
   Degree project in

Remedial Action Schemes Derived from
Dynamic Security Assessment

Xiang Gao

Stockholm, Sweden 2012

XR-EE-ES 2012:001

Electric Power Systems
Second Level,



 

 
 

 
 
 
 
 
 

Remedial Action Schemes Derived from 
Dynamic Security Assessment 

 
 
 
 
 
 
 

Xiang Gao 
 

Electric Power Systems Lab 
Royal Institute of Technology (KTH) 

 
 

Energy Sector 
Siemens AG 

 
 
 
 
 

 

 

 
 
 
 



 

i 
 

Abstract 
Electric power is becoming more and more important in the modern world. Since 
most electric power utilizations should be supplied by the power transmission and 
distribution system, the security of power system is paid more and more heed to 
nowadays. All over the world, there are some trends to introduce the deregulated 
power system into the power system operation, and to increase the stability of electric 
power supply. As a result, making accurate predictions for the power system operating 
conditions is an important task for the current power system research. The research 
mainly interests in checking if the operating conditions are acceptable after 
contingencies. 
Dynamic Security Assessment (DSA) is proposed and studied under such context. 
One tool to implement the DSA is to create the Stability Indices (SI) system. The SI 
system is used to indicate the operating conditions for the power system. 
This master thesis project aims to develop the appropriate Remedial Actions Scheme 
(RAS) by using the SI system. The RAS is used against different instabilities. 
Firstly, all indices of the SI system are summarized. The summarization is based on 
theoretical study on to-date DSA researches. The indices of the SI system are able to 
predict power system operating conditions. They are also able to release the stress of 
DSA computing, and to reduce misclassification and failed-alarm. The SI system is 
computed by quantities of state variables from the components of the power system. 
Secondly, the functionalities of different remedial actions are clarified. Then, those 
remedial actions are used to develop the RAS. The RAS is developed according to the 
evaluation by the SI system. Using the SI system, different remedial actions are tested 
and evaluated. The results of evaluation are used to develop and categorize different 
RASs against different instabilities. After that, the RASs are analyzed, and qualities of 
RASs are ranked by the SI. In this way, more suitable RAS against each type of 
instability is developed. 
The results show the process of analysis is both fast and accurate. All analysis and 
evaluations are implemented by simulation software of PSSTMNETOMAC. 
The thesis has been implemented between cooperation of Royal Institute of 
Technology (KTH) in Sweden and Energy Sector of Siemens AG in Germany. 
Key words: power system stability, dynamic security assessment, remedial action 
scheme, security index 
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Sammanfattning 
Elkraftsystem blir allt viktigare i det moderna samhället. Mer fokus läggs på 
säkerheten sätt ur en stabilitetssynvinkel. Hög tillförlitligheten krävs inom 
elkraftstillämpningarna och såldes läggs mer och mer fokus på säkerhet och stabilitet. 
Avregleringen inom elkraftsystemen ger nya utmaningar, man behöver övervakning 
av stabilitetsgränser för olika driftspunkter. En del inom forskningen fokuserar på att 
säkerställa så att driftsförhållandena är acceptabla efter oförutsedda händelser.  
Dynamisk stabilitetsövervakning (eng. Dynamic Security Assessment  DSA) har 
utvecklats för att studera dessa problem. Ett verktyg för detta är stabilitetsindex (SI). 
Dessa SI används för att bevaka den aktuellt driftspunkten. 
Detta examensarbete syftar till att utveckla lämpligt beslutssystem (eng. Remedial 
Actions Scheme RAS) för att motverka olika sorters oförutsedda händelsers inverkan 
på elkraftsystemet genom användning av stabilitetsindexsystemet. 
Alla analys och utvärdering implementeras i simuleringsmjukvaran 
PSSTMNETOMAC.  
Examensarbetet har genomförts genom att samarbete mellan Kungliga Tekniska 
Högskolan i Sverige och Energy Sector vid Siemens AG i Tyskland.  
Sökord: stabilitet i kraftsystem, dynamisk stabilitetsövervakning, stabilitetsindex 
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Nomenclature 
DSA: Dynamic Security Assessment 
p.u.: per-unit 
E.P.: Equilibrim Point 
SI: Security Index 
RAS: Remedial Actions Scheme 
FIS: Fuzzy Inference System 
TI: Transient Index 
QSI: Quasi Stationary Index 
PFI: Power Flow Index 
AI: Angle Index 
MFDI: Maximum Frequency Derivation Index 
FRTI: Frequency Ride Through Index 
DVI: Dynamic Frequency Index 
QSVI: Quasi Stationay Voltage Index 
LPFI: Line Power Flow Index 
TPFI: Transformer Power Flow Index 
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1. Introduction: 

1.1 Power system nowadays 
The power transmission and distribution system connects suppliers and consumers of 
electric power together. Electric power has heavy effects on many fields in modern 
world. From household users till giant industries, electric power is connected 
everywhere. 
Electric power plants are usually not located in the center of heavy load areas. It 
implies that electric power needs to be transmitted through the power transmission 
system (the power system). Therefore, the power system plays an extremely 
significant role in the electric power industry. 
Electric power has its special character. The character is electric power should be 
consumed almost instantly after its having been produced. It requires highly that the 
balance of supply and demand of electric power must be satisfied. 
With the development of technology, there are many new challenges for the power 
system nowadays. These challenges include: the network of power system becoming 
complex; the amount of electric power consumption increasing; harmonics being 
introduced into the power system; more penetration of renewable energy; and the 
application of electricity market system etc. 
Fundamentally, the power system operation becomes complicated. The amount of 
information for the operation increases [1]. Contingencies of the power system can 
easily cause cascading events [2]. Even small contingencies can be spread to entire 
network easily and fast [2]. 

1.2 Power system security 
Keeping the power system to be operated in secure states is one of the essential tasks 
for operators and researchers. After some big blackouts happened in Europe and 
America which has caused huge damage to many aspects such as economy and 
society, increasing operating security of the power system becomes more important. 
Making accurate prediction during real-time operation for the power system can help 
increase security of the power system, especially after the power system is injected by 
severe contingencies. 
The operating states of power system components change all the time [2]. If those 
instantaneous changes can be captured, the contingencies can be detected in time. 
Thus, the risk of contingencies can be reduced, and some cascading events can be 
avoided. Therefore the secure level of power system increases. 

1.3 Dynamic Security Assessment (DSA) 
The solutions against instability of the power system should be able to be 
implemented under real-time operating atmosphere. The instability of the power 
system can be voltage collapse, frequency collapse, overload, etc. To analyze the 
real-time operation, light stress of computation is required since the time frame of the 
analysis is usually less than tens of seconds [3]. 
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Recently, the Dynamic Security Assessment (DSA) is being paid more attentions by 
researchers. DSA is able to release the computing stress [3]. One tool of implementing 
DSA research is trying to create Stability Indices (SI) directly from quantities of state 
variables from components of the power system. Those quantities include: transmitted 
power through line, voltage at bus, angle at bus etc. All the quantities are scalars. 
Once the instability or potential instability is detected, operator of the power system 
will adopt appropriate actions to remediate operating state of the power system. This 
process requires power system operator to design Remedial Action Scheme (RAS) in 
advanced. During real-time operation, operator will choose most suitable pre-defined 
RAS, update the RAS according to latest operating condition and prediction, and then 
apply it on the power system. 

1.4 Guideline of the project 
The project aims to develop RASs to against different types of instabilities of power 
system in an accurate way. The author has summarized the SI in the project. The 
summarization is by means of literature study on the DSA. Different types and 
functionalities of remedial actions have been classified by the author as well. The types 
include preventive actions, emergency actions, and restoration actions. The functionality 
may be changing reactive power distribution, changing active power distribution, 
islanding etc. The author studies the relationship between those remedial actions and 
the power system security. To develop different RASs for a test system, the author has 
simulated an exhaustive list of contingencies. The contingencies which are 
fundamentally critical to the security of power system are identified. Then, performance 
of remedial actions against those contingencies has been evaluated by the author. Finally, 
different RASs have been developed. What remedial actions are suitable to constitute 
one RAS is evaluated by the SI system. The quality of RAS is also tested by the author 
using the SI system. 

1.5 Description of the report 
In the text of report, a brief introduction of characters of the modern power system 
and the operating constraints for the power system will be described at Chapter 2. 
Then a review on state-of-art DSA researches will be carried out in Chapter 3. In 
Chapter 4, the SI will be summarized based on the previous study. Chapter 5 will 
present the evaluation on functionalities of different remedial actions, and map links 
between SI and remedial actions. The case study will be applied on a test system, and 
the case study will indicate how to develop the intelligent RASs for the test system. 
The details of case study will be presented from Chapter 6 to Chapter 10. The main 
text will be ended with conclusion and the predictions of the future study in Chapter 
11. 
 
 
 
 



 

3 
 

2. Power system 

2.1 Transmission technology of the power system 
The power system is a large network connecting generators and electric power 
utilities together. 
There are two technologies of electric power transmission: Direct Current (DC) and 
Alternating Current (AC). 
DC technology is the unidirectional flow of electric charge. There are many types of 
waveform of DC current. The typical waveform of DC current is shown in figure 2.1. 

 

Figure 2. 1 DC waveform 

AC technology means the movement of electric charge periodically reversing 
direction. The magnitude of current may vary periodically with time as well. The 
waveform of AC current is normally sinusoidal with frequency at 50Hz or 60Hz. The 
network of AC transmission system normally contains three phases with each phase 
leading others by 120 electrical deg. The typical waveform of three-phase AC current 
is shown in figure 2.2. In the past time, AC transmission was easy to be achieved. Due 
to this reason, the AC transmission is still dominantly used by the power system 
nowadays. 

 
Figure 2. 2 The three-phase AC waveform 

http://en.wikipedia.org/wiki/Electric_charge�
http://en.wikipedia.org/wiki/Electric_charge�
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2.2 Modeling the power system 

2.2.1 Component models 
To assess the security, the power system for testing should build firstly. The model of 
test system should include all components which are possible used in the assessment. 
The testing system must have the ability to simulate all phenomena of interests by the 
researchers. The components being comprised in power system include generators, 
transmitting lines, transformers, protect devices, loads, and node etc. 
The main components are introduced in following sub-sectors. 
 

Generator 
There are many different types of turbines for generator. Three types are most 

commonly used: hydraulic, steam and gas. Different types of generator used different 
energy sources and have different mechanical characters. 

The generators often use synchronous machine. However there are generators 
using asynchronous machines as well. The synchronous machine is an AC machine 
which its rotating speed of rotor is in synchronism with the frequency of the power 
system [4]. The synchronous machine normally needs exciter. The exciter will 
generate the magnetic field to for producing electric power [4]. 

The voltage regulators and governers are always installed into the generator. The 
voltage regulator will regulate the voltage magnitude of the generator within a range 
[5]. The turbine governer will control the speed of the generator in a range [5]. All the 
devices will help the stable operation of the generator. 

In this project, the generator models used are two-axis model. The model is 
commonly used for steam and gas turbine [5]. All generators are synchronous 
generator. 
 

Transmission line 
The transmission lines are modeled based on different lengths. Normally the 

commonly used model is derived from line with medium length. It is called ‘π’ model 

shown in figure 2.3. 

 
Figure 2. 3 ‘π’ model of line 

Here R and jX indicate the resistor and reactance of the line respectively. jbsh 
represents the shunt admittance along the line, and it is divided into two parts shunted 

http://en.wikipedia.org/wiki/AC_motor�
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at both terminals of the line. 
 

Transformer 
The transformer is used to connect the networks of different voltage levels. There 

is step-up transformer, which increases the voltage level from low to high. There is 
also step-down transformer which does the opposite action. During analysis, the 
different voltage levels are converted into the same one. The model of transformer can 
be presented by impedance and admittance in the electrical circuit. 

The model of transformer can be presented in several ways. For solving realistic 
problems, the simplified model is used [4]. This model presents the transformer as the 
impedance, which is connected in series with other components in the circuit. In 
figure 2.4, Zt represents the transformer. Since the transformer has at least two voltage 
levels, the parameters to calculate Zt should be at the same voltage level as Zload. 

 
Figure 2. 4 Simplified model of transformer in circuit 

uk is normally-used parameter to compute the impedance of transformer i.e. Zt. 
The relationship between Zt and uk is referred as equation (2.1) [4]. 

                                   

k N
t

N

u UZ
I

=
                              (2.1) 

UN and IN are the rated voltage and current of the transformer at the side of Zload. 
The values of uk, UN and IN are provided by the manufacture of the transformer [4]. 
 

Protective devices 
The typical protective device is relay. The task of protective devices is to 

disconnect failed or equipment or part of the network of the power system to avoid 
unnecessary damages on equipment and personnel [2]. The purpose is also to limit the 
impact of contingency to the rest of the network. 
 

Load 
The loads are modeled as many types, such as constant impedance load, constant 

current load and constant power load [5]. Each type of load means its impedance, 
injected current, and consumption of electric power, will keep as constant. 

In this project, the object is to make sure the power system can supply enough 
amount of electric power to consumers. The required electric power by consumers 
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will not be changed by technical issues, so the load should be kept as constant. 
Therefore the constant power loads are used. 
 

Node 
Strictly, nodes in a power system are not components. There is no certain 

equipment named as node in the power system. However in the analysis of the power 
system, nodes are important to model the test system. The node provides the 
information about the voltage level. The node also performs as the connection point of 
different other components. Besides, many short-circuit tests are applied on nodes. 
The magnitude of voltage during analysis is often measured at node. 

In reality, the nodes can be busbars. 
 

2.2.2 Per-unit system 

The per-unit (p.u.) system is widely used for power system calculation. A p.u. system 
provides units for power, voltage, current, impedance, and admittance [4]. Only two 
of them are independent, usually power and voltage [4]. The p.u. system is fractions 
defined by real value and base value of quantities of state variables. For example, the 
impedance of a line in per-unit is: 

                            

2

. . ,real base
p u base

base base

Z UZ Z
Z S

= =
                         (2.2) 

By normalizing quantities of state variables to a common base, both hand and 
automatic calculations are simplified. The reason is quantities expressed as p.u. are of 
regardless of the voltage level [4]. Similar type of components on different ratings 
will have similar p.u. impedances and losses, regardless of their absolute size. Even if 
the unit size varies from tens to thousands [4]. 

2.3 Characters of load flow and optimization 
There are four state variables used for load flow calculation. They are the voltage 
magnitude Ui and angle θi at each node, and active and reactive power Pi, Qi injection 
at each node. Here i means the number of node. 
There are three types of nodes. Each type of node will be categorized by the known 
state variables. Table 2.1 shows the categorizations of the nodes. 

Table 2. 1 Nodes Categorizations 

Node type Known variables Unknown variables 
Slack node Ui, θi Pi, Qi 
P, Q node Pi, Qi Ui, θi 
P, U node  Pi, Ui Qi, θi 

 
For each unique power system, only one certain node will be considered as slack node. 
The node is commonly determined by power system operator. 

http://en.wikipedia.org/wiki/Electric_power�
http://en.wikipedia.org/wiki/Voltage�
http://en.wikipedia.org/wiki/Current_(electricity)�
http://en.wikipedia.org/wiki/Electrical_impedance�
http://en.wikipedia.org/wiki/Admittance�
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The load flow is calculated by (2.3) and (2.4). 

