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SYLLABUS

UNIT-1: PER-UNIT SYSTEM AND YBUS FORMATION:

Per-Unit representation of Power system elements - Per-Unit equivalent reactance network of a
three phase Power System - Graph Theory: Definitions, Bus Incidence Matrix, Y Bus formation by
Direct and Singular Transformation Methods, Numerical Problems.

UNIT -2: FORMATION OF ZBUS:

Formation of Z Bus: Partial network, Algorithm for the Modification of ZBus Matrix for addition
element for the following cases: Addition of element from a new bus to reference, Addition of
element from a new bus to an old bus, Addition of element between an old bus to reference and
Addition of element between two old busses - Modification of Z Bus for the changes in network.

UNIT-3: POWER FLOW ANALYSIS:

Static load flow equations — Load flow solutions using Gauss Seidel Method: Algorithm and
Flowchart. Acceleration Factor, Load flow Solution for Simple Power Systems (Max. 3-Buses):
Newton Raphson Method in Polar Co-Ordinates Form: Load Flow Solution- Jacobian Elements,
Algorithm and Flowchart. Decoupled and Fast Decoupled Methods. - Comparison of Different
Methods

UNIT-4: SHORT CIRCUIT STUDIES:

Short Circuit Current and MVA Calculations, Fault levels, Application of Series Reactors.
Symmetrical Component Theory: Positive, Negative and Zero sequence components, Positive,
Negative and Zero sequence Networks. Symmetrical Fault Analysis: LLLG faults with and without
fault impedance, Unsymmetrical Fault Analysis: LG, LL and LLG faults with and without fault
impedance, Numerical Problems.

UNIT-5: STABILITY ANALYSIS:

Elementary concepts of Steady State, Dynamic and Transient Stabilities. Derivation of Swing
Equation, Power Angle Curve and Determination of Steady State Stability. Determination of
Transient Stability by Equal Area Criterion, Application of Equal Area Criterion, Critical Clearing
Angle Calculation. Numerical methods for solution of swing equation - Methods to improve
Stability - Application of Auto Reclosing and Fast Operating Circuit Breakers.




OBJECTIVES

UNIT-1: PER-UNIT SYSTEM AND YBUS FORMATION
e Understand the basic elements of a power system and their representation.
« Learn the concept and advantages of the Per-Unit (p.u.) system in power system calculations.
« Calculate per-unit quantities for different power system components.
« Understand the representation of a three-phase power system network in per-unit form.
« Learn the formation of Y-Bus matrix using Direct Inspection method.
o Apply Bus Incidence Matrix and Singular Transformation method for Y-Bus formation.
UNIT-2: FORMATION OF ZBUS
Understand the concept of bus impedance matrix (Zbus) in power systems.
Learn the step-by-step algorithm for Zbus formation from partial networks.
Construct Zbus for different cases such as:
a. Addition of a branch from a new bus to reference bus
b. Addition of a branch from a new bus to an existing bus
c. Addition of a branch from an existing bus to reference bus
d. Addition of a branch between two existing buses
Modify the Zbus matrix when network elements are added or changed.
o Apply Zbus formation methods to solve numerical problems.
UNIT-3: POWER FLOW ANALYSIS
e Understand the importance of load flow studies in power system operation and planning.
« Formulate static load flow equations for power system networks.
o Learn the Gauss—Seidel method for load flow solution.
« Study acceleration factor and convergence characteristics.
« Understand Newton—Raphson method in Polar Coordinates.
« Learn Jacobian matrix formation and algorithm steps.
o Compare Gauss—Seidel, Newton—Raphson, Decoupled and Fast Decoupled methods.
UNIT—4: SHORT CIRCUIT STUDIES
e Understand the types and causes of faults in power systems.
« Calculate short circuit current and fault MVA.
« Study the application of series reactors in fault current limitation.
o Learn Symmetrical Component Theory.
« Understand positive, negative and zero sequence networks.
« Analyse symmetrical faults (LLLG) and unsymmetrical faults (LG, LL, LLG).
o Perform fault analysis with and without fault impedance.
UNIT-5: STABILITY ANALYSIS
e Understand the concept of power system stability.
« Differentiate steady state, dynamic and transient stability.
« Derive and understand the swing equation.
« Study power angle curve and steady state stability limit.
« Understand Equal Area Criterion for transient stability analysis.
o Calculate critical clearing angle and time.
o Study methods for improving system stability such as auto-reclosing and fast circuit
breakers.




