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ABSTRACT

The last few years, an extension of power systems all over the world has been observed,
causing system reliability and stability issues. For the determination of the best operation of
a power system, load flow analysis methods such as Gauss-Seidel, Newton Raphson and
Fast decoupled methods are used. It is true that, different types of faults appear in a power
system can result to frequency, voltage and rotor angle instability. This thesis is mainly
dealing with transient stability, which is one of the major stability problem linked with power
systems. In this project, PSS/E software by Siemens is used to perform a load flow analysis
in IEEE 9-bus system, as well as, a transient stability analysis.

Vi



HEPIAHYH

Ta televtaio xpovia, £xel mopatnpnoel (o ETEKTACT TOV GLGTNUATOV 16YVOG GE OLO TOV
KOG, dnuovpydvtag nmuota  aglomotiog kot evotddeiag. o Tov Tpocdiopiopd g

BéATIoTNG Agttovpyiog EVOG GUGTIOTOC NAEKTPIKNG EVEPYELAS, YPMOLLOTOLOVVTAL HEHOJOL
avaAlvong pofg opTiov OTmS, Yo Tapdderyua, ot Gauss-Seidel, Newton Raphson kot Fast
decoupled. Eivar mpaypotikd 1o yeyovog Oti, o S1dpopa. cQaipota mov pgavifoviat og
éva. cvotnua 16Y0oC, Hmopel var 0dNyNcovy oe aotdbelor cLuYVOTNTOG, TAOTC Kl YOVIG
dpopéa. H mapovoa dumhmpatikn epyacio aoyoAeital kuping pe v petafatikn evotddeia,
N omoia glvat £va ad To oNUAVTIKOTEPA {NTNHOTA TOV GYETILOVTOL LLE TO. GUGTILOTO IGYVOG.
X aut VvV gpyacia, yw TV oviilvon pong eoptiov kabmg kol ywo TV avdAvon
petafotikng evotddelag tov cvotnuatog 9 Luyav g IEEE, ypnowomoteitan to Aoyiopxo

PSS / E g Siemens.
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CHAPTER 1

1. INTRODUCTION

It is well known that, modeling and simulation of generation, transmission and distribution
subsystems are crucial for the development and operation of a power system. The increased
electricity consumption along with the need of preserving system’s reliability, has leaded to
extension of power systems all over the world. This extension includes a greater number of
lines and as a result an enhanced fault and contingency simulation of the system is required
[10],[11],[12],[13].

An electric power system is a network of electrical components (generators, transformers,
transmission lines, compensation devices, switches, etc.) installed to supply, transfer, and
use electric power. The electric power system’s configuration and structure is shown in

Figure 1.

Figure 1 Electric power system configuration and structure [24]

More specifically, the electric power systems consist of [11]:

e Power generation

Power plants are mainly located in areas where their fuel is available in large
quantities (for example, lignite stations are located near lignite mines). This is due to

the high cost of transporting fuel in large quantities over long distances, as opposed
1



to the low cost of transporting electricity over similar distances. All electricity is
generated at power plants and then transported to loads [11].

e Transmission system

Transmission lines are important parts of a power system. They are used to transport
large amounts of electricity, with as little loss as possible, from power stations to
consumption centers, where faults are most likely to happen. Faults on the
transmission system can lead to severe economic losses. Sometimes, economic and
environmental conditions of an area may affect the updating of a transmission system

(e.g. by constructing new transmission lines) [11].

e Distribution system

The distribution network undertakes the distribution of electricity to individual
consumers so that they can be exploited by converting them to heat, light, motion
etc. [11],[13]

A modern power system should be designed and operated in such a way as to be safe, reliable
and environmentally friendly. The size of a power system is the factor that most defines its
structure. The way a small power system is designed to supply a small area is different from
a large system, which serves an extended geographical area. Also, the particularities that
each system is called to serve, affect the way it is built. A common feature of all systems,
however, is the fact that they work at different voltage levels, which are separated by
transformers. Starting from the highest voltage level, we can distinguish the following

subsystems [13]:

e Transmission system

The transmission system interconnects all production stations and all high
consumption points. It manages larger amounts of power than substation and
distribution systems.lt is possible for very large consumers to be served directly by
the transmission system. Also, through interconnections, the transmission system can

exchange amounts of energy with other neighboring systems [11],[12].



e Subtransmission system

The subtransmission system distributes electricity to the distribution substations of a
geographical area, at a voltage level between 23kV and 150kV. Power is supplied
either directly from power stations or from the transmission system through
substations. It can directly feed certain large consumers, such as large industries
[11],[12].

e Distribution system

In the distribution system we encounter two levels of voltages [11],[12]:

A. Primary distribution voltages:

Primary distribution voltages range from 4 kV to 35 kV phase-to-phase (2.4 kV to
20 kV phase-to-neutral). Only large consumers (such as some factories and small
industries) are fed directly from distribution voltages. The majority of utility
customers are connected to a transformer, which decreases the distribution voltage
to the low voltage used by lighting and interior wiring systems. The primary voltage

is also known as supply voltage or mains voltage.

B. Secondary distribution voltages:

A secondary or low-voltage network is a part of electric power distribution which
carries electric energy from distribution transformers to electricity meters of end
customers. Secondary networks are operated at a low voltage level that is equal to
the mains voltage of electric appliances. Most secondary networks are operated at
AC rated voltage of 100-120 or 230-240 volts, at the frequency of 50 or 60 hertz .

Distribution networks in urban areas are usually underground, while in other areas

they are aerial.


https://en.wikipedia.org/wiki/Electric_power_distribution
https://en.wikipedia.org/wiki/Distribution_transformer
https://en.wikipedia.org/wiki/Electricity_meter
https://en.wikipedia.org/wiki/Low_voltage
https://en.wikipedia.org/wiki/Mains_voltage
https://en.wikipedia.org/wiki/Alternating_current
https://en.wikipedia.org/wiki/Volts
https://en.wikipedia.org/wiki/Hertz

Itis a fact that, the constantly rising electricity demand and the effort of electricity companies
to handle it while remain competitive in the liberalized electricity market, has led the power
systems operating close to their stability limits. As a result, power systems face the danger
of serious, unexpected situations, which often leads to system overheating. In particular, the
power system becomes temporarily unstable when it is incapable to maintain
synchronization of electrical machinery after a serious disturbance. In a case like that, the
synchronization between a synchronous generator or a group of generators with the rest of
the power system is lost, leading to partial or complete power failure, unless appropriate
protection and control measures are taken [13].

It true that the loss of stability can cause severe damage to a power system. In order to avoid
situations like that, it is important for electricity system operators to evaluate the stability
status of the power system by studying several scenarios. Transient stability analysis during
a major emergency provides an overview of the generator rotor angles, bus voltages and
system frequency so that power systems’ operators can devise a series of remedies to
preserve system stability. In general, a transient state stability analysis requires both the type
and the parameters of the dynamic model for the power system components to be known
[13].



CHAPTER 2

2. LOAD FLOW ANALYSIS

Load flow analysis is used for the establishment of the best operation for a power system

and power exchange between utility companies. In order to have an effective operating

power system, it is essential to find which load flow analysis method is more suitable for

each case. Load flow analysis solves the steady state operation with bus voltages and branch

power flow in the power system, while providing a balanced steady operation, without

considering system transient processes. Consequently, the mathematical model of load flow

problem is a nonlinear algebraic equation system without differential equations [15],[17].

2.1 Classification of Bus Types

The buses in power systems can be classified into three types [15]:

Load bus or PQ bus:

For load or PQ buses, the active power P and reactive power Q are determined as
known parameters. Via the load flow solution, it is required to find out the voltage
magnitude V and the phase angle 8. Most of the times, substation buses are taken as
PQ buses where the load powers are known constants. As far as load flow calculation

is concerned, most buses in power systems are PQ.

Generator bus or PV bus:

For generator or PV buses, active power P and voltage magnitude V corresponding
to the generation voltage are specified as known variables, while it is required to find
out the reactive power Q and voltage angle 6. Normally, PV buses should have some
manageable reactive power resources and be able to maintain bus voltage magnitude
at a suitable value. In general, the buses of power plants can be considered as PV

buses, because voltages at these buses can be controlled with reactive power capacity



of their generators. Substations that have enough reactive power compensation
devices to control the voltage, can also be considered as generator buses.

e Slack bus or reference bus:

In load flow analysis, there is only one slack bus specified in the power system. At
reference buses, the voltage magnitude V and the phase angle 6 are known, while
active P and reactive Q power are obtained through the load flow solution. The
effective generator at this bus supplies the losses to the network, which losses are
computed when the load flow solution is complete. The location of the reference bus
can affect the complexity of the calculations and thus it is important to use a bus that

approaches a large power station.

2.2 Power Flow Analysis Methods

An electric power system is composed of generators, transformers, transmission lines and
loads, etc. In power system analysis, the static components like transformers, transmission
lines, shunt capacitors and reactors, are represented by their equivalent circuits consisting of
R, L, C elements. [15],[17] At Figure 2, a simple power system with its components is

shown.



(b)
Figure 2 Simple power system [15]

The network formed by these static components can be considered as a linear network and
be represented by the corresponding admittance matrix or impedance matrix. In load flow
analysis, the generators and loads are considered as nonlinear components and they cannot
be embodied in the linear network, whereas the connecting buses with zero injected power
also represent boundary conditions on the network.

The solution of algebraic simultaneous equations is the key for solution of the performance
equations in power system analyses. First of all, it is important to form the Y-bus admittance
using the transmission line and transformer input data. The nodal equation for a power

system network using Y-bus can be expressed as [17]:

I =YV (2.)