                

2

1
[ cos( ) sin( )]

n n

i ik il i i l il il il il
l l

P P g U U U g bθ θ
=

= = − +∑ ∑
           (2.3) 

         

2
0

1
( ) [ sin( ) cos( )]

n n

i ik i i il i l il il il il
l l

Q Q U b b U U g bθ θ
=

= = − − − − −∑ ∑
         (2.4)

 

The explanations of all elements in the equations are listed below: 
i, l = 1,..., n, node number; 
Pi active power generated or injected at the node i; 
Qi reactive power generated or injected at the node i; 
Pil active power through line between node i and node l; 
Qil reactive power through line between node i and node l; 
|Ui| voltage magnitude at the node i; 
θil = θi –θl 
θi voltage angle of the node i; 
bi0 is the conductors connected to node i; 
yjl =gjl+ jbjl: 
if i = l, yjl is the sum of admittance connected to node i; 
if j ≠ k, yjl is the admittance between the nodes i and l, but multiplied by -1. 
The load flow calculation is implemented using the known variables from different 
nodes and their types. It consists in calculations of unknown variables of the voltages 
and angles at nodes, and the amount of reactive power. It also calculates power flow 
through lines. The load flow calculation is under the situation all the components of 
power system are not abnormal and the quantities of state variables do not vary with 
time. 
The goal optimizing load flow is the reduction of losses during transmission. Besides 
reducing transmitting losses, optimizing load flow also include keeping all node 
voltages normally, evaluating optimum amount of current through each transmission 
line, and dispatching generation amount for each generating unit (active and reactive), 
etc. [6]. 

2.4 Operations of power system 

2.4.1 Equilibrium point 
Power system should be operated at stable Equilibrium Point (EP) [2]. The general 
concept of EP can be explained by a ball system shown in figure 2.5. The small ball 
can stay stable at P1 and P2. Therefore P1 and P2 are EPs for the ball system. If a 
disturbance is injected to P1, the ball will leave this point, but it may get back to the 
point and stay stable here eventually. While a disturbance is injected to P2, the ball 
will leave this point and never come back. Hence P1 is considered as stable EP and P2 
is unstable EP. 
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Figure 2. 5 Description of different EP 

The values of EP for power system can be computed when the set of Differential and 
Algebraic Equations (DAE) (2.5), (2.6) equals zero. The set of DAE is used to 
describe characters of power system: 

                                  ( , , )x f x y u
•

=                             (2.5) 

                                  0 ( , , )g x y u=                             (2.6) 

Here x represents system state variables of generators. Those state variables include: 
speed of generator, rotor angle, electromagnetic force etc. The number of variables of 
each generator depends on how the generator is modeled. The y represents system 
state variables of network. They are the voltage magnitude and angle at each node. 
The u is additional state variables derived from regulating devices of the generators. 
Unfortunately the set of DAE has non-linear property. 
The operating states of power system are calculated by (2.5), (2.6). There are three 
kinds of operating states: steady state, dynamic state and quasi-stationary state [2], 
[6]. 

2.4.2 Steady state 
If the operating state is at an EP of the power system, then it will stay there. Such 
operating state is regarded as the steady state [2]. During operating at the steady state, 
the state variables can change. However they can be represented by time-invariant 
model [2]. 
The operating actions for steady state are classified as steady operation. The 
operations of steady state focus on the load flow. The operator must make the electric 
power demand can be satisfied [5]; reduce the loss during transmission; avoid 
possible overload on transmission equipments [5]; ensure there is enough reserve of 
components to sustain from contingencies [8]; etc. 

2.4.3 Dynamic state 
If the operating state is not an EP, then the operating state will continuously change 
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until it reaches one EP of the power system itself [2], [5]. During the whole process 
when operating states continuously changing, the operating state is regarded as 
dynamic state. The operating actions for dynamic state are classified into dynamic 
operation. 
Dynamic state concerns the situation when the power system is undergoing changes 
of operation [3]. When changes of the power system occur, the various state variables 
of power system will respond. Strictly speaking, small load variation is also a change. 
However, this project focuses on these changes which are not able to be analyzed by 
time-invariant model, and not all dynamic states are dangerous to the power system 
security [2]. 
Changes of the power system are mainly caused by contingencies, remedial actions, 
etc. 
Contingencies directly lead state variables of the power system varying. For instance, 
short circuit introduces over current, oscillation of generator, etc. Therefore the 
operating states of the power system will change. 
Regardless the remedial actions are correct or incorrect, some of the remedial actions 
can trip the transmission line and the generator, etc. Those actions may change the 
configuration of the power system network or the electric power balance, which leads 
the state variables to respond. 
Analysis for the performances of the power system components during dynamic state 
is dynamic stability analysis. Dynamic analysis must figure out how to help the power 
system regain one stable EP of the power system [5]. 

2.4.4 Quasi-steady state 
Quasi-steady state implies that the operating state of power system is closing to one of 
its EPs, but the power system is still not at exactly steady state [1], [7], [9]. 
Quasi-steady state is the post-contingency condition of the power system. It reflects 
the process of recovery of the power system from dynamic state to steady state [1], 
[9]. 

2.5 Power system operating constraints 

2.5.1 Objective of power system security 
The security of power system is primordial to require the power system should supply 
electric power in an efficient, economical, high quality and reliable way. The 
operating state of each component should fulfill the constraints of power system 
operation [8]. The requirements of security also include the ability of power system 
withstanding contingencies [2], [5]. 
A mature power system nowadays must fulfill the N-1 criterion at all time. This 
criterion means if the power system being injected by a contingency, one important 
component being lost, the power system should remain in a secure operating state [5]. 
If the power system loses an important component, the power system should regain a 
new secure state which fulfills N-1 criterion within a specific time (normally, 15 – 20 
minutes) [5]. Then the power system will have the ability to withstand a new possible 
contingency. 
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Currently, due to increasing demand of electric power, and the electricity market 
atmosphere, resulting in power system operation has to be exploited closer and closer 
to its operating limits [10]. The network modernization by continually upgrading 
components partly solves some unstable problems, but there still are many potential 
problems [11]. Thus power system operator has to develop precisely of power system 
remedial actions to ensure security of the power system [10]. The process of 
developing remedial actions requires more accurate analysis of power system 
operating constraints [10]. 

2.5.2 Operating constraints 
The constraints of operation are issued by power system operator with proper 
calculation and analysis. Power system operators are responsible for security 
operation of the power system. 
Main constraints of the power system include: thermal limit; voltage limit; frequency 
limit; rotor angle limit; oscillation damping ratio, etc. [1], [12]. A short explanation 
for each constraint is presented in the following sub-sections. 
 

Thermal limit 
The thermal limit of an overhead transmission line is determined by maximum 

permissible sag [13]. The current of load flow has thermal effect on the conductor 
material, which rises up to the temperature of the conductor material gradually [13]. 
The conductor material then loses mechanical strength and sags due to conductor 
expansion [13]. The elements determining maximum permissible sag include ambient 
temperature, insulation, conductors, wind velocity, etc. [14]. Maximum permissible 
sag should not be exceeded to ensure the enough clearance to ground [13]. 

Other elements may affect the thermal limit include the auxiliary components 
such as breakers, voltage transformer, current transformer, etc. Those equipments 
have their rating thermal limit. The thermal limit is determined by the lowest rating 
value of the associated equipments [13]. To make all auxiliary components are kept 
secure. 
 

Voltage limit: 
The voltage levels should be kept within their acceptable ranges. The voltage 

magnitude affects the transmission capacity. Figure 2.6 shows a two-terminal system. 
Its transmission capacity is computed by (2.7), (2.8) [13]. Uinf is the voltage at the 
infinite node. Uinf is a constant. The angle of Uinf is also a constant, and usually set as 
0. UR is the voltage at node which connects the load. ZLine and ZLoad are the impedance 

of line and load respectively. PR and QR are the power consumption of the load. θ,  

φLine, φLoad are the angle of their corresponding state variables. The transmission 

capacity is shown in figure 2.7 which is called nose curve [5]. 
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Figure 2. 6 Two-terminal system 

 
Figure 2. 7 Nose curve 

         

inf
2 2( cos cos ) ( sin sin )Line Line Load Load Line Line Load Load

UI
Z Z Z Zϕ ϕ ϕ ϕ

=
+ + +       (2.7) 

                           
2 cosR Load LoadP I Z ϕ=                             (2.8) 

The acceptable range of voltage derivation is issued by the power system 
operator. The voltage ride through capability is also required. The operator usually 
focuses about low voltage ride through capability. The low voltage ride through 
capability means: if the voltage magnitude at any node is reduced, the equipments 
connected to the node, e.g. generators, should have the ability to remain connection 
not be interrupted. The time is issued by the power system operator. There is also high 
voltage ride through capability [15]. 
 

Frequency limit: 
The deviation of frequency should stay within the acceptable range during steady 

state. During dynamic state, the frequency derivation should regain the range if the 
frequency derivation exceeding the range. Too large frequency derivation will lead 
system collapse [5]. The maximal admissible frequency derivation is issued by the 
power system operator. 
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Rotor angle limit: 
As rotating equipments, the generators interconnected should be operated with 

synchronous rotation. The amount of load, which one generator is taking, will effect 
on the speed of rotation [2]. Therefore each generator must have the ability to reverse 
imbalance between electric power consumption and production, to avoid losing 
synchronizing operation [3]. The rotor angle of generator determines this ability. 
Figure 2.8 introduces a generator-machine system. The relationship between rotor 

angle and the electric power transferred from G to M are described as (2.9). δ is 

rotor angle. G is the generator which produces power, and M is the machine which 
consumes power. Eq is the electromotive force of the generator, and UM are the 
voltages at nodes connecting to the machine. jXG,  jXLine, jXM are the impedances of 
generator, line and machine.  The angle of UM is set as 0. The impedances are pure 
inductance which is commonly used for power system analysis [5]. The curve of rotor 
angle and the transferred electric power is shown in figure 2.9. 

                         
sinq M

e
G Line M

E U
P

X X X
δ=

+ +                          (2.9) 

 
Figure 2. 8 Generator - Machine system 

 

Figure 2. 9 Transferred electric power versus rotor angle 

By empirical the stable EPs locate in the left part of the curve Pe. The rotor angle 
limits require that the rotor angle, during the operations at steady states, should not 
exceed its maximal permissible value. The maximal permissible value of rotor angle 
ensures the generator will not lose synchronism if it is operated below this value [5]. 
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An important quantity to be studied here is Critical Clearing Time (CCT). The 
concept of CCT is: A contingency, which may lead oscillation, is injected by the 
power system. If the contingency is cleared without exceeding the time duration, the 
generator is able to not lose synchronism [5]. 
 

Osillation damping ratio 
Damping ratio is used to decay the oscillation during dynamic state [2]. The 

oscillation is caused by the internal electromagnetic and mechanical characters of 
generator [2]. If the demanded electric power suddenly changed, those inherent 
characters of generator leading generator cannot adjust the difference immediately [2]. 
Oscillation is introduced into power system. In interconnected power system, even a 
small oscillation can be a system wide problem [17]. Insufficient damping ratio may 
lead instability of the power system. 
 
Some constraints determine another constraint. For instance, the transmission capacity 
is determined by thermal limit, voltage limit and rotor angle limit [13]. 
All constraints are determined either according to technical limitations of power 
system components, e.g. thermal limits, or according to the internal characters of 
power system equipments e.g. damping ratio. 
The constraints imply their admissible value for secure operation on power system 
and usually are formulated before real-time operation [16]. For real-time application, 
the constraints can guide modification of operating strategies [16]. 
To fulfill N-1 criterion, during static state, it should be avoid that the power system is 
operated at the boundaries of operating constraints [8]. The reason is, taking 
transmission line as example: the operating constraints require reserve with respect to 
their thermal rating for transmission line [3]. The reserve is for ensuring continuity 
electric power supply in case the amount of electric power transmitted through the 
line has to be increased if some contingencies happening [3]. 

2.6 Categorizes of requirements on stability 
The assessments concerning the dynamic performance of power system contain four 
stability aspects: small signal stability; transient stability; voltage stability; frequency 
stability. 
 

Small signal stability 
Small signal stability concerns with whether the damping behavior in the power 

system is sufficient to sustain oscillations triggered by contingencies such as small 
disturbance [2]. The power system should have ability to regain stable after being 
injected by contingencies. Poor damping behavior may lead the power system to have 
unstable problem to system widely extent [16]. 
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Transient stability 
Transient stability concerns with keeping synchronism between generators [2]. 

Being injected by a contingency, if the rotor angle of generator is beyond a certain 
range, synchronizing operation is lost. To determine the transient stability for the 
power system, operators are dependent on the validation of power system model [16]. 
It means the model should be able to capture the transient characters of power system. 
The timescale of such transient characters is milliseconds to seconds. The transient 
characters are normally non-linearities in calculations, so it commonly uses time 
domain simulations for transient stability analysis [16]. 
 

Voltage stability 
Voltage stability requires the ability of power system to maintain voltage levels 

at all nodes within the range under steady state, as well as after being injected by 
contingencies [2]. Voltage stability considerations commonly formulate both steady 
and dynamic limits [16]. The former gives the permissible band for voltage deviation 
at steady state, while the latter gives the ride through ability in case the voltage 
exceeds its acceptable range [16]. 
 

Frequency stability 
Frequency stability deals with whether the rotating reserve is sufficient in the 

power system to maintain the system frequency within the frequency standards [16]. 
The frequency deviation is caused by imbalance between electric power generation 
and consumption [2]. The operations to ensure frequency stability use ancillary 
services, mainly divided into two steps (normally primary and secondary frequency 
control, in some occasions there is also tertiary control) [5]. 
 
There are two timescales to analyze the power system security. The short term 
corresponds to dynamic state. The time frame can be maximal several seconds [2]. 
The long term includes the quasi-stationary state. Its time frame is tens of seconds or 
minutes [2]. 
Generally the small signal stability and transient stability problems just concern short 
term, while frequency stability and voltage stability problems concern both short term 
and long time. 
Besides the normal categorizes of dynamic stability considerations, there are some 
extra considerations such as the switch operations and power balance flickering. Both 
of them can lead a phenomenon called power fluctuation. Sometimes power 
fluctuation is visible by human eyes like a sudden voltage dips. And it decreases the 
quality of electric power supply. 

2.7 New challenges 
Followed by growth of social economy, the increasing amount of electric power 
consumption requires more transmission capacity of the power system. More stress is 
brought to the power system. Besides, some new operation concepts are introduced 
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into the power system operation [11]. The power system is facing some new 
challenges. Some main challenges will be introduced in following sub-sections. 
 

Expanded network 
Very early, power systems were often isolated from each other. The network of 

one single power system was not complex and the operation was very simple. Now, 
the network is much expanded. Many power systems, belonged to different regions in 
the past, are interconnected together. The voltage levels of power system increase 
higher. The amount of state variables increases. Those state variables include: node 
voltage magnitudes, rotor angles of generator, frequency, transmitted electric power 
through transmission lines, etc. 

Besides, the synchronizing operation for the AC transmission network must be 
ensured. Losing synchronous operation will lead the power system swing [17]. To 
keep power system operating synchronously faces spatial extension [14]. 
 

Power electronic devices 
There are more power electronic devices being installed into the power system. 

Those devices will introduce high percent of harmonics into power system, which 
distort the waveform of current [18]. The harmonics can increase the losses and hence 
cause abnormal temperature rises to some equipments e.g. transformer [19]. This kind 
of temperature rising will decrease the lifetime of such equipment [19]. 
 

Penetration of renewable energy 
More capacity of renewable power is penetrated into the power system. However 

the electric power supply from either distributed generation (e.g. home used solar 
panel) or centralized generator (e.g. wind farm) is time-variant [18]. The variation of 
electric power production from renewable energy may lead the demanded amount of 
electric power cannot be satisfied some time. 
 

Electricity market 
The electricity market is introduced into power system in many countries. The 

consequence is that modern power system has been shifting from a hierarchical 
regulated and vertically integrated system into a competitive and uncertain market 
system [20]. 

The directions of load flow, which were simply from concentrated power plants 
to load-only consumers, become more flexible. Consumers can now select electric 
power suppliers, and even sell electric power back to the power system [18]. The 
uncertainty of operating conditions of power system will be increased. 