INTRODUCTION

Power systems are large interconnected networks that generate, transmit, and distribute
electrical energy to consumers. The analysis of power systems is essential to ensure reliable,
efficient, and stable operation under normal and abnormal conditions. Power System Analysis deals
with the study of electrical networks to determine voltage levels, power flow, fault currents, and
system stability.

This course introduces the fundamental concepts and analytical techniques used in the study
of power systems.

The first unit focuses on the Per-Unit system, which simplifies calculations in power
systems by expressing electrical quantities in normalized form. It also discusses the formation of the
bus admittance matrix (Ybus), which is an important tool used in power system analysis.

The second unit deals with the formation of the bus impedance matrix (Zbus) using
systematic algorithms and methods for modifying the matrix when new elements are added to the
network.

The third unit focuses on Power Flow Analysis, which is used to determine the voltage
magnitude, phase angle, and power flow in different buses of the system. Various numerical
methods such as Gauss—Seidel and Newton—Raphson methods are used to solve load flow
problems.

The fourth unit discusses Short Circuit Studies, which analyse different types of faults that
may occur in power systems. It introduces symmetrical components and sequence networks used
to analyse both symmetrical and unsymmetrical faults.

The fifth unit deals with Power System Stability, which studies the ability of the system to
maintain synchronism under disturbances. Concepts such as swing equation, power angle curve,
and equal area criterion are used to analyse system stability.

Overall, this course provides essential knowledge and analytical tools required for planning,
operation, and protection of modern power systems.
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Case Study — Application of Per Unit System in a 3-Bus Power System:

In a power system network consisting of three buses, generators, transformers, and
transmission lines operate at different voltage and power levels. Direct analysis using actual
values (ohms, volts, amperes) becomes complicated because of different ratings. To simplify
calculations, engineers use the Per Unit (p.u.) System, where all quantities are expressed as a
fraction of chosen base values.

In this case study, a 100 MVA base and 11 kV base voltage are selected. The
reactances of generators and transmission lines are converted into per-unit values. After
conversion, the network elements become easier to compare and analyze because their values
fall within a small numerical range (usually 0-1 p.u.).

Using the per-unit reactance values, the bus admittance matrix (Y-Bus) is formed
using the direct inspection method. The Y-Bus matrix represents the relationship between bus
currents and bus voltages in the system. It helps engineers perform load flow studies, fault
analysis, and stability studies efficiently. This approach significantly reduces computational
complexity and eliminates errors caused by transformer turns ratios. Therefore, the per-unit
system and Y-Bus matrix formation are fundamental tools in power system analysis.
Outcome of Case Study:

o Simplifies multi-voltage level system analysis

e Reduces calculation complexity

e Helps in formation of Y-Bus matrix for network analysis
e Widely used in load flow and fault analysis studies

Unit-1 Outcomes:

e Understand the concept and importance of the per-unit system in power systems.

e Convert electrical quantities into per-unit values using suitable base quantities.

e Apply graph theory to represent power system networks.

e Construct the Bus Incidence Matrix for a given network.

e Form the Y-Bus Admittance Matrix using direct and singular transformation

methods.




2 Marks Questions:

Define Per Unit System in power systems.

What are the advantages of using the per unit system?

Write the expression for per unit impedance.

Define base quantities in the per unit system.

What are the commonly selected base quantities in power system analysis?
Define Bus Admittance Matrix (Y-Bus).

What is a Bus Incidence Matrix?

List the properties of the Y-Bus matrix.

© 0o N o g Bk~ w D PE

What are the methods used for Y-Bus formation?

[ERY
o

. What is the difference between direct inspection method and singular transformation
method?
10 Marks Questions:

1. A. Derive the Per unit Equivalent Reactance of a 3-¢ Power Systems
B. Write the Advantages of Per Unit System

2. Sketch the reactance diagram for the Power System shown in the figure. The ratings of
the Generator, Motor and Transformer are given below. Neglect the Resistance and use
a base of 100MVA, 220KV.