For a n bus system, the nodal equation can be written as:

I =Y} ,Y;V; fori=1,2,3,...,n(22)

The complex power delivered to bus i is:

P +jQ; =ViI, fori=1,2,3,..,n(2.3)

I = Pi[_/{Ql ,fori=1,2,3,...,n(2.4)

L

Replacing I; in terms of P;&Q; ,we have:



Pi—jQi ; i1

V—; =V X1 yij — Xi=a vV, fori=1,2,3, ..., n, j# i (2.5)

To solve the above equation, iterative techniques are needed. Solution methods that use
iterative techniques and will be analyzed in this thesis are Gauss-Seidel, Newton Raphson

and Fast decoupled methods.
2.2.1. Gauss-Seidel Method

Gauss—Seidel method is an improved form of Jacobi method, also known as the successive
displacement method. This method is named after Carl Friedrich Gauss (Apr. 1777-Feb.
1855) and Philipp Ludwig von Seidel (Oct. 1821-Aug. 1896).

Gauss—Seidel method is an iterative method that solves nonlinear algebraic equations. The
method uses an initial guess for the value of voltage, to obtain a computed value of a specific
variable. The initial guess value is then replaced by a computed value and the process is
repeated until the iteration solution converges. Gauss—Seidel method can be applied to any
matrix with non-zero elements on the diagonals, but convergence is only guaranteed if the

matrix is either diagonally dominant, or symmetric and positive definite[15],[17].

Solving the equation (2.5) for the value of Vi, the iterative sequence becomes [17]:

P._ i .
L iQ‘+ZYijVj(k)

(k+1) _ _ V5 i it i
V. = S0 ,fori=1,2,3,...,n,j# i (2.6)

After applying Kirchhoff’s current law, it is clear that the current injected into bus i is
positive and that the active powers P; and the reactive powers Q; supply into the buses ,
such as generator buses, have positive values too. The active powers P; and the reactive
powers Q; flowing away from the buses, such as load buses, have negative values.

P; and Q; are computed from equation (2.5) which leads to:

k+1 *(k k . . .
Pl.( *D = Real [Vl ( ){ ?zoyij— ;-liVi( )}],fOI‘IZ 1,2,3,..,n,j #i(2.7)

Qi(k+1) = Imaginary [V*(k){ T Vi — ’}iVi(k)}],fori =1,2,3,..,n,j #i(2.8)

l


https://www.sciencedirect.com/topics/engineering/jacobi-method
https://www.sciencedirect.com/topics/engineering/gauss
https://en.wikipedia.org/wiki/Diagonally_dominant_matrix
https://en.wikipedia.org/wiki/Symmetric_matrix
https://en.wikipedia.org/wiki/Positive-definite_matrix

The power flow equation is typically expressed in terms of the bus admittance matrix, using
the diagonal elements of the bus admittance and the non-diagonal elements of the matrix,

hence the equation (2.6) becomes:

Pi—jQ; (k)
_Zy"V~
*(k) Uy
Vi(k+1) Y - (2.9)

Yll

And
P = Reat [y, ®vyy + 3y oy vV Y] fori=1,2,3,..n ) # 1 (2.10)

Ql.(k“) = Imaginary [Vi*(k){Vi*(k)Yii + Xis1j=1 Yij[/]"(k)}] Jfori=1,2,3,..,n,j #i
2.11)

2.2.2. Newton-Raphson Method

Newton-Raphson method was named after Isaac Newton and Joseph Raphson and its origin
and formulation was dated back to late 1960s. It is an iterative method which approximates
a set of non-linear simultaneous equations to a set of linear simultaneous equations using
Taylor’s series expansion and the terms are limited to the first approximation. The fact that
its convergence characteristics and reliability are better than other methods, make Newton-
Raphson method the most used iterative method for load flow analysis. Specifically, if the
assumed value is near the solution, the method converges very quickly. On the contrary, if
the assumed value is not near the solution, the method might take longer to converge. The

equations for currents entering a power system are written to the admittance matrix [15],[17].

Power balance equations can be also expressed as:

Pi = ;-lzllVl-l |V]||Yl]| COS(HU - 6i + 6j),f01"i = 1, 2, 3, ...,n,j F i (212)
Qi = ;-lzllVil |V]||Yl]| Sin(Hij - 6i + 6]) ,fOl"i = 1, 2, 3, ...,n,j F i (213)



Power flow solutions by Newton-Raphson are based on the nonlinear power-flow equations
given by (2.12) and (2.13). Equations (2.12) and (2.13) are analogous to the nonlinear

equation of the form y = f(x), we define x, y and f are vectors for the power flow problem

as:
P,
P, ,
x= [|g|] (2.14), y = [g] =10,| @15, fF@)=y= [Qgg] (2.16).
0,
V2|
Let the composite vector of sand |V | as & = laﬂ (2.17) and |V| = |V:3| (2.18)
Vol

where all V, P and Q terms are in per-unit and o terms are in radians.

Newton-Raphson method is a complex calculation involving derivative of active and
reactive power with respect to V and & . Jacobian matrix is the matrix formed out of the

derivatives of power with V and & and is indicated by J, where

a5 |l
2Qi(x) 0Qi(x)

]11 J12

21 ]22

(219),i=1,2,3...nandj=12,3...n

|:aPi(x) dP;(x)

The iterative process for Newton-Raphson method:

JeAx* = —f(xk) (2.20)

— Py(x)

AP(x) = [ : (2.21)
Pn - Pn(x)
— Q2(x)

A0(x) = [ : ] (2.22)
Qn - Qn(x)

where AP(x) and AQ(x) are the mismatch vectors.
It is true that the flow of reactive power cannot be affected a lot by a small change in phase

angle, while it changes the flow of active power. Likewise, a small change in nodal voltage
10



does not affect active power practically, whereas it changes the flow of reactive power. The
set of linear load flow equations using the polar coordinates can be expressed in matrix form

as follows:

{cl ]{cz AP(xk)
lré‘l Jé‘zl v =70 = L,Q(xk) (2.23)

The new estimates for bus voltage are:

§U+D) = sk 4 Ask (2.24)
[V&E+D| = V| + a|v| (2.25)

2.2.3. Fast-Decoupled Method

The fast-decoupled power flow method is a very fast and effective method of obtaining
power flow problem solution. This method is an extension of Newton-Raphson method
formulated in polar coordinates with certain approximations. This method exploits the
capacity of the power system where in MW flow-voltage angle and MVAR flow-voltage
magnitude are loosely coupled. That means that, a small change in the magnitude of the bus
voltage does not alter the real power flow at the bus. Likewise, a small change in phase angle

of the bus voltage has hardly any effect on reactive power flow [15],[17].

Nevertheless, fast decoupled method in cases of high resistance-to-reactance (R/X) ratios or
heavy loading (low voltage) at some buses, does not converge well. This is mainly because
it is an approximation method and make some assumption to simplify Jacobian matrix. For
cases like that, in order to overcome these convergence obstacles, many efforts and
developments have been made. Ignoring the element of J, and J5 has reduced the Jacobian
matrix of equation (2.23) to half. [17] [18]

Equation (2.23) is simplified as[17]:

ael=1o 1)law] @2

Expanding Equation (26) gives two separate matrices,

11



AP = J,A8 = [g—’;]aa (2.27)

4Q =J,Alv| = || alv] (228)

AP

22 = _B'§ (2.29)

4

“V—?: -B"A|V| (2.30)

where B'and B" are the imaginary parts of the bus admittance. In order to make the formation
of J; and J, simpler, itis nicer to ignore all the shunt connected elements. The successive
and voltage magnitude and phase angle changes are:

—1 4P

48 = —[B'71 - (231)

AlV] = —[B"]—lﬁ (2.32)
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CHAPTER 3

3. FAULT AND STABILITY ANALYSIS

3.1 Types of Faults in Electrical Power System

Electrical components of a power system are frequently exposed to several types of faults
during their operation. During a fault, the characteristic values (e.g. impedance) of the
machines might alter to different values than the normal ones, until the fault is cleared.
Lighting, wind, tree falling on lines etc. are possible to cause faults in a power system. As a
fault can be defined any unusual condition of the system that entails the electrical failure of
its equipment (transformers, generators, busbars) as long as insulation failures and

conducting path failures which leads to short circuit and open circuit of conductors [18],[19].

Under normal circumstances, the electric equipment of a power system operates at regular
voltage and current ratings. Every time a fault occurs in a circuit or device, the values of
voltage and current become different from their nominal ranges. It is a fact that faults may
cause overcurrent, undervoltage, unbalance of the phases, reversed power and high voltage
in a power system. Devastating effects of these faults might be the interruption of the normal
operation of the network, a possible failure of equipment or either electrical fires, etc. For
these reasons, it becomes obvious that power system networks should be protected. That
becomes possible with the use of switchgear protection equipment (circuit breakers, relays)

in a way to reduce the losses [18],[19].

Different types of faults in the interconnected electrical power system can be categorized

according to types of their nature and severity as follows [18].

There are two types of faults which can occur on power system’s electric equipment:

e Symmetrical or Balanced faults
e Asymmetrical faults or Unbalanced faults

13



It is true that unbalanced faults are more likely to occur on a power system than the balanced
three-phase faults. In addition to the previous categorization, faults can be classified as:

e Series faults or Open circuit faults
e Short circuit faults

e Simultaneous faults

3.1.1 Symmetrical or Balanced faults

Symmetrical or Balanced faults involve all the three phases and remain balanced even after
the fault occurs. They are more likely to happen at the terminal of the generators and the
reason they appear is owing to the resistance of the arc between the conductors or to the

lower footing resistance. Symmetric faults that we can discern are [18],[19]:

a. Lineto Line to Line fault:

The 3— L fault is the most dangerous kind of fault because it involves the largest
current, even though it doesn’t happen often. The value of this large current is used

for the determination of the rating of the circuit breaker. Figure 3.1 shows a 3-L fault.

Figure 3.1 3-L fault [25]

b. Lineto Line to Line to Ground fault

The 3 — L — G fault occurs between the three phases and the ground of the system
and the probability of this kind of fault to occur is approximately 2-3% of the fault

cases. A 3-L-G fault is shown in Figure 3.2.
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Figure 3.2 3-L-G fault [25]

3.1.2 Asymmetrical or Unbalanced faults

Asymmetrical fault is the fault that produces asymmetrical current which is the current
differing in magnitude and phases in all the three phases of the power system. In this category
of faults belong the L- G, L — L, L — L — G faults. The asymmetrical fault is the most ordinary

type of fault occur in the power system and makes the system unbalanced [18],[19].

a. Single Line to ground (L — G) Fault

When one phase of any transmission lines establishes a connection with the ground
either by falling tree, ice, wind etc., a single line to ground fault occurs. The 70 — 80
% of the faults in the power system belongs to this type of faults. A single line to
ground fault is shown in Figure 3.3.