On another side, electric power supply is considered as a product in electricity 
market. The quality of electric power supply should be ensured. Quality aspects 
include voltage magnitude, frequency deviation, power factor etc [20]. Low quality 
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e.g. voltage dip, of supply will bring economic loss to the power system operators. 
The third issue is to pursuit higher economic objectives, the power system 

operator must decrease the loss of electric power during transmission [1]. Empirically, 
the less transmission equipments are used, the lower amount of electric power will be 
lost during transmission. Therefore forcing the power system is operated closer and 
closer to its operating limits [1]. 

In the electricity market, load flow must be optimized delicately. The power 
system should be operated to achieve both adequate profitable status and 
appropriately secure level which increases the stress on power system operation [11]. 
 
The power system should increase its security to meet all requirements of stable 
operation. For this purpose, many new concepts are proposed. This project will talk 
about the application of the concept of Dynamic Security Assessment (DSA). 
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3. DSA theory research 

3.1 DSA vs. SSA 
“The objective of security assessment is to design and operate power system which 
will survive after contingency.” [12] To implement security assessment, there are 
three steps in the following manners [11]: 
Step 1: Develop operating constraints from all probable operating states the power 
system may occur; 
Step 2: Take measurements from the components of power system, create estimating 
methodology, and develop estimator; 
Step 3: Take appropriate actions to avoid unacceptable operating states. 
Step 1 needs to undertake an exhaustive simulation and a forecasting procedure [11]. 
In Step 2, the state estimator must be capable to represent all the operating states of 
power system as exhaustive as required [11]. The quality of Step 3 is highly 
dependence on experience of the power system operator [11]. 
The assessment has two different types: Static Security Assessment (SSA) and 
Dynamic Security Assessment (DSA). 
SSA evaluates the EPs. The EPs are regained by power system after being injected by 
contingencies [3]. SSA deals with operating points at steady state. It can quickly 
determine if the operating point is stable or not, by checking consequences from the 
operating point [3]. It is usually performed off-line. 
Nowadays, in order to operate the power system in a more reliable way, it requires the 
on-line stability assessment. The on-line assessment is supposed to capture the 
continuously changes of operation states of power system i.e. the on-line assessment 
should be able to assess the dynamic state of power system is acceptable or not [3], 
[9]. 
SSA does not have the ability to capture changes of the power system operation [3]. 
This leads SSA is relative weak for on-line assessment. 
The solution for implementing on-line security assessment is DSA. DSA has been 
formally defined by the IEEE [3]: 
DSA is an evaluation of the ability for a certain power system to withstand a defined 
set of contingencies, and to survive the transition to an acceptable steady-state 
condition. 
DSA is more critical in contract with SSA owing to ability of analyzing power system 
condition on-line, classifying potential critical situations, indicating future 
performance, and even guiding the implementation of preventive, corrective actions 
[21]. 

3.2 The targets of DSA 
Different types of DSA focus on different targets. Some just study deeply for one 
components of power system, e.g. the generator stability [22]. Some pay interests in 
the stability on the system level. The DSA in this project will evaluate the stability on 
the system level. 
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3.3 The task of DSA 
The main task of DSA is simply classified as [9]: 
Given a presented operating point and a single or multiple contingencies (outage of 
transmission equipments, sudden loss of electric power generation, etc.), the DSA 
determines, on-line, if the operating condition is secure or insecure, regarding the 
contingencies. The weak points are identified for the existent condition. The control 
actions are supposed to maintain the security of power system in acceptable level. 
For any given operating state, DSA generally is carried on by simulating power 
system performance provoked by contingencies, estimating the consequences (e.g. 
load conditions, protective devices actions, angle variation, voltage drop, and 
frequency deviations), and comparing the consequences in respect to operating 
constraints [20]. DSA is required to determine if the power system fulfilling the 
operating constraints after contingencies being injected by [1]. It is also required to 
judge severity levels of different contingencies [23]. The greater the contingency 
effects on the power system, the higher severity level the contingency has [20]. 
During analysis, the assessment must analyze all possible operating actions in great 
detail, in order to give comprehensive assessment of the power system security during 
and after contingency [3]. The DSA is necessary to analyze the contingency in both 
stationary viewpoint and dynamic viewpoint [20]. 
The reliable information on both power system operations and remedial actions is 
then able to be derived [11]. The information will be used to for the real-time 
operating of power system. 
The importance of the DSA is: during steady state, DSA tries to bring power system 
from insecure operating states back to secure operating states; after a contingency 
being injected by, it tries to give strategic solutions to help power system undertake 
the contingency [20]. 

3.4 The methods of DSA 
There are many analysis methods which are used for DSA. These methods include: 
time domain analysis; probabilistic analysis; Equal Area Criterion (EAC); Lyaponov 
methods (direct method and indirect method), etc. 
Different method focuses on different type of analysis. EAC is easy to calculate CCT, 
but EAC requires using single machine model for analysis; for the reason, the 
multi-machine system should be converted before using EAC. Lyaponov indirect 
method is suitable for small signal analysis. 
In this project, time domain analysis and the idea of probabilistic analysis are used for 
simulation. The reasons are due to: 
1. Time-domain analysis predicts “what is the stability over a time interval T (from 

milliseconds to minutes or hours) for a given application?” [24]. It is widely used 
for security assessment [24]. Accurate results are expected from the time domain 
analysis [11]. 

2. Probabilistic analysis will reduce the contingencies to be simulated. Because of 
this, it is able to reduce the simulation time when the type and location of 
contingency are not important. 
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Time domain analysis 
This time domain analysis is an approach represented as numerical integration 

algorithms based on the set of DAE and load flow results [3]. It is used to solve the 
set of first-order differential equations that describes the power system dynamic 
characters [3]. Solutions relating to the stability of power system heavily depend on 
how exhaustive the dynamic model is [3]. Advantages of time domain analysis are 
that the modeling of components is flexible and the trajectory of results such as 
frequency derivation is accurate [11]. 

Time-domain analysis method can be used for both linear and non-linear system. 
The time step can be either fixed or variable depending on the needs of simulation. 
With contingency being injected by, the power system dynamic responses are 
calculated and the portraits of interested variables are observed in time domain. It is 
the most widespread to be used for the purpose of power system assessment. 

In practice, the unresolved problems and drawbacks of time domain analysis 
include: efficiency of time domain simulation depends on simplification of power 
system variables; the results from time domain analysis sometimes cannot explain the 
phenomena during analysis; some phenomena, e.g. field-loss of generator, need to 
take a long simulation time to observe [11]. 

Moreover, computational burden in time domain analysis is still a challenge for 
real-time application, although modern processors have bridged the gap to some 
extent [12], [25]. Currently, widely-used DSA tools all try to derive solutions to 
reduce computing time. 

The time domain analysis can only be implemented by discrete sampling steps in 
Δt apart. And simulation is then accomplished by solving equations at a series of 
discrete steps. Then a problem of truncation errors is inevitably brought, that is due to 
the contingencies can occur at any time, but the analysis cannot be accounted for any 
time and must wait for following time step coming. Therefore that inaccuracies may 
be introduced. 

The solutions to reduce the problem include using narrower sampling step; using 
variable sampling step; and using interpolation algorithms. 

Narrower sampling step increases the stress of computing, and is still not 
accurate sometimes. Variable sampling step should detect contingencies, to trigger the 
procedure subdividing sampling step into much narrower intervals, but the 
non-uniform sampling makes the further analysis harder. Interpolation algorithm is 
designed to detect the exact point when a contingency occurs. 
 

Probabilistic Methods 
This method is based on probability theory. For a power system, the occurrence 

of contingencies is normally viewed as a probabilistic problem rather than 
deterministic problem [26]. In reality, the type of contingency, the location of 
occurrence, and the operating condition of power system are truly probabilistic [26]. 
Thus, in the project, this idea is used when the location, type of contingency is not 
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important. 
 

3.5 The application of DSA 
Implementing DSA needs a flexible framework. DSA is often constructed by using 
time domain simulation tool [25].The working interface of DSA implementation is 
normally constructed to be easy for users [27]. The interface targeted high flexibility 
in power system simulation and maximum performance with minimum hardware 
requirements [27]. 
Although the robustness of DSA is gained nowadays, the growing size of DSA study 
still makes assessment be complexity and time consuming [1], [28]. On the other hand, 
fast assessment is one of critical determinants to judge the quality of DSA [1], [28]. 
The aim of fast assessment is accomplished by fast algorithms. The fast algorithms 
must use simplified power system model for simulation, but too optimistic 
simplifications will eliminate the accuracy of assessment results [1], [28]. The 
situation will be even worse if the simplification will lead unrealistic assessment 
results, or miss some important characters of the dynamic performance of the power 
system [28]. So how to model the power system is an important task. 
In the project, the models are created according to the previously DSA researches at 
Siemens. Those models were used for many DSA projects at Siemens. 

3.6 The steps of DSA 
There are two steps which are essentially important to DSA: contingency screening, 
contingency evaluation. 
 

Contingency screening: 
The contingency screening requires study every possible contingency so that to 

derive overall view of the power system [3], [23]. The step is aim to shortlist critical 
contingencies for deeper evaluation of the power system [23]. Impractically, not every 
contingency will bring instability problem to the power system. Conformation of 
critical contingencies list is created according to the comparisons of the performance 
of power system [20]. 

The performance of power system after being injected by each contingency is 
evaluated in respect to capacities of equipments (e.g. rated generation of a generator), 
operating constraints etc [21]. During contingency screening, contingencies with 
small influence on power system operation are removed. Their exclusion from critical 
contingencies achieves a significant reduction of information for real-time operation. 
The reduction of the number of contingencies is an important issue for on-line 
assessment and gets DSA faster [11] [20]. 

The contingency screening does not require studying each contingency in great 
detail. The contingency screening often uses some approximate and fast algorithms to 
study a huge list of contingencies to judge them to be critical or not [25]. During 
contingency screening, the instability aspects (voltage, frequency, rotor angle, etc.) of 
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the power system should be specified [23]. The result of contingency screening is then 
listed as critical contingencies for further researches [3], [25]. 
 

Contingency evaluation: 
The further researches are regarded as contingency evaluation, which is to deeply 

analyze performances of these critical contingencies [23]. 
Contingency evaluation is the simulation including extensive numerical 

integration to reveal trajectories of state variables for critical contingencies in great 
detail [3]. Therefore, the algorithms here are more complex than they used for 
contingency screening. 

By contingency evaluation, the power system operator would have a 
sophisticated view on each critical contingency. The operator will be aware the 
severity level of each contingency having. 
 

3.7 The estimator of DSA 
There are different types of estimators of DSA. The estimator should have the ability 
to solve the problems of misclassification and false alarm. Misclassification classifies 
a critical contingency as non-critical, while false alarm warns a noncritical 
contingency as critical [20]. 
For instance, Boolean system is a commonly used estimator. The Boolean system 
presents the results from estimation in absolute terms (secure or insecure) [9]. When 
using the Boolean system, the power system would be checked by some operating 
constraints [25]. If any violation of the constraints has been checked, Boolean 
variables adopt a binary TRUE (insecure) or in the opposite case a binary FALSE 
(secure) [25]. The process is shown in figure 3.1. One contingency is evaluated by a 
binary record i.e. secure or insecure. This system is often used for contingency 
screening [25]. 

 
Figure 3. 1 The Boolean system 

The Boolean system has a disadvantage. It may not provide enough information on 
details of operating violations. Inadequate decision and ultimately operating errors 
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may be implemented according to Boolean answers by the power system operator 
[25]. 
In this project, a ranking system, which is named as Security Index (SI) system, to 
evaluate the power system will be used as estimator. On the contrary of Boolean 
system, inference of ranking system used as estimator gives marginal solutions [9]. 
The marginal solutions show the distance of components of the power system going 
to be unsecure. Ranking system is clear to check where power system is still 
designated as operation in secure or not. Furthermore, by the ranking system, the 
operator will be aware by how far the power system will face unsecure operation by 
the marginal solutions [9]. The details of ranking system are presented in Chapter 4.  

3.8 The stages of DSA 
Time domain simulation models components in flexibility and it is the most standard 
method for DSA [11]. The time domain DSA is sorted as two steps, off-line 
assessment, and on-line assessment. 

3.8.1 Off-line assessment 
The off–line assessment is implemented before the real-time operation, normally one 
day ahead of that [23]. The operator firstly forecasts load flow for the real-operation 
duration e.g. the next day. Then the operator is able to compute all possible the 
operating points of all components [16]. 
According to the estimation of operating points of the components, a list of 
contingencies is injected by and tested. The list should have sufficient contingencies 
to get the comprehensive view of the performance of the power system during 
contingency being injected by (so normally all possible contingencies are included in 
the list and tested) [3]. 
To create the list of contingencies highly relies on experience of power system 
operator [23]. Every small uncontrolled change in power system is a contingency, but 
for operator of the power system, they mainly focus on contingencies which will 
cause big changes. Such big changes may lead instability to the power system. 
The common checked trajectories of quantities of state variables are voltages, 
frequencies, generator angles etc. If any state variable violates the operating 
constraints, the operating state goes unacceptable. The power system operator should 
figure out by taking what kind of actions, it is able to modify this unacceptable 
operating state [3]. On the other hand, if this operating state cannot be modified, some 
suitable actions should be prepared to counteract the probable unacceptable operating 
states after contingency [3]. 
Sensitivity analysis is also used in off-line assessment to find sensitive parts of the 
power system. Details of sensitivity analysis can be explained as: by direct 
differentiation of quantities of state variables e.g. active power injection, the operators 
will observe the changes of a controlled state variable of their interest e.g. voltage 
magnitude [29]. Sensitivity analysis is clarified into two categories, one is based on 
incremental injections into node (an approximation method); the other one is based on 
load flow linearized equations or adjoint network theory (an exact method). Both of 
them require forward and back substitution [29].  
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The off-line analysis predicts post contingencies performance of the power system. 
The predictions assist the power system operator to adapt correct remedial actions 
ensuring the power system kept or regained the secure EPs [3]. 
The accuracy of analysis heavily depends on how in detail the models of all 
components are employed. Exhaustive models are widely used for off-line analysis 
since computationally intensive is not a considered aspect here [3], [23]. 
Offline-assessment requires frequently updates on the changes of operating condition 
[27]. This is due to the shortages of off-line assessment. The shortages are that in 
real-time operation of the power system, there always coming unconscious 
contingencies and operation states which are not pre-studied [3]. 

3.8.2 On-line assessment 
The off-line assessment should update periodically based on newly forecast of 
operating condition [3]. The newly forecast is determined according to real-time 
operation of the power system. The assessment is implemented on-line i.e. the 
assessment must adapt the real operation situation of the power system. It is the 
on-line assessment. The on-line assessment helps update off-line assessment. It will 
compensate the shortages [3]. 
Off-line assessment identifies severe contingencies. They are of essential importance 
for on-line analysis [30]. On-line assessment is supposed to run almost in real-time 
operation of the power system. The timescale for each analysis of contingency is tens 
of second [3]. 
On-line assessment is used to be considered supplement for off-line DSA. The results 
from on-line assessment can modify the off-line analyzing results. Those results 
predict the real-time power system operating states. 
A basic on-line DSA requires to be implemented essentially to the critical 
contingencies in detail [3]. The analyzing methods used should avoid long numerical 
integration times [3]. Those analyzing methods should inherently be able to assess the 
severity of a contingency i.e. if a contingency is determined as critical or not [3]. The 
methods also provide the margin of stability i.e. how far the power system will go 
unstable if one certain contingency is injected by [3]. The margin indicates by how 
much change a state variable of a component can go unstable. For instance, a 
frequency derivation now is at the value of x, and its maximal admissible value is y. 
The margin z=y-x tells operator the rest space of the state variable is allowed to 
change. Computing the margin usually requires the simulation that forcing power 
system into instability [3]. 
An on-line DSA aims to provide security alarms, advice on remedial actions and 
complement to cover unexpected or unplanned contingencies [28]. 