G oo Bg ot gF oo Oy
{( S A il ;

Generator: 50MVA, 25KV, XI = 20%
Synchronous Motor: 40MVA, 11KV, , X' = 30%
Y-Y Transformer: A0MVA, 33/220KV, X=15%
Y-A Transformer: 30MVA, 11/220KV (A/Y), X=15%
3. Examine the formation of Yz, Matrix using Direct Inspection Method.
4. For the Network shown in the figure form the Bus Admittance matrix. Determine the
reduced Admittance matrix by eliminating Node-4. The Values marked in P.U

ﬂ ( -

/q)O‘L' = 4
oS
2078 f/ﬁmrm”"k %}} 4
e 30 7).
o
o | R

5. The Single Line diagram of an Unloaded Power System is shown in figure. Reactance’
s of the two sections of the transmission line are shown in the diagram.
jsox2

section 1
section 2

-1




The generators and transformers are rated as follows:

Generator G1= 20MVA, 11KV, X!I = 25%

Generator G2= 30MVA, 18KV, X!I = 25%

Generator G3= 30MVA, 20KV, X!I = 21%

Transformer T1= 25MVA, 13.8/220KV, X=15%

Transformer T2= 30MVA, 220/18KV, X=15%

Transformer T3= 35MVA, 220/22KV, X=15%

Draw the Impedance diagram with all reactance marked in per unit. Choose a base of 50MVA,
11KV in the circuit of Generator G1.

6. A 300MVA, 20KV, 3-Phase generator has a sub-transient reactance of 20%. The
Generator supplies 2 synchronous motors through a 64Km transmission line having
transformer at both ends as shown in figure. In this T1 is a 3-phase transformer and T2
is made of 3 single phase transformers of rating 100MVA, 127/13.2KV, 10% reactance.
The reactance of the transmission line is 0.5 Q/Km. Draw the reactance diagram with
all the reactance’s marked in PU. Select the generator rating as a base value.

350MVA 200MVA
o - 20/230kV, 3 x 1/00M¥3 132kV
10% 127/13.2 20%
io kv ¢, 10% 13 ——@ ‘{(
(:)—§ § joss/km 3
A ab—0) v
.f( : Y - 100MVA
13.2kV
20%

7. A 15 MVA, 10.5 kV, 3-phase generator has a synchronous reactance of 0.2 p.u. and it
is connected to a transmission line through a transformer rated 15 MVA, 33/11 kV with
X=0.15 p.u.

Q) Calculate the p.u. reactance by taking generator rating as a base value.
(i) Calculate the p.u. reactance by taking transformer rating as a base value.

8. For the network shown in the figure. Give the total number of elements, nodes, buses

and branches. Write the element of Y, ; matrix by direct inspection method.

—j20
TN
00— SBOO ™
—i5 =33
12/-60°® E-j10 10 —j108 @ 1245

9. Determine the reduced admittance matrix by eliminating nodes (3) and (4). Values
marked in the figure are p.u. admittances and currents.

—j20 50 =10

i1 <6"G 91.0<0"




10. A. What is Impedance and reactance diagram.
B. Solve the node Voltages.

v, =20 v
—5.0 . —i10
%—iz —10
<4
1129 1.1 L0

11. Derive the Node Equation and Bus Admittance Matrix and give its Solution to Obtain
final Bus voltage equation.

12. Determine the Y bus matrix by Direct inspection method for Line specifications as
mentioned below

Line p-g | Impedance (p.u) Half line charging admittance (p.u)
1-2 0.04+j0.02 j0.05
1-4 0.05+j0.03 j0.07
1-3 0.025+j0.06 j0.08
2-4 0.08+j0.015 j0.05
3-4 0.035+j0.045 j0.02
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Case Study
Topic: Formation of Z-Bus Matrix
Z-Bus Matrix Formation for Network Modification

In practical power systems, transmission networks frequently change due to the
addition of new buses, transmission lines, or system expansion. These changes require
recalculation of the system parameters to maintain proper power flow and stability analysis.

Consider a power system where initially two buses are connected by a transmission
line. The system operator decides to add a new bus to supply power to a growing industrial
area. With the addition of this new bus and its connecting transmission line, the system
impedance matrix must be updated.

Instead of recomposing the entire impedance matrix from the beginning, the Z-Bus
building algorithm is used. This algorithm modifies the existing Z-Bus matrix step-by-step
when new elements are added to the network.

Different cases are considered during Z-Bus formation, such as:

« Addition of a branch from a new bus to reference bus

e Addition of a branch from a new bus to an existing bus

e Addition of a branch from an existing bus to reference bus

« Addition of a branch between two existing buses

By applying the Z-Bus modification algorithm, engineers can efficiently update the
network parameters without performing complete recalculations. This approach saves time,
computational effort, and improves system analysis efficiency.