Figure 3.3 SLG fault [25]
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b. Line-to-Line Fault (L — L)

A line to line fault occurs when two conductors are short circuited. Heavy wind is
the main cause of this type of fault because swinging the line conductors may result
to the touch of one phase to another causing short-circuit. This type of faults forms
the 15 — 20% of the faults in the power system. A line to line fault is shown in Figure
3.4.

Figure 3.4 L-L fault [25]

¢. Double Line-to-ground (L — L — G) Fault

When two phases come in contact with each other along with the ground because of
a falling tree, a L-L-G fault occurs. The probability of this kind of faults to happen is

nearly 10 %. A double line to ground fault is shown in Figure 3.5.

Figure 3.5 L-L-G fault [25]
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3.1.3 Short-circuit Faults

A short circuit can be defined as an abnormal connection of very low impedance between
two points of different potential. These are the most popular and dangerous kind of faults
because they are responsible for abnormal elevated currents through the equipment or
transmission lines. These faults should be cleared in a short period of time otherwise they

may cause extensive damage to the equipment.

This category of faults involves the three phases to earth faults, the three phase clear of earth
faults, phase to phase, the single phase to earth faults, the two phase to earth faults, the phase

to phase faults and also the single phase to earth faults [18],[19].

3.1.4 Open-circuit Faults

The open-circuit fault is one of the common faults in power three-phase rectifiers. This kind
of faults occurs due to the failure of one or more conductors. Figures 3.6 and 3.7 show the

single-phase and two-phase open-circuit faults respectively [19].

Single-phase open circuit involves a break in one of the three conductors. This condition is
mathematically identical to the condition in the L-L-G fault, except that the voltages are

measured in a different manner. A single-phase open circuit is shown in Figure 3.6.

Two-phase open circuit involves a break in two of the three conductors. This condition is
mathematically identical to the condition in the L-G fault. A two-phase open circuit is shown
in Figure 3.7.

Figure 3.6 Single-phase open circuit [25]
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Figure 3.7 Two-phase open circuit [25]

Typical causes of these faults may be joint failures of cables and overhead lines, failure of
one or more phase of circuit breaker or even the melting of a fuse or conductor in one or
more phases. Open circuit faults are also known as series faults. When one of the phases
gets melted, the actual loading of the alternator is reduced, and this provokes the rise of the
acceleration of the alternator. As a result, this over speed causes over voltages in other
transmission lines.

Single-phase and two-phase open circuit can produce the unbalance of the power system

voltages and currents that causes great damage to the equipment [18],[19].

3.1.5 Simultaneous Faults

It is possible that, more than one type of fault take place simultaneously, such as single-line-
to-ground fault on one phase, and a line-to-line fault between other two phases. Short-
circuiting faults coupled with open circuit faults are also possible to happen at the same time
[18],[19].

3.2 Consequences of Faults on Balanced Electrical Power System

The effects of these faults on transmission system, connected generators and loads depends
on types of faults, location of fault, severity of fault, duration of fault, fault level and stability
of the zone of protection. The consequences of these faults can be reduced by proper

coordination of relays and circuit breakers for fault clearing.

In order to maintain the stability of the system and to protect it from further damage, the

faults are supposed to be cleared within specific time Once fault is initialized and during its
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clearing process, the response of inertial energy comes into effect in the form of transient
stability.

The faults in the electrical systems cause abnormally high currents (sometimes in terms of
thousands of ampere) resulting in excess amount of power consumption and heat generation
temporarily. The high amount of power consumption and heat dissipation due to fault event
for extended time (often in terms of several seconds) can lead to equipment damage and
unbalance in grid frequency and bus voltage. As a result, faults are meant to be isolated from
the healthy operating power system within specified time. Unbalance in active and reactive
power demand-supply causes frequency and bus voltage deviations from nominal values
respectively. Major unbalance in the frequency and bus voltage causes sequential tripping in
power system considering severity of fault and contingency ranking. Additionally, due to
mismatch between input mechanical power and connected electrical power output, the faults
in the electrically balanced system cause transient unbalance. The faults cause momentary
shortfall of electrical power supply as high amount of current is fed to fault and turbine's

mechanical controllers are not able to match with the speed of response.

Transient instability causes generators' rotor angles to be shifted from their positions
magnetically due to turbine’s mechanical controllers’ comparatively slow response. The
response of unbalancing of mechanical input and electrical output power of the system

results in either accelerating or de-accelerating of generator's rotor [18],[19].
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CHAPTER 4

4. POWER SYSTEM STABILITY

Power system stability relates with the ability of a power system to preserve its normal
operating condition as long as maintaining a stable equilibrium or being able to regain a state
of normal operating conditions after a small or large disturbance [1]. Conventionally, the
instability problem is relevant to the ability of machines to maintain synchronism within the
power system. Even though instability may also happen without the loss of synchronism in
cases of a sudden voltage drop due to load change, that lead the transmission line to unstable
state. In general, relative and absolute rotor angle and power angle between the machines
are parameters important for the stability.

There are small and large disturbances. Small disturbances, such as load change, happens
really often in the system and that's why the system adapts to these changes by maintaining
an acceptable voltage and frequency level for normal state of power system. Large
disturbances, such as fault in transmission lines or a generator trip, provokes a high change
in voltage and frequency of system and activate the generation controls which try to bring
the system’s stability back. Power system stability is a challenging matter for the engineers
who use mathematical simulations for solving stability issues. That’s why it is important to
understand the size of disturbance and model it. The complexity power system’s stability
has led to the classification of power system stability in different sub-categories as seen at
Figure 4.1 [1],[2].

Power System

Stability
Rotor Angle Fraquency Voltage .
Slabuilily Stability Slability
Small-Disturbance Transient o IIEIEE- o S-m;lll-
Andle Stabilit } isturbance isturbancea
ngle Stability Stability Vallage Stability Voltage Stability
[ T T T - T I
Short Term ] | Short Term | Lang Tarm

Shart Term | Lang Term

Figure 4.1 Classification of Power System Stability [2]
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4.1. Voltage Stability

Voltage stability describes the ability of a system to maintain its voltage stable at each bus
of the system, after the appearance of a disturbance. The increase or drop of voltage happens
when the system is incapable to cope with the load demand. Possible effect of the voltage
instability is the tripping of an area which can cause a transient stability phenomenon and
loss of synchronism. Vice versa, a transient stability phenomenon can cause voltage
instability. During a voltage instability situation, a blackout or unusually low voltage may

appear in a large part of the power system. Voltage stability is distinguished in [1],[2]:

e Small-disturbance voltage stability

The term small-disturbance voltage stability describes the ability of the system to
maintain its voltage stable when exposed to small perturbations (e.g. incremental
changes in system load). Loads’ characteristics, constant and discrete controls may
affect this kind of stability.

e Large-disturbance voltage stability

The term large-disturbance voltage stability describes the ability of the system to
maintain its voltage stable when exposed to large disturbances (e.g. system faults,
loss of generation, circuit contingencies). This ability is defined by the system and
load characteristics, constant and discrete controls and protections. To determine
large-disturbance voltage stability it is required to examine the nonlinear response of
the power system over time to capture the performance and interactions of devices
like thermostat controllers, under load transformer tap changers, and generator field-

current limiters.
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4.1.1. Causes of Voltage Instability

We can discern three main causes of voltage instability [16]:

1. Dynamics of loads: Loads are the driving force of voltage instability. Loads that may

affect the voltage stability of power system are:

Load tap changing (LTC) transformers: LTC transformer’s role is to maintain the

load side voltage in a range close to the rated voltage by changing the ratio of
transformer. Any disturbance causing a voltage drop at a load bus will cause a
decrease in the power consumption, since most of the loads are voltage reliant, fact
that tends to favor stability. Though, in such a case, the load tap changing
transformers will try to restore the voltage by changing the ratio. The increase in
voltage will cause an increase in the power demand that will eventually weaken the

power system stability.

Thermostat controllers: Thermostat control the electrical heating by frequently

switching the heating resistance on and off. In the case of a voltage drop, the power
consumption, meaning the heating power, will be decreased and the thermostat will

continue to supply the load for a longer period of time.

Induction motors: Induction motors have dynamic characteristics with short time

constants. In the case of a voltage drop, the motor must continue to supply a

mechanical load with a torque more or less constant.

2. Transmission system: Transmission components like lines or transformers have a

restricted transfer capability that depends on several factors such as the power factor of the

load, the impedance of the transmission component, the existence of voltage controlled

sources (e.g. generators or Static Var Compensator-SVC) and the presence of reactive

compensation devices (e.g. mechanically switched capacitors or reactors) [1].
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3. Generation system: Once the power system flows increase, the transmission system

consumes more reactive power. Therefore, the generators must increase their reactive power
output. Though, due to the presence of over-excitation limiter (OEL) and stator current

limiter (SCL), voltage isn’t controllable after the limiters are activated [1].
4.1.2. Analysis model for voltage stability

The typical steady state model of a power system considered in voltage stability analysis is

generally given by the differential and algebraic equations as follows [6]:

x=f(x,y4)
0=g9kxy )
(4.1)

where X is the vector of state variables and y is the vector of algebraic variables. The variable
Ais a parameter or a set of parameters that slowly changes over time so that the power system
moves from an equilibrium point to another until reaching the collapse point. To simplify
the power system description, a new vector z = [x, y]” is defined so that equation (4.1) can

be rewritten as:

[’5] = F(z) (4.2)

In static voltage stability analysis, we are interested in the operating condition reaching an
equilibrium point given by (zo/lo). The system equation as shown in equation (4.2) becomes

F(z02) = 0. Based on the singularity assumption, an equilibrium point (z,4,) which

OF (z9,40)

makes singular is mathematically defined as the saddle bus bifurcation point. Such

a bifurcation point is directly associated with the voltage collapse problems. It is a fact that
that different control parameters of system components in generation and load sides sway

the location of collapse points.