3.9 DSA categorizes 
There are normally 3 main types of assessing categorizes for DSA to deal with: 
preventive, emergency and restoration, shown as figure 3.2 [3]. Sometimes, alert 
assessment is added as supplementary category between preventive category and 
emergency category [3]. 
The following sections will introduce the three main categories. 
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Figure 3. 2 The categories of power system states 

3.9.1 Preventive assessment: 
The preventive (normal) category implies the power system is at steady state wherein 
all components within operating constraints [3]. The purpose of preventive 
assessment is to find out potential instability problems during power system operating 
at steady state. The alert assessment is used when finding out the power system 
risking potential contingencies. 
Preventative actions are meaning to turn back the power system from potential 
contingencies, and to keeping the power system in true secure and optimize the load 
flow [3]. The implementation of the actions of preventive control usually does not 
need instant and fast. The timescale can be tens of minutes [3]. Those control actions 
are guided by extensive analysis [3]. 
The preventive category of assessment studies not only considering technical 
operating stability, but also considering other aspects such as economic operation. The 
deregulation atmosphere of electricity market requires maximize the profit. Too many 
actions from the preventive control may lead loss of profit for power system operators 
[22]. For instance, modifying the load flow may lead some generators to be start-up 
frequently, while the start-up of one generator can be very costly for steam turbine. So 
that too many preventive control actions should be avoid. 

3.9.2 Emergency assessment: 
The emergency category arises when components violating their operating constraints 
or even worse when the whole power system losing stable [3]. The power system is 
operated at dynamic state. 
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The emergency assessment is implemented when the power system is injected by 
contingency. Emergency actions are aiming to save the power system and usually 
there are many protective devices, e.g. relays, triggered automatically [3]. The 
response of implementing such actions must be very fast (maximal several seconds) 
[3]. The emergency actions require the fastest response than actions of other states. 
Therefore deriving the method of corrective emergency actions is more difficulty than 
other two assessments [22]. 

3.9.3 Restoration assessment: 
The restorative category is dealing with the situation after clearing the contingencies, 
and the power system being taken back gradually through the potential instability [3]. 
The power system is at quasi-stationary state. 
The restoration assessment deals with post contingency performance of the power 
system. In most cases, after contingency being cleared, the power system is not 
recovered from contingency [3]. 
Restorative actions try to return the power system from the unsecure operating state to 
the secure operating state. The acting process normally is slow (can be tens of minutes) 
[3]. Restorative control actions are usually manually implemented [3]. 
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4. The SI system 

4.1 Stability Indices (SI) 
In this project, a ranking system to evaluate the power system will be used. By the 
ranking system, the operator will be aware by how far the power system will face 
critical situation. The ranking system uses the estimator of SI system. 
The SI system contains seven different types of indices [1], [31]. Those indices are 
used to evaluate the security of the power system. 
The seven types of indices are Angle Index (AI), Maximum Frequency Deviation 
Index (MFDI), Frequency Recover Time Index (FRTI), Dynamic Voltage Index (DVI), 
Quasi-Stationary Voltage Index (QSVI), Line Power Flow Index (LPFI) and 
Transformer Power Flow Index (TPFI). 
All indices are developed by previous DSA researches. Those indices reflect rotor 
angles, frequencies, node voltages, and load flows through lines and transformers 
during the whole operating process of power system. The indices will be computed by 
corresponding quantities of the state variables of the power system e.g. AI will use 
rotor angle to compute. Different index can evaluate the power system on both 
component-level and system-level. Component level means that each index has many 
element indices from different components. For instance, there are several generators 
whose rotor angles are of interest by the operator. Each generator will have its own AI 
as the element indices. Those quantities of interest to observe include generators 
angles, frequency variation, node voltages, and power flow. [30]. 
Each single index is capable of capturing one single security aspect of the DSA of the 
power system. In addition each index indicates the distance of a component or the 
whole system to its operating constraint [31]. 
The quantities can be either directly measured (power, voltages, etc.) or indirectly 
analyzed (wind penetration, spinning reserve, etc.) [6]. All values of quantities are 
scalar. 
Timescale for on-line computation of DSA is a severe limit [3]. In on-line operation, 
operator requires synchronized measurements of quantities [16]. 
The values of quantities are obtained by SCADA or Phasor Measurement Unit (PMU) 
system [23]. For many situations, SCADA system remains the primary data 
acquisition system providing quantities of state variable, e.g. output power of 
generators [25]. PMU installed into power system is possible to provide accurately 
synchronized quantities of state variables that changing frequently, e.g. voltages at 
nodes [18]. 
Using the SI system as estimator, the security levels are normalized [9]. It is able to 
directly compare the levels of security at different operating states [9]. The range of 
every index is defined and normalized in an interval [0, 1] [16]. For purpose of 
simplifying computation, higher value of every index will indicate worse level of 
security. 
The SI system is easily and comparably monitored [1]. Security levels for different 
situations are then able to evaluate and rank numerically [1]. The effect of each 
contingency on the power system will be indirectly ranked according to the security 
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level after the contingency being injected by. Moreover, by applying (4.1), the 
available security margin (SM) is calculated [1]. Based on the SM, the available 
maneuvering space guides the operator to develop remedial actions taking out power 
system from critical or potentially critical operation state [1]. 

                               1SM SI= −                                 (4.1) 

4.2 The categorize of SI 
Four indices in the project are to indicate the dynamic characters of the power system, 
whereas three are for evaluation of the recovery of the power system, i.e. 
quasi-stationary characters [9]. The indices are therefore categorized as transient 
index (TI) and the quasi-stationary Index (QSI) shown in table 4.1. During steady 
state, the indices will give also a meaningful evaluation results (seen Chapter 7). 

Table 4. 1 List of indices category I 

TI QSI 
AI QSVI 

MFDI LPFI 
FRTI TPFI 
DVI   

 
The indices can also be categorized by the operating constraints of power system that 
the indices indicate (Table 4.2). 

Table 4. 2 List of indices category II 

Index type Index Constraints 
Angle index: AI Rotor angle limit 

Frequency Index MFDI Frequency limit 
 FRTI Frequency limit 

Voltage Index DVI Voltage limit 
 QSVI Voltage limit 

Load Flow Index LPFI Thermal limit 
 TPFI Thermal limit 

 
The indices are able to estimate consequences brought by contingencies, e.g. overload, 
protective devices actions, violating rotor angle limit, violating voltage limit, and 
violating frequency limit [9]. 
For each simulation, timescale to expect new meaningful results of the SI system 
depends on many issues. Those issues include the size of power system, the extent of 
the contingencies, the protection devices, the availability of equipment to implement 
remedial actions, the amount of load that can be disconnected, and other aspects [1], 
[20]. 
Empirically, 20 seconds for each simulation is enough to get accurate results for each 
element index of the SI system [1], [9], [20], [32]. 
Proved in ref. [1] and [9], those indices have the ability to do the on-line DSA. 
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The descriptions of the seven indices are summarized in the following sections. The 
concept of secure steady state means there is no violation of operating constraints at 
steady state i.e. all quantities such as frequency deviation, voltage variation do not 
violate their limits. 

4.2.1 AI: 
Every generator will have its own AI to observe their rotor angle. The AI on 
component-level is the minimum values between 1 and the maximum ratio of the 
rotor angle deviation in respect with the maximum admissible rotor angle at the 
generator [1], [31]. If the value of the AI is 1, the rotor angle of the generator is equal 
to or exceeds the maximum admissible value. The generator is in critical situation. 
Assume it is ith generator (i from 1 to NG), then the maximal deviation of rotor angle 
is δi,max [1], [31]. The maximum admissible values of rotor angle is δmax,adm. The 
values of δmax,adm are set according to rotor angle protective devices for different 
generators. Those devices are to protect synchronous generators to avoid 
asynchronous operation [1], [31]. The relationship of δi,max and δmax,adm are shown as 
figure 4.1. Normally at secure steady state, except the generator whose rotor angle is 
used as the referencing rotor angle, most generator rotor angles not equal to 0. The 
formulation of AI on component-level is shown in (4.2). 

                           

,max
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min 1, 1,...i

adm

AI i NG
δ
δ

  = = 
                     (4.2) 

 

Figure 4. 1 Relationship o f δi,max and δmax,adm 

The AI on system-level is composite of all element indices of AI. The value of AI on 
system-level is the maximum value among all values of the elements [1] [31]. The 
reason is that the index on system-level should report the most problematic 
component, in this case, the generator. 

4.2.2 MFDI: 
The index indicates maximum system frequency deviation Δfi,max respect to the 
admissible maximal frequency deviation Δfmax,adm [1], [31]. The maximal admissible 
frequency deviation Δfmax,adm is related to different settings of under/over frequency 
protection devices of different generators [1], [31]. Every generator will have its 
MFDI. The maximum value of the index is 1. Equation (4.3) is the MFDI on 
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component-level. If the value of MFDI is 1, it indicates frequency deviation equals or 
exceeds its maximum admissible value [1], [31]. 
The normal relationship of Δfi,max and Δfmax,adm are shown in figure 4.2. During secure 
steady state, the power system may have small frequency deviation, e.g. 0.01Hz. The 
values of MFDI during most secure steady states are not 0. 
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Figure 4. 2 Relationship o f Δfi,max and Δfmax,adm 

For the same reason as AI, the value of MFDI on system-level is also the maximum 
value among the element MFDI. 

4.2.3 FRTI: 
The index shows the recovery time tri,max of system frequency in respect with the 
admissible value tr,max,adm. The admissible value is determined according to different 
settings of frequency protection of different generators. The recovery time stands for 
the time of a frequency fg remained out of its admissible deviation value fa, seen figure 
4.3 [33]. The value of frequency is measured the same as it measured for MFDI. 
The FRTI is a quotient. The upper part is the absolute time of frequency deviation 
exceeding the acceptable value and the lower part is maximal admissible time [33]. 
The value of 0 here means no frequency flipping out of the acceptable limits, and the 
value of 1 indicates in case the frequency does not recover back within the acceptable 
limits during the entire simulation time [33]. During secure steady states, the 
frequency is kept within the acceptable ranges. Therefore the values of this index are 
equal to 0. Equation (4.4) is the FRTI on component-level. 

                         

,max

,max,

min 1, 1,...ri

r adm

t
FRTI i NG

t

  = = 
                    (4.4) 



 

30 
 

 
Figure 4. 3 The concept of tri,max of frequency 

For the same reason as AI, the value of FRTI on system-level is also the maximum 
value among the element FRTI. 

4.2.4 DVI: 
DVI reflects the voltage magnitude at a node during a contingency e.g. short circuit. 
During the contingency, the voltage magnitude may reach a really low value. 
The i is the number of node, the ui,min is the minimal instantaneous voltage of short 
circuit, ui,min,adm is the admissible dynamic voltage, and the Ui is the rated voltage at 
the node [1], [31]. The relationship of ui,min ui,min,adm and Ui is shown in figure 4.4. The 
formulation of DVI on component-level is shown in (4.5). The DVI is a quotient, if 
the quotient is larger than 1, the value of DVI is set to 1. 
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Figure 4. 4 Relationship o f ui,min, ui,min,adm and Ui 

For the same reason as AI, the value of DVI on system-level is also the maximum 
value among the element DVI. 

4.2.5 QSVI: 
The index shows the recovery of each node voltage at quasi-stationary state. It is 
calculated as the voltage deviation of post contingency Δui,aft and the admissible 
voltage deviation limit Δui,lim [1], [31]. In order to observe the recovery process, the 
sampling time to capture the voltage magnitude is set at the ending of the simulation, 
seen figure 4.5. During steady states, there are always some small voltage deviations 
at some nodes. It means the values of this index for most node voltages cannot be 
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equal to 0 exactly. If the ratio of Δui,aft and Δui,lim is larger than 1, the value of index is 
1. The equation of QSVI on component-level is seen (4.6). 
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Figure 4. 5 The recovery of node voltage 

For the same reason as AI, the value of QSVI on system-level is also the maximum 
value among the element QSVI. 

4.2.6 Power Flow Index (PFI): 
The index takes into account of the power flow during post contingency operation 
state (quasi-stationary state). It includes 2 indices: LPFI and TPFI. Overload of those 
transmission equipments may activate the line or transformer protection [1], [31]. 
The Pi,aft (PLi,aft and PTi,aft L for line and T for transformer) is the post contingency 
power flow through the ith transmission equipment. The Pi,lim (PLi,lim and PTi,lim) is the 
admissible power flow. The n is the norm used to reduce/amplify the contribution of 
the PFI index, if the corresponding equipment has not reached/has reached their 
admissible value. The ωi is the weight factor which stands for the relative importance 
of the lines or transformers in the system [1], [31]. There is always electric power 
flowing through those transmission equipments. Therefore the values of LPFI and 
TPFI are not able to be equal to 0 during steady states. The maximum value of the 
index is 1 even if the calculation result is larger than 1. The relationship of Pi,aft and 
Pi,lim is shown in figure 4.6. The formulations of LPFI and TPFI on component-level 
are presented in (4.7) and (4.8). 
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Figure 4. 6 The relationship of Pi,aft and Pi,lim 

For the same reason as AI, the values of LPFI and TPFI on system-level are also the 
maximum values among the element LPFI and TPFI. 

4.3 Visibilities of the SI system 
To visualize evaluation results from the SI system, the important thing is to report on 
the key issues for the power system instability. Visualization techniques are classed 
common techniques (two dimensional diagrams and charts), and advanced techniques 
(two- or three-dimensional animated representations) [23]. The project will use 
two-dimensional charts. The details can refer figures 6.2 – 6.4 in Chapter 6. 
Clear and meaningful visualization technology helps power system operator check of 
the security level of power system and focus on critical components or problematic 
areas [34]. It enables in reference to the security threshold after contingency being 
injected [29]. Therefore that it is possible for quickly assessment to find out potential 
instability problems to formulate corrective remedial actions [23]. The desirable 
visualizations must show severity levels of contingencies on the component-level i.e. 
which of the components is in critical operating conditions influenced by the 
contingency [34]. Fully functionality of a SI system is helped by visualization 
functions, which display evaluation results of the SI system in simple and meaningful 
manner, highlight crucial information [23]. 
The functionalities of visualization in this project introduce a deliberate visualization 
form used to visualize results of each index on component-level [9]. The idea is from 
traffic lights system [9]. The proposed indices can communicate information on the 
security level by means of indicative colors [9]. It is then possible to deliver adequate 
information to power system operator for current level of security [9]. In this project, 
the security levels are divided into 5 memberships [35]. The five-level memberships 
are listed in the catalog “security level” in table 4.3. For the visibility function, five 
colors are chosen to present the five memberships, seen figure 4.7. 

 

Figure 4. 7 The memberships of visibility 
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Table 4. 3 Maps between each single value and visibility color 

Value interval of SI Color Security level 
[0, 0.2] Green High 

[0.2, 0.4] Yellow Medium High (M high) 
[0.4, 0.6] Orange Medium 
[0.6, 0.8] Brown Medium Low (M low) 
[0.8, 1] Red Low 

 
Here from green to red, each color represents one level of security. The maps among 
the value of each single index, the color, and the security level are stated in table 4.3. 
For every element index of one type of index, it can be presented by the different 
meaningful colors. 
The visibility is to help the operator get the overall information of security level. 
Therefore it is unnecessary to show the exact value of each single index. 