This method is widely used in power system fault analysis, load flow studies, and network
planning.

Unit-2 Outcomes:

e Understand the concept of Bus Impedance Matrix (Z-Bus).
e Explain the steps involved in Z-Bus formation.

¢ Identify different cases involved in network modification during Z-Bus building.




Apply the Z-Bus building algorithm for addition of elements in a power system
network.

Analyze how changes in network configuration affect system impedance matrix.

2 Marks Questions:

N o a b~ wDnh e

8.
9.

Define Bus Impedance Matrix (Z-Bus).

What is the significance of Z-Bus matrix in power system analysis?

List the different cases involved in Z-Bus matrix formation.

What is meant by a reference bus in Z-Bus formation?

What is the difference between Y-Bus and Z-Bus matrices?

What is meant by the addition of a branch from a new bus to the reference bus?

What is the procedure for adding a branch between an existing bus and a new bus in Z-
Bus building algorithm?

What is meant by modification of Z-Bus matrix?

State the advantages of using the Z-Bus building algorithm.

10. Why is the Z-Bus matrix symmetrical?
10 Marks Questions:

1.
2.

Develop an Algorithm for the bus impedance matrix formation and modification
Find the bus impedance matrix for the system whose reactance diagram is shown in
the figure. All the impedances are in p.u.
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Determine Z bus for the system whose reactance diagram is shown in the figure. Where
the impedance is given in p.u. preserve all the three nodes.
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Reference bus

Find the bus impedance matrix for the system whose reactance diagram is shown in
the figure. All the impedance are in p.u.
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T Reference bus




5. A. Write the four ways of adding an impedance to an existing system so as to modify
bus impedance matrix.

B. For the system shown in the figure determine Z bus.
e

6. Determine the Z bus for the network shown in the figure. Where the impedances are
given in p.u. Preserve all the 3 nodes.
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Reference bus

7. Find the bus impedance matrix for the 4-bus system shown in the figure. Consider
bus-4 as reference bus.
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Case Study
Topic: Load Flow Studies
Load Flow Analysis in a Power Distribution Network

In a practical power system, electricity generated at power plants must be transmitted
and distributed efficiently to different consumers. As the demand for electricity increases in
urban and industrial areas, system operators need to determine the voltage magnitude, voltage
angle, real power, and reactive power at different buses in the network.

Consider a three-bus power system consisting of one slack bus, one PV bus, and one
PQ bus. Due to increasing industrial load at one bus, the voltage level starts dropping. To
analyze the condition of the system and maintain proper voltage levels, engineers perform load
flow analysis.

Using methods such as Gauss-Seidel Method, Newton-Raphson Method, and Fast
Decoupled Load Flow Method, the voltage magnitude and phase angle at each bus are
calculated. The results help engineers identify voltage violations, line losses, and power flow
in transmission lines.

After the analysis, corrective actions such as reactive power compensation or
transformer tap changing are implemented to maintain voltage within acceptable limits.

This case study demonstrates how load flow studies help maintain reliable and efficient
operation of power systems.

Unit-3 Outcomes:

1. Understand the concept of load flow analysis in power systems.

2. Identify different types of buses such as slack bus, PV bus, and PQ bus.

3. Explain the Gauss-Seidel method for load flow calculations.

4. Describe the Newton-Raphson method used in power flow studies.

5. Analyze the importance of load flow studies in system planning and operation.

2 Marks Questions:

1. Define load flow analysis.
2. What is a slack bus?




© 0o N o g Bk~ w

What is a PQ bus in load flow studies?

What is a PV bus?

List the different load flow methods used in power system analysis.
State the advantages of the Newton-Raphson method.

What are the disadvantages of the Gauss-Seidel method?

What is meant by convergence in load flow studies?

Why is load flow analysis important in power systems?

10. What is the difference between real power and reactive power?
10 Marks Questions:

1.

Discuss in detail about Gauss Seidel load flow analysis algorithm and give steps for its
implementation when PV buses are also present in the system. Develop a flow chart
for it.

Figure shows the one-line diagram of a simple three-bus power system. Line
impedances are marked in per unit on a 100 MV A base. Obtain the power flow solution
by Newton Raphson method for the first iteration.

H ) 0.02 + FO.04
— —— 400
O .
- 0.01 + j0.03 0.01 + 70.025 | 4> 250
e S e T Mvar
Slack Buas 3
Vi = 1.0520° 1
200 ) I V3 |=— 1.04
MW

Illustrate the step-by-step procedure for load flow solutions using Gauss Seidel
method, if PV and PQ buses are present along with slack bus.