Under the consideration that slow variation of active and reactive power demand is the key
driving force of the system to the collapse point, the power flow model produces enough

results. The power flow model used to get different voltage stability indices is represented
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by the typical nonlinear equation of active and reactive power mismatches at the system
buses such as [1],[6]:

AP(u, )

S0 /1)] — F(u,1)=0 (4.3)

where u represents a vector of system variables such as voltage magnitudes U and voltage
angles o. Reactive power generation Q can be as well swapped with U in u when a reactive
power limit is reached. The variable is a scalar parameter used to simulate the system load

changes that drive the system to voltage collapse as follows:

Pp; = Ppo,i(1+ kp;A)
Qp,i = Qpo,i(1 + kg iA)=Ppo,tan (¢;)(1 + ko, 4) (4.4)

where Py, ; is the active power demand and Qj, ; is the reactive power demand at bus i. Pp ;
is the initial active power demand and Qp,; is the initial reactive power demand before the
load changes. kp; and k,; are constants representing alterations (increase or decrease) in

active and reactive power demand at bus i, and ¢; is the power factor angle at bus i. For a
generator, the active power output of generator i should be altered to adapt the changed

power demand according to:
Pgi = Pgoi(1 + Akg;) (4.5)

where Py ;, is the initial active power generation of bus i. kg; is the constant specifying the

rate of change in generation when 4 is varied [1],[6].
4.2. Frequency Stability

Frequency stability describes the ability of a power system to maintain its frequency stable
after a severe system upset, resulting in a significant imbalance between generation and load.
The power system must maintain or restore the balance between system generation and load,
with the least possible loss of load. Frequency instability may sometimes lead to tripping of

generating units or loads [1].
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4.2.1. Inertia

The inertia of a power system is the ability of a system to oppose to shifts in frequency due
to the resistance provided by kinetic energy of the rotating masses in synchronous machines.
In case of major operational disturbances, low inertia in the system causes an increased risk
of disconnection of consumption due to low frequency. The system inertia is very important
for reducing the frequency drop and stabilizing the system for the first few seconds after a
disturbance, before the primary control responds. Too low inertia can cause the frequency
drop to such a low level that consumption is eliminated, and at worst case, a larger area
becomes darkened [3]. The inertia constant states how much time it would take to bring the
machine from synchronous speed to standstill if rated power is extracted from it while no

mechanical power is fed into it. [3]:

_ Lok
H =571 (46)

Where

H: Inertia constant [s]
J: Moment of inertia [kgm"2]
w,,: Mechanical angular frequency [rad/s]

S,: Rated apparent power [VA]

The inertia constant varies for different types of production units. Nuclear and thermal power
plants have the largest inertia constants. The units are rotating fast because of the low mass,
while hydropower units are rotating slowly because of relative large mass. The inertia
constant for HYDC and wind power is zero and do not provide inertia to the power system
[14].

The way that the mathematical formula of inertia arises, is analyzed in the section of swing

equation.
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4.2.2. Primary Frequency Control

The purpose of the primary frequency control is to preserve the balance between production
and consumption. A change in the power balance changes the kinetic energy of the rotation
mass of the unit and alters the system frequency. The primary control stabilizes the system
frequency at a stationary value by using a so-called turbine governor when an imbalance in
the power system occurs. The governor sets with a frequency-power characteristic called
droop [1],[4].

4.2.3. Secondary Frequency Control

The aim of the secondary control is to restore the system frequency back to the nominal
value and releasing the primary control. The secondary control activates when the
Transmission System Operator (TSO) send a control signal to the power supplier’s control
system, which automatically changes the power production or consumption of the unit. The
secondary control is handled by the Automatic Generation Controller (AGC). AGC transfers
the set-point to the generator automatically when the controller receives control orders from
the TSO. The response time for the secondary control is approximately 120-210 seconds
after the AGC received the signal from the TSO [4].

4.2.4. Tertiary Frequency Control

The tertiary control (Manual Frequency Restoration Reserve) is used to regulate the
imbalances in the power systems and release the primary- and secondary control, but also to
handle regional bottlenecks. Tertiary control is a common denomination of manual reserves

that have an activation time of up to 15 minutes [4].

4.2.5. Importance of frequency stability

There are several factors that need to be considered to maintain the system frequency
stability [1],[4].

Firstly, the performance of the generators is usually reliant on the performance of the
supplementary electric motor drives. The supplementary electric motor drives deliver air and

fuel to the boiler, oil bearings and cooling services for the entire systems. When a situation
26



of low speed occurs due to low frequency, the supplementary motors will be affected, the
output for the power stations will reduce, and this phenomenon will lead to shutdowns of the
power stations.

In addition, power transformers are sensitive to system frequency variations and might be
overloaded if the frequency deviates from the normal value.

Last but not least, in order to ensure that AC electric motors operates at a steady speed, a
fixed speed is necessary. This is possible with the use of an AC motor to drive the equipment

at an approximately fixed rate.

4.3. Rotor Angle Stability

Rotor angle stability describes the ability of the synchronous machines to maintain
synchronism even after a fault occurs [2]. To understand rotor angle stability and
successfully plot the power output variations is important to study the rotor angle alteration
of each machine relative to one another, as well as to comprehend the synchronous machine.
Rotor angle is the relative angle between fixed references on rotating magnetic field of the
stator to the rotating shaft. It is a fact that the power output of generator depends on the rotor
angle. When disturbance appears, one machine will decelerate or accelerate with respect to
its rotor angle perturbation. The resulting angular difference between the machines will
result in reforming load between the machines (from slow to fast machine). This will damp
the fast machine and eventually the system becomes stable at another equilibrium point. But
sometimes the speed difference is so high that the power transfer gradually decreases, and
the machine loses synchronism. Rotor angle stability is divided into small signal stability

and transient stability.

4.3.1. Small signal stability

Small signal stability is relevant to the ability of system to maintain synchronism after small
disturbance, such as variation of loads and generation [2]. Commonly, the disturbances are
considered so low that it allows to use a linear model of system for analyzing such stability
issues. Eigenvalue analysis is used to examine small signal stability of a power system.

There is local and global small signal stability. Local stability concerns a minor part of the

power system where a single generator swinging against it, whereas global stability concerns
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a larger part of the power system where a group of generators of a region swing with another
group of generators in another region [2].

For the confrontation of such oscillations in power systems, stabilizers and automatic voltage

regulators in combination with series and shunt compensators are used [2].

Eigenvalue Analysis

Assume a nonlinear and dynamic system such as power system, when the system is at

equilibrium point, ¥ is zero. Therefore, the system is described as follows [8],[9]:

Xo = f(x0,up) =0 (4.7)
Yo = g(xo,up) (4.8)

Where x, and u, refer to the state and input at the equilibrium point, y, indicates the output
at the equilibrium point. The value of x could be assumed as the change at the state x, . The
relation is described as below:

X = Xy + Ax (4.9)

Ax is the change at the state of x, when disturbance happens. Equation (4.9) is expressed in
this way:
x = f[(xo + 4Ax), (ug + 4u)] (4.10)
Then Taylor's series expansion can be used if the disturbance is small such as small signal
stability. Equation (4.10) is expanded as:
Xn = Xn—o + Axy = f[(xo + 4%), (uo + 4u)]

d n d n 0 n d n
=f (o o) + L2 ey + 4+ 2 Ay 4+ DAy 4 Iy (4.10)
axl aul

0xm Jug
Xn—o IN Equation (4.11) is the derivation state at n-th time, which is zero, so

. N a n a n a n a n
X, = Ax, = a—;Axl +o 2 e 4 +a—£1Au1 +oe Iy, (412)

axm auq
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Similarly, the output can be obtained in the same way:

— 99m
6x1

99m sy + -+ 221 Ay 4 oo 4 29 2y (4.13)

0xm ouq dug

Ay Axy + -+

To summarize the structures of equation (4.12) and (4.13), they are expressed as:

Ax = AAx + BAu (4.14)
Ay = CAx + DAu (4.15)

Where
[2h . 94 [0 ... 94 991 .. 291
dxq 0xXm | 9us Ougq | 0xq Oxm
A=+ -~ s‘,B={s s‘,C=[s s‘and

fm ... Ofm fm . Ofm 99m .. 99m
0xq 0xXm duq douq 0xq 0xXm

09, . 99

duy dug

D=| : S

09m 09m

d0x, dug

The whole process of calculation is called linearization around small disturbance of power
system. In order to get eigenvalues, the process of linearization is necessary. The

characteristic equation can be obtained from Equation (4.14):

det(4d — AI) = 0 (4.16)

Where 1 is the eigenvalues of matrix A. The value of 4 usually represents the stability of a
system. Based on the knowledge in control system [1],[8], when

e /<0, the system is stable.

e /=0, the system is at critical position.

e />0, the system is unstable .

However, in power system, the eigenvalues are usually not real, they contain imaginary part.
When eigenvalues are real, the negative value stands for descent oscillation which is the

stable state, when the positive value means the instability of the system. In case that
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eigenvalues are conjugate, the real part of eigenvalue represents damping magnitude, when
it is positive, the system is stable. The imaginary part provides the frequency of oscillations

[11.[9]

Power System Stabilizers

Figure 4.2: PSS block diagram [14]

In order power systems to enhance stability, they use Power System Stabilizers that are
additional control devices installed at generator excitation systems. Power System
Stabilizers add an extra stabilizing signal to compensate for undamped oscillations [20]. A
Power System Stabilizer has a gain block, a washout block and a phase compensation block
and sometimes an additional torsional filter [21] as shown in Figure 4.2. Power System
Stabilizers can use single or multiple inputs considering the availability of input signals.
Modern designs of controllers typically use multi-objective control [23], adaptive
coordinated multi-controllers [9], and a hierarchical approach [5]. The decentralized
hierarchical approach is more trustworthy and more adaptable than the centralized approach
because it becomes possible to operate under challenging circumstances such as loss of wide-
area signal [5]. Additionally, centralized controllers need much smaller gain than in the
decentralized approach to accomplish a analogous damping effect, but their ability to discard
disturbances is lower. An alternative method is to use both centralized and decentralized

control to successfully generate both wide-area and local damping [23].