4.4 The combination of SI 
Every type of index has its advantages of power system security indication in some 
aspects, but no one can reliably capture the entire system security situations [9], [31]. 
The combination of the seven indices gives an overall view of power system security 
[9], [25], [31]. 
The index indicates the security level of the power system is named Fuzzy Dynamic 
Security Index (FDSI). This index can be presented by the deliberate visualization of 
five-level functions described in sub-chapter 4.3 [9]. By this index, it is then possible 
to deliver adequate information to power system operator about the security level of 
power system. 
The FDSI is composed according to the values of the seven types of indices on 
system-level. The question becomes: when composing the seven types of indices, how 
to estimate the influences of different types of indices on power system stability 
adequately. 
The weighed sum is a solution for the problem and extensively used [9]. The reason is 
that weighed sum is simply to understand and implement. The problem is how to 
select the weighs for calculating the FDSI. The weighs are of course not distributed 
uniformly. More seriously, the wrong choice of weights can result in selection of an 
inferior solution by missing important solutions [9]. 
An alternative method is to assume that power system operator represents the 
knowledge of power system as a set of facts and rules [9]. The uncertainties, which 
are related to whether proper weights are selected or if the composition of index is 
formed, are handled by means of fuzzy logic [14], [31]. Fuzzy logic is a tool of 
artificial intelligence. It has capabilities in various fields of human decision support 
systems and here used to composing of the composite hundreds of indices of the SI 
system [9] , [31]. 
The Fuzzy Inference System (FIS) shown in figure 4.8 is used in the project. The FIS 
deals with issues such as reasoning on a linguistic level. The basic ideas in the design 
of FIS are [35]: by using the five-level membership functions of visualization, the 
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scalar values of these indices are converted into linguistic values (low, M low, 
medium, M high, high); then the seven indices are categorized according to table 4.2; 
inside the FIS, the fuzzy index for each category is able to be computed by its fuzzy 
logic rules; the FDSI will be computed according to its fuzzy logic rule by those fuzzy 
indices inside the FIS. 
The details of those fuzzy logic rules are presented in Chapter 6 and Appendix C of 
ref. [35]. 

 
Figure 4. 8 The FSI scheme 
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5. Concept of Intelligent measures against power system 

instability 

5.1 Measures: remedial actions 
The remedial actions include all intervention actions to against contingencies. The 
aim of implementing remedial actions is to keep the power system in stable, or to help 
it regain stable. The remedial actions are designed to avoid contingencies, or to clear 
contingencies, or to remedy unacceptable post-contingency operating conditions [3]. 
Those actions either try to reduce load flow, or to limit the impact of operation actions 
effectively, or to remedy the operating points of some equipments etc. [36]. They are 
possible to change power system network’s configuration. 
Power system remedial actions can be implemented automatically and manually. 
 

Automatic actions 
The automatic actions will be implemented by protective devices. Those devices 

are installed into the power system. They will detect some state variables. If the 
variables go unacceptable, the devices will be triggered automatically to respond the 
situation. The tasks of automatic actions include: to disconnect some equipment to avoid 
overloading; or to limit the spreading of contingency. The tasks also include: to trigger the 
generation reservation to avoid frequency variation; to trigger reactive power compensators to 
save the voltage stability; etc. 

The automatic actions are mostly used for emergency actions i.e. to handle the 
unstable problems with high severity levels. With development of power electronics 
technology, the implementation time is decreasing (hundreds of milliseconds) [17]. 

The basic requirements for automatic protection are speed of acting, reliability, 
selectivity and sensitivity [17]. These actions are commonly deployed by protection 
zones. 

The actions in main protection zone will respond without delay after detecting 
the contingency and the actions are triggered absolutely selectively; i.e. they isolates 
only equipments of the network affected by the contingency, to minimize impact of 
contingency [12]. The main protection zone normally is relative small e.g. a 
protection zone supposed to protect a line usually covers 85% length of the line [17]. 
Therefore back-up protection zone is designed [12]. A back-up protection zone for a 
line will cover the whole line, but the responding time will be delayed to satisfy the 
reliability [17]. 

The reasons for back-up protection zone are redundancy based on following 
reasons [12], [17]: 
1. Main protection cannot be entirely ruled out the contingency. Some typical 
disasters cases are not caused by electrical problem (e.g. lightning strike, fire and 
human errors like incorrect relay settings). 
2. The equipments for main protection zone are sometimes more expensive than the 
equipments for back-up protection zone. 
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3. Some actions from main protection zone are not correct, if that, the contingency has 
to be cleared by actions from back-up protection zone. 
 

Manually actions 
The requirement of fast response for manually actions is not strict (sometimes 

can reach tens of minutes) [3]. The severity level of contingencies, which manually 
actions are designed to cover, is relative low. These actions are mostly used as 
protective actions and restoration actions. 
 

5.2 The details of remedial actions 
The methodologies to implement remedial actions are derived from basic characters 
of the power system. The remedial actions which are studied in this project include: 
voltage magnitude adjustment, active power adjustment, network isolation, and power 
generation re-dispatch. 
The details of the 4 remedial actions are introduced in following sections 

5.2.1 Voltage magnitude adjustment 

Voltage magnitude adjustment tries to keep voltage at all nodes within acceptable 
levels. The methods to achieve voltage magnitude adjustment include transformer-tap 
adjustment, generator voltage adjustment, reactive power compensation, etc. 
 

Transformer tap adjustment 

Transformer tap-changer adjusts the ratio of transformer winding turns. It uses 
connecting points along winddings of transformer. By changing the connecting point, 
the desired number of turns is selective. Therefore the desired voltage is achieved. By 
process of tap changing, it enables to adjust the voltage at the teminal where the 
tap-changer is installed [37], [38]. Then the aim of regulating voltage output is 
achieved. If only one tap changer is required, tap points are usually made on the high 
voltage, or low current, side of the winding in order to minimize the current [37], [38]. 
This kind of method can automatically implement. In this project, the models of 
transformers have the ability to automatically implement this method. 
 

Generator voltage adjustment 
The voltage of a generator can be control be the exciting current [4]. The exciting 

current is generated by the exciter [4]. When the voltage of generator is occurrence of 
variation, the voltage regulator will try to adjust the exciting current to regulate the 
voltage. The method can be implemented automatically. 
 

http://en.wikipedia.org/wiki/Transformer�
http://en.wikipedia.org/wiki/Current_%28electricity%29�
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Reactive power compensation 
Reactive power has significantly influence on the voltage stability. According to 

figure 5.1 [5], the PR and QR are the active power and reactive power of the load; the 
jX is the impedance of the transmission line; the US is at the node which supplies 
reactive power; the magnitude and angle of US are both constants; and the UR is the 

voltage magnitude at the node which connects the load. θ is the angle of UR. For a 

certain amount of active power load, i.e. PR is a constant, the relationship of UR and 
QR is in (5.1): 

 
Figure 5. 1 The simple circuit illustrate reactive power and voltage 

2 2 2
2 2 2[(0.5 ) (0.5 ) ( )]S S S
R R R R

U U UU X Q P Q
X X X

= − ± − +
          (5.1) 

The components of power system always have inductance impedance which 
consumes reactive power. When talking about reactive power compensation, if there 
is no specification, it means the compensator will provide reactive power. 

The reactive power compensation is to compensate reactive power by triggering 
generator or the reactive power compensator. The compensator can be shunt capacitor, 
FACTS devices, etc. 
 
Normally the loads in power system will consume reactive power. When 
implementing load shedding, the reactive power comsumed by the loads will be 
reduced. The voltage magnitudes at some nodes may be indirectly improved. 
The problem is the load shedding is commonly not designed to handle the voltage 
instability problem, and the results are not always positive. Load shedding in this 
project will not be used as one method of voltage magnitude adjustment. 

5.2.2 Active power adjustment 
The active power adjustment in this project includes two methods: frequency control 
and load shedding. 
 

Frequency control 
The frequency of power system highly relies on the active power balance [5]. 

The frequency control will use the reservation of generation to keep the system 
frequency within a range. The generators will reserve some generation capacities for 
participating into frequency control [5]. Frequency control is one of the main methods 
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of active power adjustment. The types of frequency control are introduced in 
Sub-Chapter 2.4. The first frequency control is normally implemented automatically 
by governers with timescale of tens of seconds, while the second frequency control is 
sometimes manually implemented with timescale of tens of minutes [5]. 
 

Load shedding 
Besides the frequency control, load shedding is used as one method to achieve 

active power adjustment in this project. 
 Load shedding can be used to keep the security of system frequency. The 

supply of electric power to the customers should be continuous. To obey the principle, 
the load shedding is used when there is no other method to improve the security of the 
power system. The amount of load shedding should be as low as possible. The load 
shedding will disconnect some loads from the power system. The consumption will be 
reduced and the stress of electric power supply will decrease. 

Besides ensure the frequency level of the power system, the load shedding is also 
used to reduce the load flow of overloaded transmission equipments in this project. 
The premise to implement load shedding is also for the situation when there is no 
other method to reduce the load flow. 
 

5.2.3 Network isolation 
The protection devices are often used to trip some components to prevent the rest of 
the power system to be stable. This is the common usage of network isolation. In 
some cases, to operate interconnected power system in stable is impossible. The 
network of power system has to be divided into some sub-parts and operated 
individually. The actions will also help stop the instability problem to spread from one 
region to others. 
This situation happened in China in the year 2008. When some regions had 
occurrence of the heaviest snow in record, it was impossible to keep synchronous 
operation between the interconnected power systems in these regions. The networks 
were isolated [39]. 
The generator shedding is one of the methods for network isolation. The method is 
studied in detail since it is very important for power system operation and has been 
studied a lot by other researchers [40], [41]. 
 

Generator shedding 
Generator shedding is to trip the generator from the network of power system. 

One of the purposes to activate generation shedding is to prevent the generator from 
the instability problem, such as out-of-step [40], [41]. If the rotor angle of the 
generator (δi) exceeds the maximum admissible value, the generator will be tripped by 
angle protection devices [1], [31]. 

The method can be implemented by the relay for generator protection [41]. 
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5.2.4 Power generation re-dispatch 
Power generation re-dispatch is to reset the operating points of generators. The aim is 
to avoid overload on some transmission equipments, or to optimize the load flow (e.g. 
to lower the transmission loss) etc. During re-dispatch, it also needs to check the 
amount of electric power each generator producing. This aims to avoid the rotor angle 
of the generator to be occurrence of instability, seen figure 2.7 [4]. Margins for 
transmission equipments should be provided during re-dispatch to ensure the security 
i.e. the transmission equipments should not be overloaded. 
If a power system has to be divided into several parts, the re-dispatch will be 
implemented for each part. 
When implementing power generation re-dispatch, it is possible to improve voltage 
magnitudes at some nodes. The improvement for voltage magnitude relies on many 
aspects, and the results are not always positive. In this project, it will not consider to 
use re-dispatch to improve the voltage magnitude. 
Power generation re-dispatch should follow steps in [11]: 
1. Selecting generators involving in re-dispatch 
2. Estimating amount of electrical power for re-dispatch 
3. Allocating re-dispatching amount for each generators 

5.3 Functionalities of remedial actions 
The functionalities of different methods of remedial actions are derived in this 
sub-chapter. There are 3 types of actions: preventive, emergency and restoration 
which are introduced in Sub-Chapter 3.6. The categorization of those methods of 
remedial actions is implemented according to the 3 types of actions. 

5.3.1 Remedial actions for preventive 
Those actions are used during the preventive security assessment described in 
Sub-Chapter 3.6.1. 
Generally, such actions focus on voltage stability, overload etc. Those actions should 
optimize the load flow, and take out the power system from potential instability. Such 
actions should not lead generator or load to be disconnected and keep the power 
system intact. 
The suitable methods are shown in table 5.1 

Table 5. 1 Functionalities of Remedial Actions 

Functionalities Remedial actions Methods 
Prevention Voltage magnitude adjustment Transformer tap adjustment 

Generator exciter adjustment 
Reactive power compensation 

Power generation re-dispatch  
 

5.3.2 Remedial actions for emergency 
Those actions used for emergency are aim to avoid power system from collapse. 
Therefore only if the major part of system can survive, this type of actions allows 
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disconnecting components of the power system e.g. generator, load. Furthermore, if it 
is impossible to maintain the inter-connected power system, those different 
sub-systems should be isolated and operated individually. 
The summary of the suitable methods is shown in table 5.2. 

Table 5. 2 Functionalities of Remedial Actions 

Functionalities Remedial actions Methods 
Emergency Voltage magnitude adjustment Transformer tap adjustment 

Generator exciter adjustment 
Reactive power compensation 

Active power adjustment Frequency control 
Load shedding 

Network isolation  
 

5.3.3 Remedial actions for restoration 
After the contingency being cleared, the restoration actions help the power system get 
to a secure operating point. Some components are allowed to be disconnected from 
the network if it is impossible to operate the original network in synchronism or the 
overload of some components cannot be reduced. 
The details of the suitable methods are shown in table 5.3. 
To re-connect components which have been disconnected by previous actions should 
be the eventual task for restoration actions, but such actions will make the assessment 
more complex. For simplification, this project will not discuss such actions. 

Table 5. 3 Functionalities of Remedial Actions 

Functionalities Remedial actions Methods 
Restoration Voltage magnitude adjustment Transformer tap adjustment 

Generator exciter adjustment 
Reactive power compensation 

Active power adjustment Frequency control 
Load shedding 

Network isolation  
Power generation re-dispatch  

 

5.4 Remedial actions vs. SI system 
Whether one remedial action can improve different indices of the SI system is 
analyzed theoretically in this sub-chapter. The analysis tries to reveal the links 
between the indices and remedial actions 

5.4.1 AI 
If a generator produces too much electric power, its rotor angle will increase, seen 
figure 2.7. AI is therefore going to show instability for the corresponding generator. 
The main idea to improve unsecure AI is reduce the production of the generator. The 
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idea can be achieved by active power adjustment, network isolation, power generation 
re-dispatch. 

5.4.2 MFDI 
The index reflects effect of maximum system frequency derivation on generators. The 
frequency problem is mainly caused by unbalance of active power supply. Therefore 
the remedial actions must have influence on the active power. Active power 
adjustment is the suitable action for this situation. 

5.4.3 FRTI 
The index reflects the effect of system frequency recovery on different generators. 
The time of frequency recovery depends on the amount of reservation for first 
frequency control and the speed of implementation. Active power adjustment is the 
suitable action for this situation. 

5.4.4 DVI 
The index reflects voltage magnitude variation at each node during dynamic state. The 
actions of voltage magnitude adjustment will help the maintenance of voltage either 
directly e.g. transformer tap-changing or indirectly reactive power compensation. 
Voltage magnitude adjustment is therefore the suitable action. 

5.4.5 QSVI 
The commonly used remedial actions for improving QSVI are voltage magnitude 
adjustment. 
Most voltage collapse incidents have such similarities. Followed by a major 
contingency, e.g. the outage of transmission line or generator, the markedly changes 
of voltages and currents will result in the voltage magnitudes at some nodes going 
unacceptable [42], [43]. For most situations, the power system has the ability to take 
the abnormal voltage riding through and ensure security [42], [43]. The abnormal 
voltage magnitudes would return normal essentially. For some severe situations, the 
voltage magnitudes may reach points where it is impossible to return back to nominal 
levels. Voltage collapse then happens. 
Those severe situations may be extremely critical contingencies or the remedial 
actions are restricted. Extremely critical contingencies can be damage to the main 
network by catastrophe. The voltage regulating devices (e.g. tap-changers, exciters of 
generator, reactive power compensator) are the main role to implement the remedial 
actions. The operating limits of those devices are normal restrictions of remedial 
actions implementation. Those limits include range of transformer tap-changer, 
exciter of synchronous generator, capacities of compensator etc. [42]. 
These regulating devices therefore need to be adjusted according to new operating 
condition to cover the restrictions after occurrence of contingency. 
The implementation of reactive power compensation will either increase or decrease 
the reactive power injection at some nodes. Since most of the loads in the power 
system consume reactive power, normally it is to increase the injection i.e. increase 
the supply of reactive power 
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According to (5.1), over-compensation will have negative effect on the QSVI. The 
over-compensation usually happens in the area where near generation center but far 
from load center. The consumption of reactive power in such area may not as high as 
the consumption in the load area. 
The compensation can be implemented locally or centralized. As a remedial action, 
the compensation is normally using compensated locally to avoid other unconscious 
side-effects introduced into power system. 