Demonstrate various steps involved in the load flow analysis using Fast Decoupled
Method.

A. What is Load flow or Power flow study?

B. Derive the Load Flow Equation using Gauss Seidel method.

Explain the key differences between the Gauss Seidel, Newton Raphson, and Fast
Decoupled Load flow methods. Highlight their advantages?

The System data for a load flow solution are given in tables. Determine the voltages at

the end of first iteration by Gauss-seidel method. Take acceleration factor o = 1.6.

Line Admittances

Bus Code | Admittance
1-2 2-j8
1-3 1-j4
2-3 0.666-j2.664
2-4 1-j4
3-4 2-j8




Bus Specifications
Bus Code P Q \Y/ Remarks
1 - - 11.06<0 Slack
2 05 |0.2 - PQ
3 04 |03 - PQ
4 03 |0.1 - PQ

8. For the system shown in the figure determine the voltages at the end of first iteration

by Gauss-Seidel method. Take a = 1 and bus specifications are given in the table.

Note : All elements are admittances in p.u.
9. Figure shows a three-bus power system with impedance connected across.
Bus-1: Slack bus, V=1.05<0 p.u.
Bus-2: PV bus, [V|=1.0 p.u., Pg=3 p.u.
Bus-3: PQ bus, P=4 p.u, Q=2 p.u.
Carry out one iteration of load flow solution using Gauss Seidel method. Neglect limits on

reactive power generation.

Bus Specifications
Bus Code P Q Vv Remarks
1 - - 1.06<0 Slack
2 0.5 0.1<Q2<1 1.04 PV
3 0.4 0.3 - PQ
4 0.2 0.1 - PQ
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Case Study
Topic: Symmetrical Fault Analysis
Three-Phase Fault in a Transmission System

In a large power system network, transmission lines carry electricity from generating
stations to load centres. Sometimes unexpected disturbances such as lightning strikes,
insulation failure, or equipment malfunction may cause faults in the system.

Consider a situation where a three-phase symmetrical fault occurs at a bus in a
transmission network. This type of fault causes a sudden increase in fault current, which may
damage generators, transformers, and transmission equipment if not cleared quickly.

To analyse this condition, engineers perform symmetrical fault analysis using The
venin’s equivalent circuit. The system is simplified into an equivalent network consisting of a
voltage source and impedance. Using this equivalent circuit, the fault current and fault level at
the faulted bus can be calculated.

Based on the calculated fault current, appropriate circuit breakers and protective relays
are selected to isolate the fault quickly and protect the system.

This case study highlights the importance of fault analysis in designing protection systems and
ensuring safe operation of power systems.

Unit-4 Outcomes:

e Understand the concept of faults in power systems.

e Classify different types of faults occurring in power systems.

e Explain the analysis of symmetrical (three-phase) faults.

e Apply Thevenin’s theorem to calculate fault current.

e Determine fault levels and their importance in protection system design.

2 Marks Questions:

1. Define fault in a power system.

2. What is a symmetrical fault?

3. List the different types of faults in power systems.
4. What is a three-phase fault?




5
6
7.
8
9

10.

Why a symmetrical fault is considered severe?
What is fault current?

What is meant by fault level?

State the importance of fault analysis.

What is Thevenin’s equivalent circuit?

Why are circuit breakers required in power systems?

10 Marks Questions:

1.

10.

Discuss in detail about the Sequence impedance and network of generators,
transmission lines, transformers and Loads.

Obtain the expression for fault current for single line to ground (LG) fault taken place
through impedance Zf in phase ‘a’ at bus ‘k’ of a power system. Draw the connections
of the Thevenin equivalent of the sequence networks.

Deduce and draw the sequence network for LLG fault at the terminals of unloaded
generators.

A 25 MVA, 13.2 KV alternator with solidly grounded neutral has a sub transient
reactance of 0.25 p.u. the negative and zero sequence reactance are 0.35 and 0.01
p.u. respectively. If a line to ground fault occurs at the terminals of the alternator,
determine the fault current and line-line voltages at the fault.

Determine the symmetrical components of the unbalanced 3-phase currents,
[a0=10<0 Amps, 1a1=12<230 Amps and 1a2=10<130 Amps. Calculate the Sequence
Components.