The system becomes quite different when adding PSS to the diagram as the oscillation is

damped during the small disturbance as shown at Figure 4.3.
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Figure 4.3 Block Diagram of The System with PSS [3]

The state matrix after installing PSS in the system should add the relation about the variable
vs. Assume the gain for power system stabilizer is Gs instead of the filter block. The voltage
after the wash-out block is v, .

When use rotor speed to be the input for PSS, then the following equation is obtained [1]:

v, =2 (G Aw,) (4.17)

1+pTyw

Where T,, is the time constant for wash-out block. In order to make derivation of Av, , the

following expression is shown based upon Equation (4.17):
pAUz = a51Aa)r + a52A6 + a53A1/de + a55Av2 + g_:IATm (418)

Where asq, as,, ass, ass are the coefficients when calculating the state matrix. Therefore,

the derivation of output of the change for v is obtained as below [1]:
va = a61A(UT + a62A6 + a63A¢fd + a64Av1 + a65Av2 + a66Av5 + %ATm (419)
2
Where aqq, ..., ags are the coefficients,T;, T, are the time constants in phase compensate

block when assuming only one phase compensate block exists.
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State matrix can be obtained in the following form with specified coefficients that relate to
different state variables [1]:

A(.Ur Q11 Q12 a3 0 0 0 q[dwr]
45 | gy 0 00 0 0 40
Alkfd _| 0 a3 @33 a0 Az Ara (4.20)
Av, 0 Qa2 (43 dye 0 0 | Avy
Ai]z 51 dgy Og3 0 Ass 0 sz
. g1 Qg2 g3 0 Oe5  Agedl AUS -
| Avg |

All the coefficients can be calculated using the system model [3]. The eigenvalues can be
then determined based on the system matrix.

Automatic Voltage Requlator

Automatic Voltage Regulator (AVR) uses the generator's terminal voltage to adjust the field
voltage in order to control the system's stability. The synchronizing torque coefficient, which
is caused by the state variable, flux linkages will increase. Consequently, the total
synchronizing torque coefficient is enhanced after applying any types of exciters. The value
of damping torque component which also caused by flux linkages will become negative if
the gain of exciter is high enough [3]. The oscillations which is caused by the disturbances
in the system will become damped but with elevated synchronizing torque coefficient.

The block diagram of the power system is the best way to see the principle of the system and
components that will change during the disturbances happens.

Figure 4.4 Block Diagram of The System with Excitation System [3]
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In the above Figure (Figure 4.4), G,

function of the terminal voltage transducer in the excitation system. In this diagram, the
excitation system is chosen to be the thyristor excitation system.

If one of the state variables changes, the state matrix will become a new matrix. Therefore,
the eigenvalues and participation factors are different with the old ones.

In Figure 4.4, K, K,, K5 K, Ks, K, are the constants described like below:

Vquo

K, = —[(X;+X,)c0os8y+R, sin 6]+ T qo{(X — X )[(Xq+X,)sindy — R, cos 8]} (4.21)

R qu (Xq—X(Xq+Xe)

K; =

+ Igo[1 + 1(4.22)

Ky = [1 4+ EaFDaH)y 1 (4 )

Ky = 2(Xq + XQ[(Xg+X,)sinG — R, cos 6o] (4.24)

VdoX [Re Vpsin §o(Xe+X)) Vpsin 50] N @X{i [Re Vpcos 8o—(Xe+Xq) Vpsin 80] (4 25)

K
57 c c

Ko =22 [1 = —Xd(xg”e)] I ZEE (4.26)

Where C = R,* + (Xq+X.)(Xq +X.), X; is transient reactance, R, is line reactance,
Vao, Vqo are the initial values of the generator's terminal voltage on g-axis and d-axis
respectively [8]. The participation factors of the state matrix will show the location and

reasons that cause the unstable situation.
4.3.2. Transient stability

Transient stability is relevant to the ability of a system to maintain synchronism within the
machines after high transient disturbance occurs [2]. During severe disturbances, depending
upon the initial operating point, significant variations of rotor angle can be detected [1]. The
duration of transient stability analysis varies depending on the study, but it usually lasts a

few seconds [2].
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4.4. Concept of Transient Stability

The model to analyze power system's stability refers to a single machine connected to the
infinite bus system. Furthermore, all the resistances are neglected to simplify the analysis
[1],[2]. In Figure 4.5 is shown a reduced equivalent circuit of single machine infinite bus
system.

Figure 4.5 Reduced equivalent circuit of single machine infinite bus system [1]

Since all the resistances are neglected, £'£& represents the voltage before the transient
reactance X, . The system at receiving end is connected through the reactance of X and the

voltage at the receiving end is Ez£0

E is the terminal voltage of the stator, a I, is the current of this system. The relationships

are presented as follows [1],[2]:

(4.27)

Assume X; + Xz = X in Equation (4.27), then the power generated from sending end is

expressed as below, I is the conjugate formofal, .

Ss _E Ic*l - E E;:sin& +jE (E —53 cosé) (4.28)
T T

Since all the resistance are neglected, then we have [1],[2]:
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E

BB ind (4.29)
XT

T, =

Te is the air gap torque of the generator. In order to perform small change of the system.
The change of air gap torque is noted as ATe , the initial state of rotor angle is &, . The

relation is represented as follow [1],[2]:

E'Ep
XT

AT, = 25 = ZE2c0s6,(48) (4.30)

Where 40 is the change of rotor angle. In order to linearize the system around the initial
point, the motion equation is used here to analyze.

dAwy
dat

= — (T — To — Kpdw,) (4.31)

H is inertia constant, K, is the damping coefficient which is important when detect the
system, w, refers to angular velocity of the rotor in electrical rad/s and w, is the rated value
of w,. Substitute Equation (4.30) when linearize Equation (4.31), the expression should be

like follows:

dAwy

1
2 = — (AT, — K5 — KpAw,) (4.32)

In Equation (4.32), Ks =

E'E . A . .-
< Ecosd, because of previous derivation. The angle's position
T

has the relation as below:

ds
— = wodw, (4.33)

Express the Equation (4.32) and (4.33) in matrix form,

. Kp Ks 1
Aw]: o | [A9) 4 |zl AT, (434
AS [wo 0 [45] 0 m (434)
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Equation (4.34) is also expressed as the form of x = Ax + bu. Where X is the state of
system and u is the input of system. According to the matrix, damping relates to the speed
deviation, synchronism corresponds with rotor angle deviation. When analyzing stability
problems, the damping ratio and synchronism are the indices to evaluate the behavior of

power system. [1],[2].
4.4.1 Numerical integration methods

To analyze power system’s stability, nonlinear ordinary differential equations with known

initial values need to be solved:

% =f (x, t) (4.35)

In this equation x is the state vector of n dependent variables and t is the independent
variable(time).It is a necessity to solve x as a function of t, with the initial values of x equal

to x, and t equal to ¢, [1].
Euler Method

Consider the first-order differential equation
dx _
P f (X, t)

With x = x, att = t,.Figure (4.6) shows an application of Euler Method.

x e .
True solution
Xy pe--m-- e R
ent
Ax Tang
Xo

Figure 4.6 Application of Euler Method [1]
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Atx = x,,t = t, the true solution of the problem can be approximated by the tangent on
the curve having a slope [1].

2 =f(xo .to) (4.36)
dtlx=x,
Thus,
ax =% 4t (437)
dtly=x,

The value of x at t = t; =ty + At isgiven by

X1 = Xo+ Ax = x9 + %Lc_x At (4.38)
= A0

The first two terms of the Taylor series expansion for x around the point (x, ,t, ) are
equivalent to Euler Method:

Xy = Xo+ ML)V (o () + +(4.39)

After the determinization of x = x; corresponding to t = t,, another short time step At is

taken to find out x, corresponding to t,=t,+ At :

X=Xq

Likewise, other values of x corresponding to different values of t, can be determined.

Euler method is a first-order method and to provide accurate results in every stage, At must
be small.

Generally, when using numerical integration methods, the propagation of error must be taken
under consideration. That might cause minor errors made early in the process to be enlarged
later. The method is said to be numerically stable when early errors carry through but cause

no significant further errors later [1].
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Modified Euler Method

Due to the use of the derivative at the beginning of the interval, the standard Euler method
often results in inaccuracies. On the other hand, the modified Euler method tries to overcome
this problem by using the average of the derivatives at the two ends [1].
More specifically, the modified Euler method follows the below steps [1]:

1. Predictor step: By using the derivative at the beginning of the step, the value at the

end of the step is predicted:

xf =xo+ 2| .4t (4.41)

d X=Xo

2. Corrector step: By using the predicted value of x! the derivative at the end of the
step is computed and the average of this derivative and the derivative at the beginning

of the step is used to find the correct value:

1 ,.dx

dx
2 Ge

+_

x=xo dt

xf =xo + ). At (4.42)
1

X=X

By using x = x{, a more accurate value of the derivative at the end of the step can be
computed. This derivative can be used to calculate a more accurate value of the average
derivative and then apply the corrector step again. This process can be used over and over
again until successive converge with the desired accuracy is achieved [1].

Runge-Kutta Method

The Runge-Kutta methods approximate the Taylor series solution. Nevertheless, Runge-
Kutta methods do not necessitate specific evaluation of derivatives higher than the first. The
effects of higher derivatives are included by several evaluations of the first derivative.
Depending on the number of terms effectively retained in the Taylor series, there is second
order and fourth order Runge-Kutta methods [1].

e Second order Runge-Kutta method [1]

The second order Runge-Kutta formula for the value of x at t = t, + At is:
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2

X1 = Xo+ Ax = xy + (4.43)
Where
ki=f(x ,to) At (4.44)
ko=f (xo + kq .ty + At) At (4.45)
This method is equivalent to considering first and second derivative terms in the
Taylor series, while error is on the order of At3.