5.4.6 PFI 
PFI implies overload for the transmission equipments. The overload of transmission 
equipments can be occurrence of by inappropriate generation distribution, outage of 
transmission equipments, etc. 
To improve PFI (LPFI, TPFI) is related to the problem of optimizing load flow. 
Changing the working points of some generators may reduce the electric power 
transmitted through the overloaded equipments. Thus the PFIs which indicate 
overload can be improved. Commonly used remedial actions are all about allocating 
generation for different generators, in order to get better load flow distribution. The 
suitable action is power generation re-dispatch. 

5.5 Remedial Actions Scheme (RAS) 
RAS is the real-time operation schemes to help the partial/total power system survive 
if the system is occurrence of contingencies [36]. The RAS should also help all 
components meet their operating constraints. Even during steady state, if the 
operating state does not have desired security level, the RAS must try to increase the 
security level of operating state. The RASs in this project is developed off-line, and 
they will be selected and modified on-line to preserve power system integrity and 
stable [44]. 
The requirements of RAS are summarized in reference [29]: 
1. Alleviation of overloads 
2. Correction of abnormal voltage/frequency/angle… 
3. Representation of operating constraints 
4. Modeling of a practical set of remedial actions 
5. Certification the efficiency for large systems. 
The RAS is developed by studies from DSA. The RAS is developed according to the 
operating constraints and capabilities of devices [36]. The reason is the RAS should 
be essentially implemented by different devices. If one RAS cannot be implemented 
by devices in real situation, the development of the RAS makes no sense. The RAS is 
required to be flexible so that devices with different capabilities are able to implement 
the RAS [36]. 
To develop the RAS, a theoretical study is doing firstly to be aware the fundamental 
reasons of different instability. Then, the critical contingencies are picked up by 
contingency screening. For each critical contingency, some remedial actions will be 
applied, and the outcomes (load flows, voltage magnitudes, generator outputs, etc.) 
will be observed. The outcomes of the power system are computed straightforward. 
Compared with outcomes for different situations (without/with different remedial 
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actions application), the trend of improvement by remedial actions can be derived. It 
is then possible to create the RAS. To find more suitable RAS for each contingency, 
many RAS candidates need to be simulated repeatedly in order to check their 
performance. 
It must be pointed out that RASs developed off-line are not supposed to cover all 
contingencies. The RASs should be modified according to the upgraded information 
on power system operation on-line. This is due to the prediction of the operating state 
of power system needs to be modified on-line. Sometimes there are needs to develop 
new RAS on-line if no exiting RAS can be adopted for occurrence of unconscious 
contingencies. 
The reason to develop RASs off-line is to handle basic contingencies for the power 
system. Those RASs are the fundamental for RASs modification on-line. The 
experience earned during the off-line task will help develop new RAS on-line. 
How to determine the more suitable RAS to counter one specific contingency will be 
evaluated by the seven indices of the SI system. Those indices are proved by ref. [1], 
[9] and [25] that they have the ability to evaluate the power system security. After the 
implementation of one RAS, the security level of the power system will be influenced. 
The SI system will reflect the changes of security level by its numerical evaluation 
results. The RAS are therefore evaluated indirectly by the SI system. The evaluation 
results for each RAS will rank the qualities of all proposed RAS at the same standard. 
The RAS with best results will be the more suitable RAS. There is the possibility to 
develop RAS better than the current best one, so it is better not define any RAS as the 
best RAS. 
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6. Study 1: Test system building and contingency screening 

6.1 Test system 
The test system which was modeled for the simulation comprised 810 transmission 
lines, 210 transformers, 720 nodes, 33 reactive power compensators and 83 generators. 
The total active power generation was more than 9000 MW while total consumption 
was about 8800MW. The voltages levels contained 400kV, 220kV, 110kV. The 
capacity of most reactive power compensators was 50MVar. A few of reactive power 
compensators had the capacity of 100MVar. The initial values of working points of all 
components were initiated based on the most commonly used operating point of the 
test system. The general configuration of the test system is shown in figure 6.1. 

 

Figure 6. 1 Test system configuration 

The components are named in the following way: NXXX represents nodes; LXXX 
represents transmission lines; TXXX represents transformers, GXX represents 
generators; CXX represents reactive power compensator; and PXXX represents for 
loads. ‘X’ is the digit number from 0 - 9. 
The concept of rough electrical distance is expressed by the impedance of each 
transmission line and transformer. The transmission loss will be reduced if the 
distance is low. The shunt capacitance of each line is neglected. The values are not 
accurate. They can just be used for rough estimation. 
All values of the distance will be presented by the value of impedance in p.u. The 
base value of electric power Sb is 10000MVA. The base value of different voltage 
levels Ub1, Ub2 and Ub3 are 400kV, 220kV and 110kV respectively. 
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6.2 The simulation tool 
The simulation tool is named SIGUARD. The SIGUARD is a user-oriented program. 
It wraps the software inside to implement the simulation. It has capability to 
automatically simulate any number of contingencies in time domain, and present the 
results. 
The simulation software contains the main software and the auxiliary software. The 
main software is PSS®NETOMAC. The PSS®NETOMAC manipulates all 
simulation of power system performance in time domain. It is designed for the power 
system dynamic simulation. It is capable to perform contingencies which might be 
common occurrence to the power system. It has well accurate performance in time 
domain simulation [14]. The models of components to build the test system have 
already been created in the library of PSS®NETOMAC. 
The auxiliary software is MATLAB. The software will be used to achieve the FIS 
system. 

6.3 Contingency screening 

6.3.1 Contingency types 
There were three types of contingencies to be simulated. These contingencies 
included: outage of transmission line (line-outage), outage of generator 
(generator-outage), and three-phase short-circuit at specific node (three-phase 
short-circuit). 
These contingencies were injected by selected components. Those selected 
components were: 130 transmission lines above 220kV; 40 generators producing 
active power more than 100MW; and the 112 nodes above 220kV. The possibility of 
occurring to three-phase short-circuit to a power system is less than the possibility of 
occurring to single-phase short-circuit. However three-phase short circuit is much 
more series and used for many situations of power system analysis [5]. 
An exhaustive simulation of all possible contingencies was implemented. 

6.3.2 Critical contingency 
This simulation of contingency screening aims to identify those critical contingencies. 
Only one contingency is injected by the test system during each simulation. 
The critical contingencies must lead some components to violate the operating 
constraints or close the boundaries of the constraints. In this project, the three QSIs of 
the SI system were used to identify those critical contingencies. According to the 
definition of the SI system, if one element index gets value higher than 0.6, the index 
shows the security level of the relative component is medium low. The component is 
considered as critical component. 
The author therefore defines the critical contingency is the one which can lead at least 
one component to be critical i.e. the value of corresponding element index of the 
component is higher the 0.6. 
The TIs are used to evaluate the dynamic characters of power system. Improve 
dynamic characters will improve the TIs. 
The dynamic characters highly depend on the internal characters of power system. 
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Those internal characters are the deployment of protective devices; the amount of 
reservation for first frequency control; the responding time of transformer tap-changer; 
etc. For instance, the amount of reservation for first frequency control can determine 
maximum system frequency derivation which determines the MFDI. 
The responding time to improve dynamic characters is crucial. To improve the TIs, 
most of the remedial actions have to be implemented automatically. The devices to 
automatically implement the remedial action have deployed into the test system. The 
characters of those devices are not able to be changed because they are decided by the 
manufactures. It is not allowed to install new devices into the test system as well. 
There is not much space to improve TIs. 
The QSIs are used to evaluate the quasi-stationary characters. These characters can be 
improved without strict timescale restriction. Manually remedial actions are able to be 
implemented to improve these characters. 
The study focuses on the QSIs improvement of the test system. It will also study both 
manual and automatic remedial actions. The influences from remedial actions on QSIs 
will be checked. Meanwhile, the TIs will also be observed to ensure the manual 
remedial actions will not make the overall security level get worse. 

6.3.3 Simulation results 
Each transmission line has its LPFI, each transformer has its TPFI, and each node has 
its QSVI. In the simulation, 130 LPFIs which came from 130 lines above 220kV were 
observed. 112 TPFIs which came from 112 transformers were also observed. Those 
transformers should have had at least one winding connected above 220kV. 615 
QSVIs from 615 nodes were observed. Those nodes were above 110kV. Since some 
transformers which were observed have connection to this voltage level and all 
reactive compensators are connected to this level, observing the nodes above 110kV 
can get better knowledge of the test system than only observing nodes above 220kV. 
The part of results from simulation is shown in figures 6.2 – 6.4. All the contingencies 
in the three figures are the line-outage. The x-axis gives the information of each 
contingency. They are the same for all figures from 6.2 – 6.4. Contingency 1 means 
make line L001 outage. The x-axis has 131 contingencies. The Contingency No. 131 
is all the LPFI of lines at steady state (initial working points). The details of every 
contingency are listed in Appendix 1. 
The three types of QSIs are listed in these figures individually. Figure 6.2 shows the 
LPFI. Its y-axis has 130 parameters. Each one represents one LPFI for one 
transmission line. From y1 to y130 are LPFIs of line L001 to line L130. In figure 6.3, 
the y-axis gives the TPFI of 112 transformers. From y1 to y112 are TPFIs of 
transformer T001 to transformer T112. In the three sub-figures of figure 6.4, the 
y-axis gives the QSVI for 615 nodes. From y1 to y615 are QSVIs of node N001 to node 
N615. 
The representations of different colors used to present indices are described in 
Chapter 4. 
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Figure 6. 2 LPFI for line-outage 

 

Figure 6. 3 TPFI for line-outage 
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Figure 6. 4 QSVI for line-outage 

When one line is outage, its LPFI will be the value 1. These LPFIs are not interested 
for the simulation and will be excluded when using the FIS system. 
For one contingency, e.g. Contingency 20 which led line L014 outage, the LPFI of 
line L014 had the value of 1. So in figure 6.2, the LPFI at (x20, y14) is red. Besides, for 
this contingency, alongside of x20 for all three figures, all indices are in green, yellow 
and orange, i.e., no index has the value higher than 0.6. Contingency 20 was 
considered as non-critical contingency, and would be excluded from the list of 
contingencies for further study. The location of line L014 is shown in figure 6.5. 
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Figure 6. 5 Location of L178 

For other contingencies, i.e. different x, there is always one LPFI in figure 6.2 in red. 
It is the LPFI of the line which was outage. Except this LPFI, if there is any index of 
any component at the same x-axis in figure 6.2 – 6.4 are in brown or red, i.e. the value 
of the index is higher than 0.6, the component was at critical state caused by the 
contingency. The corresponding contingency was then considered as critical 
contingency. 
Those critical contingencies of line-outage and their corresponding critical 
components (whose index is in orange or red) are presented in Appendix 2. 
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7. Study 2: Protective assessment 

7.1 Results of assessment 
The protective assessment deals with the initial operating state of the test system at 
steady state. The results of the seven indices and FDSI derived from FIS systems are 
during steady state shown in table 7.1. 

Table 7. 1 Steady state indices 

Index 
Type 

Static State 
Index  

FDSI 0.353      
AI 0.295 

MFDI 0.004 
FRTI 0 
DVI 0 

QSVI 0.287 
LPFI 0.592 
TPFI 0.572 

 
According to the values of indices, there is no value of any QSI larger than 0.6 
(maximum values of QSVI, LPFI and TPFI are 0.287, 0.592 and 0.572 respectively). 
The results of evaluation implied there was no need to apply remedial actions. 
The results of every element of LPFIs, TPFIs, and QSVIs are shown as Case 1 in 
figures 7.3 – 7.5. Most QSVIs, and majority LPFIs and TPFIs are in green i.e. high 
security level, but a few of them are in orange, i.e. medium security level. Some 
values of QSIs are really close to 0.6, e.g. LPFI for lines L072 and L073 are 0.592. 
Since this operating point is the most commonly used operating point, it implies the 
operator agrees some components are operated close to the boundary being critical 
component. 

7.2 Proposed improvement 
The lines L072 and L073 were really easily to be critical. Many line-outage 
contingencies turned the two lines to be critical according to Appendix 2. There were 
also six generator-outage contingencies turning them to be critical. The six 
contingencies are listed in table 7.2. The simplified interconnection information of the 
six generators and lines L072 and L073 are presented in figure 7.1. The load area 
connected to node N447 is neglected in the figure 7.1. 
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Figure 7. 1 Simplified connection of six generators 

 
Table 7. 2 Critical Generator Contengency 

Contingency No.(Generator name) Critical components(index value) 
13(G42) L072(0.603) L073(0.603) 
14(G43) L072(0.604) L073(0.604) 
17(G46) L072(0.606) L073(0.606) 
18(G47) L072(0.628) L073(0.628) 
19(G48) L072(0.602) L073(0.602) 
20(G67) L072(0.601) L073(0.601) 

The details of all elements LPFIs from the six contingencies of generator-outage are 
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shown in figure 7.2. It is clear that y72 and y73 are in brown. 

 

Figure 7. 2 Details of LPFI from generator-outage 

There were some solutions to improve the security level of the two lines. An easy 
solution was to change some initial outputs of generators. A RAS could be developed 
for this solution. This RAS was aim to reduce the transmission load flow of the two 
lines so to reduce the values of LPFI of the two Lines L072 and L073. 
To develop the RAS, the load flow should have been studied at first. The direction of 
load flow through lines L072/L073 was from N416 to N447. And the directions of 
load flow through lines L102/L103 and L099 were from N365 to N545 to N447. 
The five generators G51, G52, G53, G54, and G55 are comprised as Group 1. Table 
7.3 shows, the group produced in total approx. 940MW active power. Table 7.3 also 
shows Group 2 containing generators G46, G47 and G48 had the ability to increase 
approx. 300MW active power producing. Besides, generator Group 2 is the generator 
group which had substantial amount of electric power reservation with the nearest 
rough electrical distance (2.8324 +25.2943i p.u.) to node N447. 
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Table 7. 3 Generator capacity 

Generator Working 
point (MW) 

Working 
point 

(MVar) 

Capacity 
(MW) 

Capacity 
(MVA) 

Connecting 
node  

G46 90.54 61.88 210 247 P, Q  
G47 178.52 34.00 210 247 P, Q  
G48 60.88 39.66 210 247 P, Q  
G51 192.58 48.71 194 216 P, Q  
G52 185.24 48.00 194 216 P, Q  
G53 190.53 48.51 194 216 P, Q  
G54 190.07 48.16 194 216 P, Q  
G55 181.93 47.38 194 216 P, Q  

Working points are the initial production of active and reactive of the generators. 
Capacity(MW) is the maximum active power production of the generator which can be 
changed to by the author. Capacity(MWA) is apprent power production of the generator 
which can be changed to by the author. Apperant power S*=P+jQ (S2=P2+Q2). 

 
The information proved if reducing the active power production from Group 1 for a 
certain amount, the deficit were able to be compensated and were better to be 
compensated by Group 2. The author proposed to decrease active power production of 
150MW from Group 1 and to increase the production of 150MW from Group 2. 
The original amount of active power through the line L072/L073 is shown as Case 1 
in table 7.4. After the RAS had been applied, the amount of power flow through 
L072/L073 is shown as Case 2 in table 7.4. The amount of power flow was reduced in 
Case 2. 
The results of evaluation by the SI system for the two cases are shown in table 7.5. 
The FDSI in Case 2 reduces to 0.339. The LPFI significantly improved in Case 2. The 
value reduces from 0.592 in Case 1 to 0.506 in Case 2. 