The Symmetrical Components of Phase-a voltage is a 3-phase unbalanced system are
Va0=10<180V, Val=50<0 V, Va2=20<90. Determine the phase voltages Va, Vb, Vc.
The Voltage across a 3-phase unbalanced loads are Va=300<20 V, Vb=360<90 V,
Vc=500<-140 V. Determine the Symmetrical Components of Voltages, Phase
Sequences abs.

Obtain the expression for Symmetrical Component of Voltages from the
Unsymmetrical 3-phase System.

Derive the expression for fault current in double line to ground fault (LLG — without
fault impedance) on unloaded Generator. Draw an equivalent network showing the
inter connection of sequence network for LLG fault.

A 11 KV, 100 MVA alternator having a sub-transient reactance of 0.25 p.u is supplying
a 50MVA motor having a sub transient reactance of 0.2 p.u through a transmission
line. The Line reactance of 0.05 p.u on a base of 100 MVA. The Motor is drawing
40MW at 0.8 p.f leading with a terminal of 10.95 KV, when a 3-phase fault occurs at
the generator terminals. Calculate the total current in generator and motor under
fault conditions.
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51 INTRODUCTION

Thﬁ tertrhnest::);lltybfcferz to stable operation of the synchronous machines connected to a power
m when i’ tju jected to suddefx disturbances. Hence we can say that the stability is the ability
system to return to stable operation when it is subjected to a disturbance. The instability refers to

f synchronism (or falling out of step) of synchronous machines in the power system. The stability
disturbance. They are Transient,

syste

the loss O
studies are classified into three types depending upon the nature of the

Dynamic and Steady state stability.

The study of steady state stability is concerned with the determination of upper limit of loading
chronous machines before loosing synchronism. In these studies it is assumed that the machine is

Joaded gradually.

In a power system, small disturbances will continuou
in the speed of prime mover, fault in certain part of system, et
system into a state of natural oscillations.

sly occur due to variations in load, changes
c.,. These small disturbances may excite the

In dynamically stable systems the amplitude of the oscillations will be small and they die out quickly.
In dynamically unstable systems the amplitude of the oscillations is very large and they exist for a long
time. This type of unstable behaviour may create serious problems in power system operation. (i.€., it may

lead to unnecessary frequent load shedding).
in a power system due to switching heavy loads, switching long
e sudden large disturbances are characterized by large changes in the

e changes in power angle and fast change in power transfer.
called transient instability.

nism or not

Large disturbances may occur
transmission lines, major faults, etc., Th
speed of the rotor of synchronous machine, larg
These characteristic may lead to loss of synchronism. This type of instability is
Hence the aim of transient stability is to determine whether the system will remain in synchro
following a sudden or major disturbances, such as transmission line fault, sudden heavy loads, tripping of

generating units or switching lines with heavy loads.
be better understood by considering a single synchronous
tem. A practical power system may have a

machine

The concepts of stability can
connected to infinite bus. It is equiva
number of machines running in synchronism.

e multimachine syste
the stabi

lent to two machine sys

For theoretical analysis th m can be converted to an equivalent single machine
lity study of a multimachine system can be carried

system connected to infinite bus. Alternatively,
0n a computer.
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The dynamic behaviour of a power system have the following basic features.

1. A synchronous machine has a maximum limit of power transfer when remains in synchronisy,
When the power transfer exceeds the limit it cannot stay in synchronism.

2. The synchronous machine connected to an infinite bus is basically a spring-inertia oscillatory
system. The inertia is due to the mechanical part (rotor) and the spring action is due to the
synchronous tie with infinite bus.

3 If & is the angular displacement of the rotor in electrical radians then the power transfer g
proportional to sin 8. Hence the mathematical equation governing the system dynamics js
nonlinear.

In order to simplify the computational task in stability studies, the following three assumptions are
made in all stability studies.

1. The dc-offset currents and harmonic components are neglected. The currents and voltages
are assumed to have fundamental component alone.

2. The symmetrical components are used for the representation of unbalanced faults.

It is assumed that the machine speed variations will not affect the generated voltage.

5.2 DYNAMICS OF SYNCHRONOUS MACHINE ROTOR

List of terms used for the analysis of the dynamics of a synchronous machine.

E, = Kinetic energy of the rotor in MJ (Mega Joules)
= Moment of inertia of the rotor in kg - m?

e

Synchronous angular speed of the rotor in mech.rad/sec.

e
]

Synchronous angular speed of rotor in elect.rad/sec.