Finding the value of x for the (n + 1)5¢ step:

kqi+k;
2

Xnt1= Xp + (4.46)
Where
ki=f (x, ,ty) At (4.47)

ky=f (x, + ky \t, + At) At (4.48)

Fourth order Runge-Kutta method [1]

Finding the value of x for the (n + 1)5¢ step:
Xna1= X + = (ks + 2key + 2ks + ky) (4.49)
Where
k=1 (X ) At (4.50)
ka=f (o + 22t + 2) At (4.51)
ka=f (n + 2ty + 5) At (4.52)

ka=f (xn + ks t,, + At) At (4.53)

k,: slope at the beginning of the time step At
k,: first approximation to slope at midstep At
ks second approximation to slope at midstep At

k,:slope at the end of step At
Ax = =(ky + 2Ky + 2k + ky) (4.54)

Therefore, Ax is the incremental value of x given by the weighted average of

estimates based on slopes at the beginning, midpoint, and end of the time step.
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This method is equivalent to considering up to fourth derivative terms in the Taylor

series expansion. The error is on the order of At>[1].

4.4.2. Swing equation

Swing equation is called the electromechanical equation that connects the rotor angle to the
stator rotating magnetic field as a function of time [1].

Swing equation is used for the study of electromechanical oscillations in power systems. In
steady state operation, all synchronous machines of a power system have the same electrical
angular velocity. Though, due to different disturbances, one or more generators could
accelerate or decelerate and lose synchronism. This fact influences system’s stability since
generators that lost synchronism must be disconnected, otherwise they could be permanently
harmed. Swing equation is used to find the energy stored during swing from one operating
point to another and then to perform the transient stability analysis [14].

Figure 4.7 Powers and torques in synchronous machines [14]

The synchronous machine models are the basis for the derivation of the swing equation
describing the electro-mechanical oscillations in a power system. Figure 4.7 is a scheme of
the different torques and powers of a synchronous machine with their mechanical m and

electrical e quantities. The differential equation describing the rotor dynamics is [14]:

d?eém
dt?

Ji =Ty — T, (4.55)

where

J: The total moment of inertia of the synchronous machine (kg - m?)

#m: The mechanical angle of the rotor (rad)

Tm: Mechanical torque from turbine or load (N-m). Positive Tm corresponds to mechanical

power fed into the machine, i.e. normal generator operation in steady state.
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Te: Electrical torque on the rotor (N-m). Positive Te in normal generator operation.

If equation (4.55) is multiplied with the mechanical angular velocity mm one gets

d?e
W] =5 = P — P (4.56)

where

B,, = T, w,, : mechanical power acting on the rotor (W)

P, = T,w,, : electrical power acting on the rotor (W)

If the angular acceleration should be expressed in electrical angle, we have
2 d?0e
;(Um_]F = Pm - Pe (457)

where the left-hand side can be re-arranged:

2 (1 dze
22 (Zwn?)oF = Bu— P (458)

If equation (4.58) is divided by the rating of the machine S, the result is

1
2 (Fom?)) d26e _ Pp—Pe
we S dtz S

(4.59)

During disturbances, the angular velocity of the rotor will not differ significantly from the
nominal values, i.e. from w,,0 and w,0, respectively. That means that equation (4.59) can

be written as

2H d?6e
we0 dt?

= PL" — PP" (4.60)

where pu suggests that the mechanical and electrical powers should be expressed in p.u. of

the rating of the synchronous machine. A more general form of the swing equation is [14]:

2
a9 _ p.—P, (461)

(O dt?
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4.4.3. Equal Area Criterion

One method of investigating the transient stability behavior of a single machine/infinite bus
system is to apply the Equal Area Criterion. The method does not solve for the rotor angle,
rather it tells us the maximum angle which the machine can advance to before the fault is

cleared in order to preserve transient stability [1],[14].

Acceleration
Pa
Om
8, 6
Deceleration
Stable
Acceleration
F, |\< M
N 0m ©
Om
Deceleration
Unstable

Figure 4.8 Application of the equal area criterion [14]

The application of the equal area criterion is shown in Figure 4.8. In the first case, the fault
occurs at an angle &, and the machine begins to accelerate. The fault is cleared at some
subsequent time (and angle) and the machine begins to decelerate and reaches a maximum
angle §,, when the acceleration area and deceleration area are equal. In this case the
machine is stable as the fault was cleared at a time which allowed the machine a sufficient
interval to decelerate. In the second case, the acceleration area exceeds the deceleration area
and the machine is unstable. This is because the time taken to clear the fault was excessive.
The acceleration area can be determined from the power angle curve. Figure 4.9 shows the
power-angle curves for the system described earlier. The prefault, fault and postfault power

curves are shown together with the constant mechanical power. The accelerating power is
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equal to the difference between the electrical power curve and the mechanical power input

[1],[14].

Figure 4.9 Power-angle curves [26]

The swing equation of the system be expressed as [14]:
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O = 9Py~ Pymansing)  (4.62)

dtz ~ 2H
or

d26 _ Wo
proiabed e (4.63)

with the accelerating power Pa described by
Py = Py — PonaxsSiné (4.64)

An essential condition for stability is that there is a moment t,, during the swing where
5(t,,) = 0. The corresponding angle is§&,,. Equation (4.63) combined with the
condition 8(t,,) = 0 give a stability criterion. If equation (4.63) is multiplied with & gives
[14]:

.. d?%s .
5= ~2 P, § (4.65)

which can be written as:

1d ,dé 2 _ i ﬂ 1) ’
22t (@) = 2 G Js, Fa 187)(4.66)

that can be integrated to give

s _

wq (6 ,
o = fa s Pads’ +C (4.67)

with C is a constant of integration equal to 0, since § = 0 when & = 8i. (3i is the pre-fault
rotor angle).

Therefore, a necessary condition for stability is that there is an angle 6m such that [14]:

8m )
% 5, Fadd’ =0 (4.68)
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or
[y™ P, d8" = 0 (4.69)

The system is stable when there is an angle dm such that the area below the accelerating
power Pa in the 6—P(8) diagram between 6i and dm disappears [14].

We can distinguish two different phases in this criterion. In the first place, the rotor is
accelerated up to 6 = 6¢ and then it is decelerated, where 6¢ <& <dm. The two different areas
in the 6—P(3) plane can be defined as [14]:

8C !/ !
A = 5, (Bp — P.(6"))dé’ (4.70)

é‘TT’l ! !
Ay = [ (Pe(8") = Pr) d&' (471)

The angle dc is the angle when the fault is cleared. The system is stable when Al = A2.

During the fault, the electrical power Pe is reduced to zero. Even though the equal area
criterion investigates the stability of a system without any unnecessary computational
efforts, the time t is eliminated from the equations. That’s why actions to enhance the
stability must be made in the angle space. Using equal area criterion becomes possible to
find critical fault clearing angles and then critical fault clearing times [14].

The angle dc defines the positive and negative values of Pa. When applying the equal area
criterion, we prefer to choose as Jc the angle when the fault is cleared. At this angle we have
different expressions for Pe, and so, differences in computation of Al and A2. Different
stability related problems can be solved by using the equal area criterion.

By applying equal area criterion, it is possible to find out how fast a fault must be cleared to
ensure the system’s stability. Also, it can be used to calculate the maximum power that can

be transmitted in a specific fault case, as well as to determine if a system is stable [14].
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4.4.4. Critical Clearing Time

The maximum allowable value of the clearing angle and clearing time for the system to
remain stable are known as critical clearing angle and critical clearing time respectively. The
equal area criterion allows the calculation of the critical clearing angle but not the critical
clearing time. Since the swing equation is a non-linear second order differential equation, a
numerical method is needed to solve it. It is useful to use the Euler or Modified Euler, the
Runge-Kutta or any other appropriate method. The result of the application of such a

technique is the variation in rotor angle with time [1],[14].

Figure 4.10 Pre-fault, During fault, Postfault Power-Angle curve [26]

Considering a three-phase short circuit occurs at the point F of the outgoing radial line, the
power angle curve relation jump from initial operating condition during pre-fault state ‘a’ to
operating point on persisting fault curve ‘b’. The machine accelerates until the fault is cleared
and reaches an operating point ‘c’ with a corresponding increase in load angle. After the
fault has cleared, power-angle relation jump from operating point ‘c’ on persisting fault
curve to operating point ‘d” on post fault power-angle curve as shown in Figure 4.10. The
transmitted power is Pe = Pmax*sind. Even though the output power is greater than input
power of the machine at this point, the machine will continue accelerating until point ‘e’ due
to inertia. During this period, the kinetic energy gained by the synchronous machine is given
back to the system and then the machine trace back to operating point ‘d’ after oscillating

about it.
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The critical clearing angle is the maximum angle before which the fault must be cleared to
ensure that the system remains stable.