Table 7. 4 Load flow (MW) through L072/L073 

Cases Case 1 Case 2 Case 3 Case 4 
L072/L073 255.527 219.182 388.822 337.413 

 
Every element index of the three types of QSIs for Case 2 is shown as Case 2 in 
figures 7.3 – 7.5. In figure 7.3, the LPFI of line L106 turns form high security level 
(Case 1) to M high (Case 2). In the meantime, many TPFIs and QSVIs turn from M 
high security level (Case 1) to high (Case 2), shown in figure 7.4 and 7.5. The RAS 
had improved the security levels of most components. 
Besides, the maximal value of LPFI and FDSI are improved seen from table 7.5, 
which means this RAS did not make the operating state of other aspects worse. 
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Figure 7. 3 LPFI for the case study 

 
Figure 7. 4 TPFI for the case study 
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Figure 7. 5 QSVI for the case study 

Table 7. 5 Results by SI evaluation 

Index 
Type 

Case 1 Case 2 Case 3 Case 4 

FDSI 0.353      0.339 0.815 0.616 
AI 0.295 0.293 0.299 0.296 

MFDI 0.004 0.004 0.024 0.020 
FRTI 0 0 0 0 
DVI 0 0 0 0 

QSVI 0.287 0.259 0.305 0.272 
LPFI 0.592 0.506 0.931 0.792 
TPFI 0.572 0.572 0.570 0.571 

 
To test the quality of RAS, line L072 was made outage. The value of load flow 
through L073 is listed in table 7.4. Case 3 represents the post-contingency situation 
from the original operating point. Case 4 is for the situation which had changed the 
operating points of generation Group 1 and Group 2. The power flow for Case 4 is 
less than it for Case 3. 
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The results of evaluation by the SI system are shown as Case 3 and Case 4 in table 7.5. 
The values of FDSI and LPFI are lower in Case 4 than those in Case 3. The values 
reduce from 0.815 and 0.931 to 0.616 and 0.792, respectively. The improvement by 
the RAS was positive. 
Every element of the three types of QSIs for Case 3 and Case 4 are shown in figure 
7.3 – 7.5. The situation of each element index has the same trend from Case 3 to Case 
4 as the trend from Case 1 to Case 2. 
However as mentioned before, the initial working points of the generators were set 
based on the most commonly used operating point of the test system. The operator of 
power system might not want to apply this RAS. 
Other proposed solutions included building a new transmission line in parallel with 
the two lines or upgrade some devices to increase the electric power transmission 
capabilities of the two lines. 
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8. Study 3: Emergency assessment 
Three-phase short-circuit Contingency 79 led the test system to have dangerous 
dynamic state. Emergency actions were required to implement. 
Contingency 79 was a three-phase short-circuit at node N314. This contingency 
would be cleared after in 0.1s. Within seven seconds after the contingency had being 
cleared, the protection of generator G22 were triggered automatically. This action 
implied G22 occurring to emergency fault. The action would trip G22 from the test 
system i.e. generator-shedding for G22. The indices of QSVIs become 0.992 at node 
N174 and 1 at node N314 before the fault cleared. 
The locations of the node and generator are shown in figure 8.1. If the fault continues 
without generator shedding, the output of generator G22 would be like figure 8.2. 
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Figure 8. 1 Location of G22 and N314 

 
Figure 8. 2 Fault waveform 

The generator protection is designed to protect the generator and the rest network of 
power system. For some faults e.g. out-of-step, field-loss, the device will trip the 
generator from the power system. This action is a generator shedding. 
The results of evaluation by the SI system are listed in table 8.1. 

Table 8. 1 Results by SI evaluation 

Index 
Type 

Before G22 
tripped 

After G22 
tripped 

FDSI 1      0.623 
AI 1 0.582 

MFDI 1 0.167 
FRTI 1 0 
DVI 1 0.184 

QSVI 1 0.263 
LPFI 0.584 0.577 
TPFI 0.563 0.574 
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It is clearly in the table, maximum values of TIs are all equal to 1. After the 
out-of-step cleared, all values of TIs and QSVI have reduced. 
The element indices of QSIs before and after generator G22 being tripped are shown 
in figures 8.3 – 8.5. Besides some exceptions, most element indices have been 
improved by the remedial action. Especially in figure 8.5, some QSVIs turn from red 
into green. 
The aim to install the protection was to protect the power system. When the protection 
was triggered, the protection would increase or keep the security level of the power 
system. The SI system reflected the situation. So it is accurate for DSA researches. 

 

Figure 8. 3 LPFI of G22 out-of-step 
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Figure 8. 4 TPFI of G22 out-of-step 

 
Figure 8. 5 QSVI of G22 out-of-step 
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9. Study 4: Restoration assessment I 

9.1 The principles to of remedial actions implementation 
The RAS being used for restoration assessment will help the power system recover 
back to stable steady state from contingency, so that the test system can survive if 
another contingency happens. These RASs in this project are supposed to be 
implemented manually. 
Some premises for restoration assessment are presented here. 
Some manual remedial actions need tens of minutes to implement. In order to reduce 
the simulation time and simplify the simulation, the time to implement all remedial 
actions (either automatic or manual) is neglected i.e. all actions are implemented 
instantly. 
The RAS is implemented after first frequency control is finished. During 
implementing electric power re-dispatching, a small deficit between increasing and 
decreasing of active power generation is allowed. The deficit of active power will be 
compensated by the reservation of power generation for frequency control i.e. 
automatically. The deficit must be kept within the amount so that not to lead any type 
of index to be higher than 0.4 i.e. to keep security level at least M high. 
Furthermore, the owners of generators may not allow power system operator fully 
using reservations of their generators (e.g. thermal turbine) for a short duration 
(couple of hours). The reason is the start-up and shunt-down of generator are very 
costly. The RAS should be designed to adjust this situation. The situation will effect 
directly on the power generation re-dispatch. Every re-dispatch plan therefore must 
include two cases: 
1. Short remedial duration: All owners of generators are not allowed power system 

operator fully using reservations of their generators. In this case each generator is 
possible to increase or decrease according to different conditions of generators, 
normally maximal 10% - 15% of its initial working point. 

2. Long remedial duration: The reservations of all generators involving 
re-dispatching plans can be fully used. The generation of each generator can be 
reduced to 40% - 50% of its initial working point. 

Short remedial duration implies the equipments which can participate into the 
re-dispatch plan are very limited. Long remedial duration is an ideal situation. 
The improvement of TI is not studied in this project. The evaluation of the security 
must use the TIs. The TIs are therefore computed to ensure the security level of the 
test system is improved positively i.e. at least the value of FDSI should reduce after 
the implementation of RAS. 
The quality of RAS is evaluated by the SI system. As mentioned at the beginning of 
this chapter, the RAS will help power system to survive from another contingency. 
Under this context, after the RAS has been successfully applied, another contingency 
will be injected by the test system. The contingency aims to test if the RAS can help 
the test system survive another contingency i.e. no value of any type of index can be 1. 
This additional contingency is selected probabilistic, but should occur in the nearby 
network. 
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9.2 power generation re-dispatch 
Line-outage Contingency 72 made the line-outage of L068. Line L069 which is in 
parallel with L068 then faced a critical situation. The LPFI of L069 became 0.859. 
Transformer T084 which connects the L069 to the main network faced critical 
situation as well. Its TPFI became 0.608. 
The network of this area configuration is shown in figure 9.1. 
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Figure 9. 1 The studied nerwork 

To reduce the load flow through of line L069 and transformer T084, the generators 
Group 1 (G06, G07, G42 and G43), which using them to transmit electric power, 
should have reduced their production. 
The operating point of the test system is commonly used, which implies the load flow 
distribution is more desired than load flow of other operating points. The re-dispatch 
should change the original load flow distribution as small as possible. To achieve this 
purpose, the generators involved in the re-dispatch are better in the nearby areas. The 
reduction of active power in Group 1 could be compensated by generators in nearby 
area, or automatically by reservation for frequency control. 
The initial working point and capacity of each generator are listed in table 9.1. 

Table 9. 1 The conditions of involved generators 

Generator Working 
point (MW) 

Working 
point 

(MVar) 

Capacity 
(MW) 

Capacity 
(MVA) 

Connecting 
node 

G06 31.30 0.50 56 62 P, Q  
G07 31.30 0.50 56 62 P, Q  
G32 90.91 38.77 100 125 P, Q  
G37 45.28 8.01 50 75 P, Q  
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G42 155.61 12.96 170 185 P, Q  
G43 166.17 13.73 170 185 P, Q  
G46 90.54 61.88 210 247 P, Q  
G47 178.52 34 210 247 P, Q  
G48 60.88 39.66 210 247 P, Q  
G74 308.93 -3.73 330 388 P, Q  
G75 273.27 -10.0 330 388 P, Q  
G80 274.54 -13.1 330 388 P, Q  
G81 287.87 -5.57 330 388 P, Q  
G82 261.95 -8.84 330 388 P, Q  
G83 269.31 -8.48 330 388 P, Q  

Working points are the initial production of active and reactive of the generators. 
Capacity(MW) is the maximum active power production of the generator which can be 
changed to by the author. Capacity(MWA) is apprent power production of the generator 
which can be changed to by the author. Apperant power S*=P+jQ (S2=P2+Q2). 

 

9.2.1 Short remedial duration 
For this situation, according to table 9.1, the Group 1 was able to reduce approx. 40 
MW generation of electric power. 
The method using reservation for automatic frequency control was named as Case 1. 
The generators in nearby are generator Group 2 (G46, G47 and G48), generator 
Group 3 (G80, G81, G82 and G83), generator Group 4 (G74 and G75), generator G32 
and G37. The rough electrical distances of those generators are listed in table 9.2. 
G32 and G37 almost worked at their maximal working points. They did not have 
enough capacity to compensate the defect according to table 9.1. The rough electrical 
distance for Group 4 is further than other groups. Using Group 4 might increase the 
loss of electric power during transmission. The reduction of power generation was 
then chosen to be compensated from either Group 2 (Case 2) or Group 3 (Case 3). 

Table 9. 2 Rough electricl distances of the generator 

Generator Resistor (p.u.) Inductor (p.u.) 
G32 0.174 32.650 
G37 0.522 37.506 

Group 2 0.272 10.981 
Group 3 0.563 9.836 
Group 4 0.805 11.524 

 
Table 9. 3 Active power through lines 

Lines Original Post-con Short Long 
L069 186.360 371.203 332.038 181.405 
L083 476.428 474.795 479.252 481.397 
L096 -190.433 -188.896 -186.676 -73.242 
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Line L096 connects Group 2 and Group 1 while line L083 connects Group 3 and 
Group 1. The active power through lines L069, L083 and L096 are listed in table 9.3. 
The column ‘original’ shows load flow of the initial operating point, and column 
‘post-con’ shows the load flow after contingency without application of any remedial 
action (positive value means the electric power injecting into node N482, vice versa). 
The load flow of L069 in Post-con is almost twice as it in Original 
The rough electrical distance from Group 2 to Group 1 is nearer than it from Group 3 
to Group 1, and the load flow directions also indicate the electric power flowing 
through line L096 to Group 2. Group 2 was the first choice for the active power 
compensation (Case 2). 
The performance of compensation by Group 3 was also simulated (Case 3). The aim 
was to check if the previous theoretical analysis in Section 9.2.1 was correct. 
The evaluation results on system-level for each case are listed in table 9.4. 
The results of Case 3 (FDSI 0.583, LPFI 0.766) are better the results from Case 2 
(FDSI 0.588, LPFI 0.768). However both of them are not satisfied. The LPFI of line 
L069 are 0.771 and 0.768 respectively. 
The only choice, according to the author, was to trip some loads followed by Case 3. 
Transformer T056 connects the Load Area to Group 1. Firstly, the load P34 (20MW) 
directly connecting to T056 in the Load Area was tripped (Case 4). The LPFI of L069 
is reduced by just 0.002. Step by step, the whole loads with total amount 205 MW in 
the Load Area were tripped (Case 5). 
At Case 5, LPFI of L069 is 0.749. The evaluation results for Case 5 in table 9.4 are 
still not desired. There was still possible to implement other action, but would not in 
the nearby area. 
A new contingency was injected by the system followed by Case 5 (Case 6), and the 
power system could survive from the contingency i.e. no index reaches 1. The 
contingency was a three-phase short-circuit at node N337 for 0.1 second. Since an 
entire load area had already been tripped, the author considered the application of 
remedial actions had to be stopped after implementing Case 5. 

Table 9. 4 Short duration remedial actions evaluation 

Index 
Type 

Index value 
for Line 
Con. 72 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

FDSI 0.733 0.598 0.588 0.583 0.574 0.497 0.494 
AI 0.297 0.297 0.297 0.298 0.299 0.312 0.316 

MFDI 0.070 0.070 0.070 0.070 0.070 0.081 0.359 
FRTI 0 0 0 0 0 0 0.013 
DVI 0 0 0 0 0 0 0.103 

QSVI 0.302 0.299 0.297 0.303 0.300 0.272 0.274 
LPFI 0.859 0.771 0.768 0.766 0.764 0.749 0.748 
TPFI 0.608 0.571 0.571 0.571 0.571 0.573 0.572 

 
The column ‘short’ in table 9.3 is load flow of the three lines at Case 5. The load flow 
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through L069 had reduced by approx. 40MW. The load flow through other lines did 
not change too much. 
The RAS is listed in table 9.5. 

Table 9. 5 RAS for short remedial duration 

Remedial action (specific 
method*) 

Amount Involved equipments 

Power generation 
re-dispatching 

40MW G06 
(D) 

G07 
(D) 

G42 
(D) 

G43 
(D) 

G80 
(I) 

G81 
(I) 

G82 
(I) 

G83 
(I) 

  

Active power adjustment 
(Load shedding) 

205MW Load 
Area 

    

* If there is no specific method, there is no need to fill. 
(D) stands for generation decreasing, (I) stands for generation increasing 

 
The element indices of QSIs for all cases are shown in figures 9.2 – 9.4. The figures 
include data from the evaluation of contingency i.e. no remedial actions are applied. 
From those figures, each case increases the values of some element indices, while also 
decreases the values of some other element indices. Without FDSI, it is hard to 
distinguish which case was better. 

 

Figure 9. 2 LPFI for each case of short remedial duration 



 

69 
 

 

Figure 9. 3 TPFI for each case of short remedial duration 
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Figure 9. 4 QSVI for each case of short remedial duration 

9.2.2 Long remedial duration 
For this situation, according to table 9.1, the electric power which was produced by 
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Group 1 could be reduced by 190 MW. Group 2 (Case 7) and Group 3 (Case 8) both 
had the ability to compensate the deficit of active power. Since the deficit was active 
power of 190MW, the author would not choose to use generation reservation of 
automatic frequency control to preserve enough amount of the reservation for further 
frequency control. 
The evaluation results for both cases are listed in table 9.6. The results show Case 7 
(FDSI 0.339, LPFI 0.563) is better than Case 8 (FDSI 0.369, LPFI 0.616). Following 
Case 7, the same contingency in Case 6 was injected by (Case 9). The evaluation 
results are listed in table 9.6 as well. The results show the application of remedial 
actions could stop i.e. in Case 9, no index reach the value of 1. 
The column ‘long’ in table 9.3 is load flow of the three lines at Case 7. The load flow 
through L069 almost turned back to the original value. The load flow through L083 
did not change too much. Due to the increasing production of Group 2, the load flow 
through L096 reduced by approx. 120MW compared to the original value. 
The RAS is listed in table 9.7. 
The elements indices of QSIs for all cases are shown in figures 9.5 – 9.7. The figures 
include data from the evaluation of contingency i.e. no remedial actions are applied. 
Compared two cases, the indices whose values reduced in Case 7 are more than those 
indices whose values reduced in Case 8. 