=  Number of poles in synchronous machine

— Moment of inertia of rotor in MJ-s/elec. rad or MJ-s/mech rad.
Power rating of machine in MVA

= Inertia constant in MJ/MVA or MW-s/MVA.
Frequency in cycles/sec or Hz.

o =g

=  Angular displacement of rotor with respect to synchronously rotating reference frame
in mech.rad.

(=]
Il

Angular displacement of rotor with respect to synchronously rotating reference frame
in elect rad. :

@
|

Angular displacement of rotor with respect to a stationary axis in mech.rad.
=  Angular displacement of rotor with respect to a stationary axis in elect.rad.
Time in seconds.
Mechanical torque at the shaft of rotor (supplied by prime mover) in N-m.
= Net electromagnetic torque in N-m.
Net accelerating torque in N-m.
Mechanical power input in p.u.
—  Electrical power output in p.u.

N = =2
|

U I
|

o
-
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Note : Here the mechanical losses in the rotating system and electrical losses in the stator of
synchronous machine are neglected.

The kinetic elllergy (in MJ) of the rotor of a synchronous machine is given by equ (5.1).
Ekc=3Jm§mx10-° ..... (5.1)

.The mechan.ical and electrical angular speeds are related to the number of poles in synchronous
machine as shown in equ(5.2).
P | :
©, == O (or) e . L e (5.2)
P

On substituting for o__ from equ (5.2) in equ (5.1) we get,

1 .(2V
E.=LJ(2Y & 35
k¢ 2 J(p) ms X 10
Let, Eu.= %Mms ..... (5.3)
2\ '
where, M = J(;) L s L e T (5.4)

Here M is the moment of intertia in MJ-s/elec.rad. This moment of inertia is used popularly in
stability studies.

Another useful constant which is popularly used in stability studies is the inertia constant, H. It is

defined as the ratio of stored kinetic energy in megajoules at synchronous speed to the machine rating in
megavoltampere.

__ Store kinetic energy in MJ at synchronous speed

E Machine rating in MVA
o O B T B 5.5
S (5:5)
On substituting for E, from equ (5.1) in equ(5.5) we get,
%Jmfm
T siedii T AR SRR g ¥ ST S RPN S SR 5.6
H - (5.6)
On substituting for E , from equ(5.3) in equ(5.5) we get,
—;— Mo,
H= B een, g dpd Emelied e g aagdnd T 5.7)
_ 2HS
M = - S (5.8)

M= =T (inMJ-s/electrady .. (5.9)
In equ(5.9) the moment of inertia, M is obtained in the units of MJ-s/elect.rad. Sometimes it is
required in M J-s/elect.degree. In this case the 7 radians in equ(5.9) should be replaced by 180° as shown
in equ(5.10).
HS

M= T80T (inMJ-s/electdegy .. (5.10)
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The value of M can be expressed in per unit by selecting a base for MVA.

Let, S, =Base MVA

Now p.u. value of M = M,. = SHS/ nf or SH /SISOf ..... (5.11)
b b
If the machine rating S is chosen as base value, then S = §, in this case the equation 5.11 can be
written as shown in equ (5.12)

p-u. value of M with machine
rating as base MVA

H H
- - —_— S.12
=M, = or 7 (5.12)

Note : Many authors treat M and H as two different inertia constants in different units.

5.3 SWING EQUATION

The rotor of a synchronous machine is
subjected to two torques, T, and T_, which
are acting in opposite directions as shown
in fig 5.1.

where, T_ = Net electrical or
electromechanical torque in N-m.

T_ = Mechanical or shaft
torque supplied by the prime mover in N-m. Fig 5.1 : Torque acting on rotor of synchronous machine

r Figb: Motor

Under steady state operating condition the T, and T_ are equal and the machine runs at constant
speed, which is called synchronous speed. If there is a difference between the two torques then the rotor
will have an accelerating or deaccelerating torque, denoted as T,

S ET=E, .. Mmoo em (5.13)
Here T_& T, are positive for generators and T, & T are negative for motors.
Let 6 = Angular displacement of rotor with respect to stationary reference axis.
8_ = Angular displacement of rotor with respect to synchronously rotating reference axis.