The critical clearing angle can be calculated by applying the equal area criterion.
Graphically, it means that the area A1 which represent energy gained and A2 which represent
energy lost as shown in Figure 4.10 should be equal to have a stable condition in the system.
Expressing area A1 = area A2 mathematically, we have [1],[14]:

fac(Pm - Pfault)d6 = fam(Ppostfault - Pm)d6 (4-72)
60 5C

where 4§, is the initial rotor angle, &, is the critical clearing angle and §,,, is the maximum
angle to which the machine can swing to and remain stable. The above equation can be
written as [1],[14]:

&m
Pm((SC - 60) = ¢ (P — Pm)d6 (4-73)
Sm .
Pm((SC — 50) = f5c PpaxSinéd dé - Pm(6m — 55) (4.74)

P,6. — P, 6y = Ppax(—cosé,, + cosé.) — B, 6, + Bpo. (4.75)
Prax (0SS, — cos6,,) = By (6 — &) (4.76)

Also,
B, = Bpax Sind, (4.77)
Using equation (4.76) and (4.77):

(cos8, — c056,,) = Ppax (0 — 6p)sind, (4.78)
cosd, = cos8y, + (8, — 6p)sind, (4.79)

In order to determine the clearing time, we rewrite the swing equation, with Pe=0, since we

have a three-phase fault,

@8 p (4.80)

dt2  H

Integrating equation (4.80) twice and utilizing the fact that when t=0, dé/dt=0 yields
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§="Lm 2 4 5, (4.81)

If tc is a clearing time corresponding to a clearing angle oc, then we obtain from equation
(4.81):

8 =12 + 5, (4.82)
and so,

t. = ZH(5C_50)
¢ TfPm

(4.83)

4.4.5. Factors Influencing Transient Stability

Some of the factors that influence system’s transient stability are fault clearing time and the
inertia of the generator, as well as, the load on it. Additionally, any change in system’s
reactance between generation and load centers, the internal voltage magnitude of the

generator and the output of the generator during fault are able to lead to transient instability

[1],[14]:
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CHAPTER S

5. TRANSIENT STABILITY ANALYSIS OF IEEE 9-BUS SYSTEM

Power System Simulator for Engineering (PSS/E) is a software tool used by engineers to
simulate electrical power transmission networks in steady-state conditions. PSS/E, launched
in1976, is nowadays an integrated, interactive program for simulating, analyzing, and
optimizing power system’s performance. Using PSS/E becomes possible to perform power
flow, optimal power flow and fault analysis, as well as, dynamic simulation, open access and

pricing of a system etc.

5.1 Transient Stability and Power Flow

Power flow analysis is used for real time system analysis as well as planning studies. With
PSS/E the user can analyze the performance of a power system in both normal and under
fault operating conditions. The study in normal steady-state operating conditions is called a
power-flow or load-flow study and it focuses on determining the voltages, currents, and real

and reactive power flows in a system under known load conditions.

Methods that have been developed to solve the nonlinear load flow problem and can be found
in PSS/E are Gauss-Seidel and Newton-Raphson methods. After finding the load flow, we
can proceed to dynamic simulation by inserting the dynamic model of the system into the
static load flow model. PSSE model of IEEE 9 bus is given in Appendix A. Figure 5.1 shows

the load flow of IEEE 9 bus system and load flow data are given in Table 1.
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Figure 5.1- Load flow diagram of IEEE 9 Bus

Table 1 - Standard load flow data of IEEE 9bus

Bus No |Bustype [Voltage (pu)|Angle (deg) |PGen (MW] QGen {Mvar) |Pload (MW) |Qload (Mvar)
1|Swing Bus 1,04 0 71,641 27,046 0 0
2|PV 1,025 9,28 163 6,654 0 0
3PV 1,025 4,66 85 -10,86 0 0
4lpg 1,0258 -2,22 0 0 0 0
3|PO 0,9956 -3,99 0 0 125 50
6|PC 1,0127 -3,69 0 0 90 30|
7|PQ 1,0258 3,72 0 0 0 0
a|PQ 1,0159 0,73 0 0 100 35
3|PC, 1,0324 1,97 0 0 a 0

5.2 Dynamic simulation for transient stability analysis in PSS/E

IEEE 9 bus system is often used by engineers to perform steady state and dynamic simulation

studies. The following study was simulated using PSSE software. Figure 4.1 shows the

active generation, impedance and load data of IEEE 9 bus system. This test case consists of

9 buses, 3 machines, 6 transmission lines, 3 two-winding power transformers and 3 loads.
This network is generating a total of 319.6 MW and supplying a total load of 315 MW,
115MVAR and transmission losses of 4.6 MW. All impedances are on 100 MV A base.
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5.2.1 Stable condition

The steps followed for the dynamic simulation are:

1) The system is initialized.

2) One second after the initiation of the system, a bus fault occurs.

3) With a step of 100 msec, the fault duration increases gradually until the system is unstable.
4) The fault is cleared and a line from the faulted bus is tripped.

5) The simulation continues for a few seconds and then the tripped line closes. The total

simulation time is 10 seconds.

Stable Case A: 3-L-G Fault at Bus 4

In this case, the critical clearing time is evaluated to 300 ms (18 cycles). Figure 5.2 illustrates
the relative angle plot of generator 2 and 3 with regard to generator 1. Figure 5.3 illustrates
the active power output of all the 3 generators. The maximum swing angle of generator 2 is
45 while generator’s 3 is 35. Figure 5.4 illustrates the reactive power output of all the 3
generators and Figure 5.5 demonstrates the terminal voltage output variation of all generators
for a fault at bus 4. Figure 5.6 illustrates the frequency output variation of bus 4 and Figure

5.7 shows the voltage output variation of bus 4 for fault at bus 4.

IEEE 9 BUS CASE - 3G - 3L

Angledeg)
I
n

o] 1 2 3 4 5 & 7 8 =] 10
Time (seconds)

[ 2 - AMNGL 2BEUSZ 18.000]1 : bus_faultd
[ 3 - AMNGL  3[BUS3 13.800]1 : bus_faultd

Figure 5.2- Angle plot of all generators for a fault at bus 4
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Figure 5.3 - Active power output variation of all generators for fault at bus 4

Figure 5.4 - Reactive power output variation of all generators for fault at bus 4
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Figure 5.5 - Terminal voltage output variation of all generators for fault at bus 4
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Figure 5.6 - Frequency output variation of bus 4 for fault at bus 4
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IEEE 9 BUS CASE - 3G - 3L
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Figure 5.7 — Voltage output variation of bus 4 for fault at bus 4

Stable Case B: 3-L-G Fault at Bus 5

In this case, the critical clearing time is evaluated to 200 ms (12 cycles). Figure 5.8 illustrates
the relative angle plot of generator 2 and 3 with regard to generator 1. Figure 5.9 illustrates
the active power output of all the 3 generators. The maximum swing angle of generator 2 is
37 while generator’s 3 is 42. Figure 5.10 demonstrates the reactive power output of all the 3
generators and Figure 5.11 demonstrates the terminal voltage output variation of all
generators for a fault at bus 5. Figure 5.12 illustrates the frequency output variation of bus 5

and Figure 5.13 shows the voltage output variation of bus 5 for fault at bus 5.
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Figure 5.8 - Angle plot of all generators for a fault at bus 5
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Figure 5.9 - Active power output variation of all generators for fault at bus 5
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Figure 5.11 - Terminal voltage output variation of all generators for fault at bus 5
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Figure 5.12 - Frequency output variation of bus 5 for fault at bus 5
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Figure 5.13 — Voltage output variation of bus 5 for fault at bus 5

Stable Case C: 3-L-G Fault at Bus 6

In this case, the critical clearing time is evaluated to 450 ms (27 cycles). Figure 5.14

illustrates the relative angle plot of generator 2 and 3 with regard to generator 1. Figure 5.15

57



illustrates the active power output of all the 3 generators. The maximum swing angle of

generator 2 is 53 while generator’s 3 is 57. Figure 5.16 illustrates the reactive power output

of all the 3 generators and Figure 5.17 illustrates the terminal voltage output variation of all

generators for a fault at bus 6. Figure 5.18 illustrates the frequency output variation of bus 6

and Figure 5.19 shows the voltage output variation of bus 6 for fault at bus 6.
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Figure 5.14 - Angle plot of all generators for a fault at bus 6
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Figure 5.17 - Terminal voltage output variation of all generators for fault at bus 6
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Figure 5.18 - Frequency output variation of bus 6 for fault at bus 6
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Figure 5.19 -Voltage output variation of bus 6 for fault at bus 6

Stable Case D: 3-L-G Fault at Bus 7

In this case, the critical clearing time is evaluated to 100 ms (6 cycles). Figure 5.20 illustrates

the relative angle plot of generator 2 and 3 with regard to generator 1. Figure 5.21 illustrates

the active power output of the all 3 machines. The maximum swing angle of generator 2 is
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64 while generator’s is 55. Figure 5.22 demonstrates the reactive power output of all the 3

generators and Figure 5.23 demonstrates the terminal voltage output variation of all

generators for a fault at bus 7. Figure 5.24 illustrates the frequency output variation of bus 7

and Figure 5.25 shows the voltage output variation of bus 7 for fault at bus 7.
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Figure 5.20 - Angle plot of all generators for a fault at bus 7
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Figure 5.21 - Active power output variation of all generators for fault at bus 7
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Figure 5.23 - Terminal voltage output variation of all generators for fault at bus 7
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Figure 5.25 — Voltage output variation of bus 7 for fault at bus 7

Stable Case E: 3-L-G Fault at Bus 8

In this case, the critical clearing time is evaluated to 250 ms (15 cycles). Figure 5.26
illustrates the relative angle plot of generator 2 and 3 with regard to generator 1. Figure 5.27

demonstrates the active power output of all 3 generators. The maximum swing angle of
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generator 2 is 68 while generator’s 3 is 71 degrees. Figure 5.28 illustrates the reactive power

output of all the 3 generators and Figure 5.29 demonstrates the terminal voltage output

variation of all generators for a fault at bus 8. Figure 5.30 illustrates the frequency output

variation of bus 8 and Figure 5.31 shows the voltage output variation of bus 8 for fault at bus

8.
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Figure 5.26 - Angle plot of all generators for a fault at bus 8

IEEE 9 BUS CASE - 3G - 3L

Al
i ,,ﬁ A
5 \ A
N Y AL YN
E i fi!
] I 'EL i3 f
'R 1
'Y g
AWAYAAY
: A AV,
LW
v
1 2 3 4 5 & 7 8 9 10
Time (seconds)
= 4 - POWR  1[BUS1 16.500]1 : bus_faults
[ 5 - POWR 2[BU 52 13.00071 : bus_faultd
= &5 - POWR  3I[BUS3 13.800]1 : bus_faultd

Figure 5.27 - Active power output variation of all generators for fault at bus 8
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Figure 5.29 - Terminal voltage output variation of all generators for fault at bus 8
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Figure 5.30 - Frequency output variation of bus 8 for fault at bus 8
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Figure 5.31 — Voltage output variation of bus 8 for fault at bus 8

Stable Case F: 3-L-G Fault at Bus 9

In this case, the critical clearing time is evaluated to 200 ms (12 cycles). Figure 5.32
illustrates the relative angle plot of generator 2 and 3 with regard to generator 1. Figure 5.33

illustrates the active power output of all 3 machines. The maximum swing angle of generator
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2 is 71 and the maximum swing angle of generator 3 is 72 degrees. Figure 5.34 demonstrates
the reactive power output of all the 3 generators and Figure 5.35 demonstrates the terminal
voltage output variation of all generators for a fault at bus 9. Figure 5.36 illustrates the

frequency output variation of bus 9 and Figure 5.37 shows the voltage output variation of
bus 9 for fault at bus 9.
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Figure 5.33 - Active power output variation of all generators for fault at bus 9
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Figure 5.34 - Reactive power output variation of all generators for fault at bus 9
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Figure 5.35 - Terminal voltage output variation of all generators for fault at bus 9
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Figure 5.36 - Frequency output variation of bus 9 for fault at bus 9
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Figure 5.37 — Voltage output variation of bus 9 for fault at bus 9

Table 2 shows the critical clearing time and the maximum angle deviation of generator
rotor angles of buses 4,5,6,7,8 and 9.
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Table 2 - CCT and maximum angle deviation of generator rotor angles for six case studies

in PSS/E.

