF (connpos==1 .and. childangle>0)THEN

childs (n)=k !'Find conneced buses with increasing voltage angle
n=n+1;

ELSE IF (ALL(childs==0) .and. (k==SIZE(BUSNR)) .and. (stackindex>1))THEN
DEALLOCATE (stack?2) 'Tf end of path is found

NONzeros=COUNT (stack/=0)

ALLOCATE (stack2 (NONzeros) )

stack2=PACK (stack, stack/=0)

number_of_paths=number_of_paths+1

TPSI_pathsum=0

DO stackL=1, (SIZE(stack2)-1),1 !Calculate the TPSI value of the path

TPSI_pathsum=TPSI_pathsum+ ( (voltvector (stack2 (stackL))-(voltvector (stack2
(stackL+1)) *cosd (anglevector (stack2 (stackL))-anglevector (stack2 (stackL+1))))) *cosd
(anglevector (stack2(1l))-anglevector (stack2(stackL))))
END DO

TPSI_new=(0.5*voltvector (stack2(1l)))-(TPSI_pathsum)
IF ((TPSI_new<TPSI))THEN !Save new TPSI value if lower than previous value
TPSI=TPSI_new
stablepaths=stablepaths+1
TPSIBUS=stack (stackindex)
END IF
stack (stackindex) =0
stackindex=stackindex-1
A=stack (stackindex)
back=.true.
EXIT 'Exit loop when new path is found
ELSE IF (ALL(childs==0) .and. (k==SIZE(BUSNR)) .and. (stackindex<=1))THEN
back=.true.
stack (stackindex)=0 !Check if all paths have been found

END IF !for the current sending end bus
END DO
IF (back==.false.)THEN 'Find next bus in path

DEALLOCATE (childs2)
childcheck=1
NONzeros=COUNT (childs/=0)
ALLOCATE (childs2 (NONzeros) )
childs2=PACK (childs, childs/=0)
DO y=1,SIZE(childs2),1 !Loops to prevent the same path to be used twice
visitedL=SIZE(visited) !and to choose the next bus in the current path
DO k=1,visitedL,1
IF (visited(k)==childs2(y) ) THEN
visitedcheck=.true.
EXIT
ELSE IF (k==visitedL .and. visited(k)/=childs2(y))THEN
visitedcheck=.false.

END IF
END DO
IF (visitedcheck==.false.)THEN !Continue with path if connected
A=childs (y) !'buses have not been visited though
stackindex=stackindex+1 'this bus for the current path

stack (stackindex)=A
visited(visitedindex)=A
visitedindex=visitedindex+1
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childcheck=childcheck+1

EXIT
ELSE IF (childcheck==SIZE (childs?2))THEN
stack (stackindex)=0 !Tf no conected buses, revert to previous bus

stackindex=stackindex-1

back=.true.

IF (stackindex>0) THEN
A=stack (stackindex)

END IF

DO p=1,SIZE(visited), 1l !Remove buses connected to current bus from
DO j=1,SIZE(childs2),1l !visited so that they can be visited once

IF (visited(p)==childs2(j))THEN !again through another "parent" bus.

visited(p)=0
END IF
END DO
END DO
ELSE
childcheck=childcheck+1
END IF
END DO
END IF
IF ((back==.true.).and. (ALL(stack==0)))THEN
stopp=.false.
EXIT
END IF
END DO
END DO
!'TPSI-LOOP FINISHED

DO y=1,SIZE (GENBUSNR), 1
GENIDENTIFIER='1"
IF (GENBUSNR (y) ==GENBUSNR (y—-1) ) THEN
GENIDENTIFIER='2"'
END IF
IBUS=GENBUSNR (y)
CALL GENCHK (IBUS,GENIDENTIFIER, GENINDEX, 'error') !Get machine index

GENINDEXARRAY (y)=GENINDEX !Machine index array

GENOEL (y) =VOEL (GENINDEX) '0EL activation array
GENVREF (y) =VREF (GENINDEX) IVREF array

GENFIELD (y)=XADIFD (GENINDEX) 'Machine field current array

END DO

IF (((COUNT (GENOEL/=0))>0) .AND. (CON(G+1)>0) .AND. (STATE(S)<0.15) ) THEN

DO y=1,SIZE(GENOEL),1 !Tncrease AVR set points when an OEL is activated and TPSI<O.
15
IF ( (GENOEL (y)==0) .AND. (GENVREF (y)<1.1) .AND. (GENFIELD (y) < (CON (G+3+y)*1)) .AND.
(VREFCHECK (y) ==0) ) THEN
VREF (GENINDEXARRAY (y) ) =GENVREF (y) * ( (CON(G+1) /100) +1) !AVR set point increase
VREFCHECK (y) =1 !Set check so the current
WRITE ( ITERM, * ) 'generator will not increase AVR set point again
WRITE ( ITERM, * )
WRITE ( ITERM, * ) 'NORDIC32 SYSTEM PROTECTION RELAY MODEL'
WRITE ( ITERM, * ) 'VREF INCREASE AT BUS' , GENBUSNR(y), 'by', CON(G+1l), 'S’
WRITE ( ITERM, * )
WRITE ( ITERM, * )
END IF
END DO
END IF

IBUS=BUSNR (TPSIBUS)
CALL LODCHK (IBUS, 'l', I)!Get lowest TPSI load index

VAR (D+5)=CLODFR(1,I) !Constant MVA

VAR (D+6)=CLODFR(2,1I) !Constant admittance

VAR (D+7)=CLODFR (3, 1I) !Constant current

VAR (D+8)=BUSNR (TPSIBUS) !'Lowst TPSI bus number to output variable
VAR (D+1)=VAR(D+1)+1 !'Load shed delay timer increase

IF ((STATE(S)<CON(G+3)) .AND. (VAR(D+1)>1000) .AND. (CON(G+2)>0)) THEN

CLODFR(1,I)=VAR(D+5)* (1-(CON(G+2)/100)) !Shed constant MVA
CLODFR(2,I)=VAR(D+6)* (1-(CON(G+2)/100)) !Shed constant admittance
CLODFR(3,I)=VAR(D+7)* (1-(CON(G+2)/100)) !Shed constant current
VAR (D+1)=0 !Reset timer

WRITE ( ITERM, * )
WRITE ( ITERM, * )
WRITE ( ITERM, * ) 'NORDIC32 SYSTEM PROTECTION RELAY MODEL'

"4

"4



326 WRITE ( ITERM, * ) 'LOAD SHEDDED AT BUS:',IBUS,' BY ', CON(G+2)
327 WRITE ( ITERM, * )

328 WRITE ( ITERM, * )

329 END IF

330 7 VAR(D+2) = TPSI

331 VAR (D) =STATE (S)

332 ENDIF 'End of Mode 3

333

334 IF (MODE .EQ. 4) THEN !Mode 4 Update variable NINTEG
335 NINTEG = MAX(NINTEG, S)

336 RETURN

337 ENDIF 'End of Mode 4

338

339 IF (MODE .EQ. 8) THEN !Mode 8 Parameter description for ADD/EDIT constants
340 CON_DSCRPT (1)="'Title of CON1'

341 CON_DSCRPT (2)="'Title of CON2'

342 ENDIF 'End of Mode 8

343 ENDIF

344 END SUBROUTINE TPSIFOR
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