Table 9. 6 Long duration remedial actions evaluation 

Index 
Type 

Index value for 
Line Con. 72 

Case 7 Case 8 Case 9 

FDSI 0.733 0.339 0.369 0.339 
AI 0.297 0.297 0.299 0.301 

MFDI 0.070 0.125 0.124 0.307 
FRTI 0 0 0 0.009 
DVI 0 0 0 0.103 

QSVI 0.302 0.284 0.306 0.285 
LPFI 0.859 0.563 0.616 0.563 
TPFI 0.608 0.572 0.570 0.572 

 
Table 9. 7 RAS for long remedial duration 

Remedial action (specific 
method*) 

Amount Involved equipments 

Power generation 
re-dispatching 

190MW G06 
(D) 

G07 
(D) 

G42 
(D) 

G43 
(D) 

G46 
(I) 

G47 
(I) 

G48 
(I) 

   

* If there is no specific method, there is no need to fill this item. 
(D) stands for generation decreasing, (I) stands for generation increasing 
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Figure 9. 5 LPFI for each case of long remedial duration 

 
Figure 9. 6 TPFI for each case of long remedial duration 
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Figure 9. 7 QSVI for each case of long remedial duration 

9.3 Conclusion 
The RAS for short duration was able to help the test system survive. Since line L068 
would just be outage for a couple of hours, the load shedding for a whole load area, 
and not high security level of the test system were not unacceptable. 
The RAS for long duration was much more ideal. In reality, the RAS may not be fully 
implemented. The security level of the test system might therefore not reach such 
high. 
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10. Study 5: Restoration assessment II 
Line-outage Contingency 90 made the line-outage of L086, having led nodes N014 
and N387, and lines L072 and L073 to be critical components. The QSVI for N014 is 
0.816, for N387 is 0.838, and the LPFI for both L072 and L073 are 0.637. The reason 
was the configuration of network had been changed by the contingency, so that the 
load flow distribution changed. 
The network of this area configuration is shown in figure 10.1. 
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Figure 10. 1 The studied nerwork 

The remedial actions to improve the security level of the two lines were power 
generation re-dispatch. The procedure to develop the re-dispatch was similar as 
Chapter 9. The re-dispatch was sorted as short remedial duration and long remedial 
duration. This chapter would not discuss the procedure of RAS development. The 
information of the re-dispatch is listed in table 10.1. 

Table 10. 1 Re-dispatch for the two lines 

Remedial 
duration 

Remedial 
action 

(specific 
method) 

Amount Involved equipments 

Short Power 
generation 
re-dispatchi

ng 

95 MW G51 
(D) 

G52 
(D) 

G53 
(D) 

G54 
(D) 

G55 
(D) 

G46 
(I) 

G47 
(I) 

G48 
(I) 

  

Long Power 
generation 
re-dispatchi

ng 

190MW G51 
(D) 

G52 
(D) 

G53 
(D) 

G54 
(D) 

G55 
(D) 

G46 
(I) 

G47 
(I) 

G48 
(I) 

  

If there is no specific method, there is no need to fill this item. 
(D) stands for generation decreasing, (I) stands for generation increasing 
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10.1 Voltage magnitude adjustment 
To remediate the security level of the two nodes, the voltage magnitudes at N014 and 
N387 were observed firstly. In table 10.2, the voltage magnitudes in p.u. before and 
after contingency are listed in columns ‘original’ and ‘post-con’. The voltage 
magnitudes dip at the two nodes. The reactive power compensation should be 
implemented. 
The compensation is better implemented locally discussed in Section 5.4.5. There are 
five compensators nearby, which is indicated in figure 10.1. 

Table 10. 2 The voltage magnitudes in p.u. at N014 and N387 

Node Original Post-con Short Long 
N014 1.003 0.920 0.929 0.936 
N387 1.001 0.918 0.927 0.934 

 
Shown in figure 10.1, there is Load Area 3 connected to L090. If using C25 to 
compensate the reactive power, the reactive power variation may lead side-effect to 
the load area. C25 was therefore not used for the compensation. 
The rough electrical distances from other compensators to node N014 are listed in 
table 10.3. The distances for compensators C14, C15 and C16 are closer than the 
distance of C08. However according to figure 10.1, C08 is located in Load Area 2 and 
directly connected to Load Area 1. There was no compensator in Load Area 1. All 
reactive power this area requiring needed to be supplied from other parts of the test 
system. When line L086 was outage, this area lost a path for reactive power 
transmission. Compensating reactive power in the load area would directly influence 
the reactive power distribution at node N014. Therefore C08 was the first choice to 
implement compensation. 
The working points and capacities of compensators C08, C14, C15 and C16 are listed 
in table 10.4. 

Table 10. 3 Rough electrical distances of compensators 

Compensator Resistor (p.u.) Inductor (p.u.) 
C08 11.442 38.039 
C14 5.687 30.808 
C15 7.191 34.056 
C16 7.191 34.056 

 
Table 10. 4 The details of compensators 

Compensating 
device 

Working 
point (MVar) 

Capacity 
(MVA) 

Connecting 
node 

C08 11.94 50 P, Q  
C14 23.00 50 P, Q  
C15 3.79 50 P, Q  
C16 4.40 50 P, Q  
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The author tried to gradually trigger the fully capacity of C08 (increase 38.06Var 
injection) combined with re-dispatch of short remedial duration. The evaluation 
results for this case are listed as Case 1 in table 10.5. The results are better than 
original results, but not good enough (FDSI 0.695, QSVI 0.725). 
The results in Case 2 of table 10.5 are when fully triggered all capacities of C08, C14, 
C15 and C16 (increase 156.67Var injection) combined with re-dispatch of short 
remedial duration. 
The results of Case 3 of table 10.5 are when fully triggered capacities of C08 and C14, 
and triggered half capacities of C15 and C16 (increase 106.87Var injection) combined 
with re-dispatch of short remedial duration. 
According to table 10.5, the LPFI in Case 2 gets worse than Case 3 while the QSVI 
gets better in Case 2 than Case 3, but FDSI is better for Case 2. 
The column ‘short’ in table 10.2 is the voltage magnitudes at the two nodes for Case 2. 
The results show the voltage magnitudes improved but were still less than the original 
value. It proved there was no over-compensation. Case 2 was therefore used to 
formulate RAS for short remedial duration. 
The results of Case 4 of table 10.5 are to have injected a new contingency after Case 2. 
The contingency was line-outage of L096. No index reaches the value of 1 in Case 4. 

Table 10. 5 Results of different RAS (short duration) 

Index 
Type 

Index value 
for Line 
Con. 90 

Case 1 Case 2 Case 3 Case 4 

FDSI 0.857 0.695 0.647 0.658 0.703 
AI 0.304 0.302 0.302 0.302 0.302 

MFDI 0.043 0.046 0.043 0.044 0.043 
FRTI 0 0 0 0 0 
DVI 0 0 0 0 0 

QSVI 0.838 0.725 0.673 0.690 0.727 
LPFI 0.637 0.624 0.629 0.627 0.659 
TPFI 0.573 0.574 0.574 0.574 0.575 

 
The elements of all types QSIs for short duration are shown in figures 10.2 – 10.4. 
The figures include data from the evaluation of contingency i.e. no remedial actions 
are applied. From the figures, there are some LPFIs and TPFIs getting worse by 
applying the RAS but more TPFIs getting better. Some QSVIs turn the color from 
yellow to green but no QSVIs turn worse. 
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Figure 10. 2 LPFI for each case of short remedial duration 

 

Figure 10. 3 TPFI for each case of short remedial duration 
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Figure 10. 4 QSVI for each case of short remedial duration 

The results of Case 5 of table 10.6 are when fully triggering all capacities of C08, C14, 
C15 and C16 (increase 156.67Var injection) combined with re-dispatch of long 
remedial duration. 
The column ‘long’ in table 10.2 is the voltage magnitudes of the two nodes for Case 5. 
The results show the voltage magnitudes were still less than the original value. It 
proved there was no over-compensation. 
The results of Case 6 of table 10.6 are to having injected a new contingency after 
Case 2. The contingency was line-outage of L096. 

Table 10. 6 Results of different RAS (long duration) 

Index 
Type 

Index value 
for Line Con. 

90 

Case 5 Case 6 

FDSI 0.857 0.633 0.654 
AI 0.304 0.302 0.302 

MFDI 0.043 0.070 0.070 
FRTI 0 0 0 
DVI 0 0 0 

QSVI 0.838 0.638 0.669 
LPFI 0.637 0.583 0.589 
TPFI 0.573 0.575 0.575 
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The elements of all types QSIs for long duration are shown in figures 10.5 – 10.7. The 
figures include data from the evaluation of contingency i.e. no remedial actions are 
applied. The LPFIs of L072/L073 turn from orange to yellow. Except a few LPFIs and 
TPFIs turn from green to yellow, most indices of LPFIs, TPFIs and QSVIs keep the 
same security level, and the indices which get better are more than indices which get 
worse. 

 

Figure 10. 5 LPFI for each case of long remedial duration 

 
Figure 10. 6 TPFI for each case of long remedial duration 
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Figure 10. 7 QSVI for each case of long remedial duration 

10.2 Suggestion on test system upgrade 
The FDSI and QSVI for all cases from the FIS are not less than 0.6. The LPFI in Case 
2 is larger than it in Case 1. It means the action of reactive power compensation 
increasing the load flow through some lines. The transmission loss increases. This 
RAS is not desired. 
The author therefore suggests install new compensators in Load Area 1. This load area 
influences highly on reactive power distribution at the node N014 and N387. The 
capacity of the compensator should be able to improve all element QSVIs to be less 
than 0.6 if Contingency 90 happening. The location to install the new compensator 
should to avoid increasing the transmission loss. 
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11. Conclusions and future work 

11.1 Conclusions 
With development of DSA, the SI system nowadays is able to evaluate power system 
performance during both steady state and dynamic state. The SI system is able to grade 
different remedial actions as well. Simulation in the project validates how the SI system is 
used for selection of adequate remedial actions to develop RAS. The suitable RASs are 
then derived from the evaluation. Those RASs will guide remediation of the power 
system so that to avoid unacceptable operating states or collapse of the power system. 
The power system components upgrading can be also guided by results of evaluation by 
the SI system. 
By introducing the SI system, the whole process of evaluation on the power system 
security does not need much computing time. Besides, the evaluation on the RASs by 
using the SI system shows that those RASs have the ability to against the instability 
problems of the power system. Therefore using SI to develop RAS to counteract 
instability is intelligent way to against instability. The risk of power system collapse 
therefore can be reduced. 

11.2 Future work 

11.2.1 Improvements for DSA indices 
This project focused on the technical problems of power system and aimed to find out 
acceptable technical solutions to remediate power system after contingency. However 
this is not enough for real situation. 
In reality, because of non-technical considerations, those RASs are not able to be fully 
implemented. For instance, the hospital cannot be the target of load shedding in case 
occurrence of medical accident. If the power system operator wants to use the SI 
system, such considerations require studying some new indices to indicate the 
non-technical situations. In real situation, these new indices should be used as 
complement of the current SI system. 

11.2.2 Cooperation under non-monopoly power system 
Today, with the interconnection between power systems owned by different TSOs 
becoming a new trend, the DSA research must be adjusted to the cooperation of 
different TSOs within large scale systems [45]. 
The context of cooperation contains such as information sharing, RAS coordination, 
and economic collaboration, etc. 
 

Information sharing 
Information sharing requires the data and assessment results sharing between 

TSOs. The TSOs should report its operating states every certain duration [45]. If a 
contingency happens in the system operated by TSO1, TSO1 should take the 
responsibility to report the possible effects to other TSOs [45]. 
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RAS coordination 
RAS coordination relates the situation that sometimes the contingency in Area 1 

should be remediated by actions in neighborhood power systems. The systems may be 
owned by different TSOs. The RAS design and duty boundaries for different TSOs 
should be clearly specified in coordination scheme. 
 

Economic collaboration 
Economic collaboration takes issues on compensation for profit lost and 

investment collaborations. For instance, to remediate a contingency in system owned 
by TSO1, some actions should be implemented in area owned by TSO2. Those actions 
may lead some profit lost for TSO2. Then the problem is how to compensate the profit 
lost for TSO2. For maintenance of the system components, upgrading the system 
protection devices and starting future researches for the interconnected system, all 
TSOs must put investment on those issues together. Then how to distribute this 
investment needs a cooperation scheme accepted by all players of the power system 
operation. 
 
In one word, the DSA researches still have many tasks to be studied. All the 
contributions on DSA researches will make the power system to be operated in a way 
with higher level of security. 
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Appendix: 

Appendix 1: 
Contingency No. vs. Line No. 

Contingency No. Line of outage Contingency No. Line of outage 
1 L001 66 L062 
2 L002 67 L063 
3 L007 68 L064 
4 L009 69 L065 
5 L039 70 L066 
6 L041 71 L067 
7 L107 72 L068 
8 L108 73 L069 
9 L123 74 L070 
10 L129 75 L071 
11 L003 76 L072 
12 L004 77 L073 
13 L005 78 L074 
14 L006 79 L075 
15 L008 80 L076 
16 L010 81 L077 
17 L011 82 L078 
18 L012 83 L079 
19 L013 84 L080 
20 L014 85 L081 
21 L015 86 L082 
22 L016 87 L083 
23 L017 88 L084 
24 L018 89 L085 
25 L019 90 L086 
26 L020 91 L087 
27 L021 92 L088 
28 L022 93 L089 
29 L023 94 L090 
30 L024 95 L091 
31 L025 96 L092 
32 L026 97 L093 
33 L027 98 L094 
34 L028 99 L095 
35 L029 100 L096 
36 L030 101 L097 
37 L031 102 L098 
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38 L032 103 L099 
39 L033 104 L100 
40 L034 105 L101 
41 L035 106 L102 
42 L036 107 L103 
43 L037 108 L104 
44 L038 109 L105 
45 L040 110 L106 
46 L042 111 L109 
47 L043 112 L110 
48 L044 113 L111 
49 L045 114 L112 
50 L046 115 L113 
51 L047 116 L114 
52 L048 117 L115 
53 L049 118 L116 
54 L050 119 L117 
55 L051 120 L118 
56 L052 121 L119 
57 L053 122 L120 
58 L054 123 L121 
59 L055 124 L122 
60 L056 125 L124 
61 L057 126 L125 
62 L058 127 L126 
63 L059 128 L127 
64 L060 129 L128 
65 L061 130 L130 
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Appendix 2: 
Critical Contengency of Line-Outage 

Contingency No. Critical components (value) 
5 N061(1)    
6 N062(1)    
11 L072(0.600) L073(0.600)   
23 L072(0.601) L073(0.601)   
24 L028(0.606) L072(0.606) L073(0.606)  
25 L072(0.601) L073(0.601)   
35 L028(0.631)    
44 L072(0.636) L073(0.636)   
48 N095(1) N096(1) N097(1) N098(1) 

N177(1) N370(1) N393(1) N413(1) 
N431(1) N450(1) N510(1) N511(1) 

 N514(1)    
51 L072(0.600) L073(0.600)   
57 L072(0.628) L073(0.628)   
58 L072(0.608) L073(0.608)   
64 L059(0.633)    
72 T084(0.607) L069(0.868)   
73 T083(0.607) L068(0.868)   
74 L072(0.613) L073(0.613)   
75 L072(0.605) L073(0.605)   
76 L073(0.931)    
77 L072(0.931)    
83 N569(0.603)    
84 N568(0.635)    
85 N571(0.816)    
86 L072(0.607) L073(0.607)   
87 L072(0.699) L073(0.699)   
89 L072(0.615) L073(0.615)   
90 N014(0.816) N387(0.838) L072(0.637) L073(0.637) 
91 N387(1)    
94 L072(0.633) L073(0.633)   
95 N288(1)    
98 N298(1) N300(1)   
100 L072(0.670) L073(0.670)   
116 L072(0.606) L073(0.606)   
118 L072(0.602) L073(0.602)   
120 T071(0.707)    
124 T071(0.671) T077(0.780)   
126 T071(0.668) T085(0.642) L017(0.777) L072(0.604) 

L073(0.604) L100(0.958) L106(0.721)  
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The index for node is QSVI, for line is LPFI and for transformer is TPFI 
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