Bus Fault No |CCT(cycles) |A621 AB31

Bus4 18 45 35
Bus 5 12 37 42
Bus®6 27 53 57
Bus7 ] 64 55
Bus 8 15 68 71
Bus 9 12 71 72

5.2.2 Unstable condition

To fully understand the concept of transient stability, we have to analyze the grid during
unstable condition.

The steps followed to examine the unstable cases are:

1) The system is initialized.

2) One second after the initiation of the system, a bus fault occurs.

3) We run the simulation with the fault for a few msec.

4) 100 msec after the critical clearing time of each case, the fault is cleared and a line from
the faulted bus is tripped.

5) The simulation continues for 1000msec after the critical clearing time of each case and
then the tripped line closes. The total simulation time is 10 seconds.

Unstable Case A: 3-L-G Fault at bus 8

A 3-L-G fault occurs to bus 8 in line 8-9. The rotor angle plot (Figure5.38) illustrates the
complete deflection of generator relative rotor angle which means that the generators are no
longer in synchronism. The real and reactive power plot (Figure 5.39 and 5.40) shows
undamped variations along with voltage and frequency plots (Figure 5.41, 5.42 and 5.43)
which means that the system is now unstable. To avoid such condition, it is important to

clear the fault as soon as it gets.
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Figure 5.38 - Angle plot of all generators for a fault at bus 8

Figure 5.39 - Active power output variation of all generators for fault at bus 8
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Figure 5.40 - Reactive power output variation of all generators for fault at bus 8

Figure 5.41 - Terminal voltage output variation of all generators for fault at bus 8
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Figure 5.42 - Terminal voltage output variation of bus 8 for fault at bus 8
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Figure 5.43 — Frequency output variation of bus 8 for fault at bus 8

Unstable Case B: 3-L-G Fault at bus 7

A 3-L-G fault occurs to bus 7 in line 7-8. The rotor angle plot (Figure5.44) demonstrates the

complete deflection of generator relative rotor angle. The real and reactive power plot
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(Figure 5.45 and 5.46) illustrates undamped variations along with voltage and frequency
plots (Figure 5.47, 5.48 and 5.49).

Figure 5.44 - Angle plot of all generators for a fault at bus 7

Figure 5.45 - Active power output variation of all generators for fault at bus 7
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Figure 5.46 - Reactive power output variation of all generators for fault at bus 7

Figure 5.47 - Terminal voltage output variation of all generators for fault at bus 7
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Figure 5.48 - Terminal voltage output variation of bus 7 for fault at bus 7

Figure 5.49 — Frequency output variation of bus7 for fault at bus 7

Unstable Case C: 3-L-G Fault at bus 9
A 3-L-G fault occurs to bus 9 in line 9-6. The rotor angle plot (Figure5.50) reveals complete

deflection of generator relative rotor angle. The real and reactive power plot (Figure 5.51
and 5.52) reveals undamped variations along with voltage and frequency plots (Figure 5.53,
5.54 and 5.55).
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Figure 5.50 - Angle plot of all generators for a fault at bus 9

Figure 5.51 - Active power output variation of all generators for fault at bus 9
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Figure 5.52 - Reactive power output variation of all generators for fault at bus 9

Figure 5.53 - Terminal voltage output variation of all generators for fault at bus 9
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Figure 5.55 — Frequency output variation of bus 9 for fault at bus 9

Unstable Case D: 3-L-G Fault at bus 4
A 3-L-G fault occurs to bus 4 in line 4-5. The rotor angle plot (Figure5.56) demonstrates

complete deflection of generator relative rotor angle. The real and reactive power plot
(Figure 5.57 and 5.58) shows undamped variations along with voltage and frequency plots
(Figure 5.59, 5.60 and 5.61). The system is now unstable.
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Figure 5.56 - Angle plot of all generators for a fault at bus 4

Figure 5.57 - Active power output variation of all generators for fault at bus 4
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Figure 5.58 - Reactive power output variation of all generators for fault at bus 4

Figure 5.59 - Terminal voltage output variation of all generators for fault at bus 4
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CHAPTER 6

CONCLUSIONS

In this thesis, transient stability analysis in PSS/E of IEEE 9 bus system has resulted to better
understanding of the concept of transient stability and the importance of critical clearing
time. This analysis has also highlighted the need of preserving power System’s stability by
taking protection measures.

A future project could include the study of the effects of other types of faults, except for
solid three-phase balanced faults, on transient stability of a power system. In addition, it
would be interesting to study different types of stabilities, such as voltage or frequency
stability. Finally, the transient stability analysis of a larger system could lead to results for

better understanding the behavior of the power systems after major disturbances.
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APPENDIX A

IEEE 9 bus PSSE model

e Power flow model

Bus data
Bus Number|Base kV | Area Num{Zone Num [Owner Num(Code  |Voltage (pu)|Angle (deg|Normal Vmax {pu){Normal Vimin (pu)|Emergency Vmax (pu|] Emergency Vmin (pu
1 165 1 1 1 ] LM 0 11 03 11 0,3
2 B 2 2 1 2 105 58 11 03 11 0,3
3138 2 3 12 105 46 11 09 11 09
Im 1 1 1 1 s 21 11 09 11 09
L 1 4 2 1 0% 3% 11 03 11 0,3
IR 1 3 2 1 L1 369 11 03 11 0,3
7N 2 2 11 s 3n 11 09 11 09
| 2 6 21 08 11 09 11 09
IR | 2 3 1 A 7 K ] 11 03 11 0,3
Load data
Bus Number|ld|Code| Area Num|(Zone Num|Owner Num|Pload (MW)|Qload (Mvar) | IPload (MW)|YPload (MW} |YQload (Mvar)|Distributed Gen (MW)
531 1 1 1 1 125 30 0 0 0 0
61 1 1 1 1 90 30 0 0 0 0
g1 1 1 1 1 100 35 0 0 0 0
Generator data
Bus Number | Area Num|Code |PGen (MW)|QGen (Mvar) |QMax (Mvar)QMin (Mvar) |V5ched (pu) ([Voltage (pu) [RMPCT|
1 1 3 71,6 27 300 -300 1,04 1,04 100
2 2 2 163 6,7 300 -300 1,025 1,025 1004
3 2 2 83 -10,9 300 -300 1,025 1,025 100
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Branch data

From Bus Number(To Bus Number|Id |Line R (pu)|Line X (pu)|Charging B {pu)|Line  From (pu} |Line B From (pu)Line G To (pu]|Line B To (pu) |RATEL (I as MVAJRATE2 (I as MVA||RATE3 (I a5 MVA)
4 5100 008 0176 ] 0 0 ] 50 0 50
4 61 007 009 0,158 0 0 0 0 10 10 50
3 71 002 0.l 0,306 0 0 0 0 10 10 50
b 51 0038 017 0,338 0 0 0 0 150 150 150
1 g1 008 0m 0,149 0 0 0 0 50 150 Jill
§ 51 Q0L 0008 0,209 0 0 0 0 150 150 150

Transformer data

From Bus Number‘Tu Bus Number‘ld ‘Specifiedﬁ(pu or watts| SpecifiedK[pu}‘RATEl{MVA]‘HATEZ MVA}‘RATEa {MVA]‘MagnehzmgG (puorwatts ‘Magnehzmglﬂ pu}‘Wmdmg MVA Base‘Wnlea tio (puorkV

1 im 0 0,076 0 0 0 0 0 100 |
1 m 0 0,025 0 0 0 0 0 100 |
] imn 0 0,0386 0 0 0 0 0 100 |

I |Wnd 1 Nominal kV|Wnd 1Angle (degreas |Wnd 2Ratio (puorkv |Wnd 2Nominal kV|Rmax (pu, kv, deg}‘ﬁmin (pu, kV, deg) |Vmax (pu, Mvar, MW) |Vmin (pu, Mvar, MW}|Wnd Connect Angle (deg)

il 0 0 1 0 11 09 11 05 0
n 0 0 1 0 11 09 11 03 0
IE! 0 0 1 0 11 09 11 05 0

Id |Load Drop Comp R (pu) |Lt:|ad Drop Comp X pu}|R table corrected pu or watts) |J-C table corrected pu)
T1 0 0 0 0,0576)
T2 0 0 0 0,06825
T3 0 0 0 0,0586

e Dynamic data

Bus Number |Id |P'.-"|bE|5E {MUA}|Generatur |Exciter |Turbine Gowvernor|Stabilizer
11 260 GENSAL  IEEET1 IEESGO Ps52A
21 310 GEMROU IEEET1 [EESGO P5524A
31 280 GENROU IEEET1 IEESGO PS52A
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