By Newton’s second law of motion, we can say that the accelerating torque, T, is directly proportional
to angular acceleration and the constant of propogtionality is the moment of inertia, J.

d’e d’e
Thoa—-= or Ledme—— ... ., 5.14
On substituting for T, from equ(5.14) in (5.13) we get,
d’e
J -=T.-T 5.15
e (5.15)

The angular displacements 6 and §_ are related to synchronous speed by the following equation
[equ(5.16)]
On = Ot 4 O » ) (5.16)

On differentiating the equ(5.16) with respect to time, t we get,

ds,,
dd—etm=°""‘+ T smcimee, oo (5.17)
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On differentiating the equ(5.17) with respect to time, t we get,
d*e,, _ d’s,,
v B e s (5.18)

From equ(5.17) we can say that th

e rotor angular veloci i
B Se) pulyis 35_/dt is zero, gular velocity d@,_/dt is constant and equal to w__

Hence d3, /dt represents the deviation of the rotor speed from

synchronism.
3 2
From equation (5.15) and (5.18) we can write, J d 8;‘ R e T sy (5.19)
dt
Let, P_ .= Shaft power input to the machine neglecting losses (in MW)
P_ .= Electrical power developed in rotor (in MW)
We know that, power, P = 2721(‘)”‘ =T
: | Prsci
< Posa=0nT, (or) Ta=—™— (5.20)
P — Pe,lct
cact = Qg T, (01') Tt=== (5.21)
On substituting for T, and T, from equation (5.20) and (5.21) in equ(5.19) we get,
J dz 8m - Pm,act Pe.act
dtz B Wsm ®sm
d*3,
Jog, 0 e L B TR ol G S A RS T (5.22)

The inertia constant, H is defined as the ratio of stored kinetic energy in MJ to the machine rating
in MVA
Let, H = Inertia constant in MJ/MVA
S = Power rating of machine in MVA

%J o
Now, H= S L e e, rETETTESR e (5.23)
A T (5.24)
(Note : The kinetic energy = %-J O )
From equations (5.22) and (5.24) we can write
2HS d’8n,
3 =Rl o Jaa R B B TR Bheer o Dt (5.25)
We know that, w,, = %ms and &, = %8 ..... (5.26)
where p = Number of poles in synchronous machine.
On substituting for ®_ and §_from equ(5.26) in equ(5.25) we get,
2
2HS d°(28/p) _ Pyoim P
20/p dt?
2
M50 _p p. (5.27)

©; g’
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On substituting, ® = 2xf in equ(5.27) we get,

—ZHS d25 = : Peacl

21’[f dtz m,ac 'y

. HS d%6 _

i (5.:28)

In equ(5.28) the powers P___ and P__ are in MW. If the machine MVA rating S is chosen as base
value then p.u. value of power is given by,

Prn,ac
p.u. value of mechanical power, Pm = 3 :
Pe ac
p.u. value of mechanical power, P. = S '
From equ(5.28) we get
_I_'l_ d28 - Pm.acl _ Pc.acl
nf d* S S
H d’8
o Pm - Pe ----- .
nf dt® (5.29)

The equation (5.29) is called swing equation. It is the fundamental equation which govems the
dynamics of the synchronous machine rotor. The swing equation is a second order differential equation.
In the next section it is proved that the electrical power, P_ depends on the sine of angle 3, hence the swing
equation is a nonlinear second order differential equation.

5.4 POWER ANGLE EQUATION

The equation relating the electrical power generated (P_) to the angular displacement of the rotor (3)
is called power angle equation. The power angle equation can be derived using the transient model of the
generator, because for stability studies the transient model of the generator is used. The transient model of a
generator, is shown in fig 5.2. It consists of the transient internal emf in series with transient reactance X'.

+

Fig 5.2 : Transient circuit model of generator used for stability studies

Consider a single generator supplying power through a transmission system to a load or to a
large system at other end. Such a system can be represented by a 2-bus network as shown in fig 5.3. The

rectangular box represents the linear passive components (reactances) of the system including the transient
reactance of the generator.

Here E, = Transient internal voltage of the generator I, o) L
- «—
at bus-1. : i _{ ] ‘(:.) l_ .
G 55 2 ’ ransmission Y
E,” = Voltage at the receiving end (This may B k- network —Ez
be the voltage at infinite bus or transient *

internal voltage of synchronous motor at .
Bl Fig 5.3
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The node basis matrix equation of 2-bus system of fig5.3. can be written as shown below

T A R I LT L e (5.30)
In the expanded form the equation (5.30) can be written as,
| Yn WollEl . e T 0 T T AL i i BRI O (5.31)
2 Y2l Y22

where, Il & 1, are the currents injected by the sources E/&E) respectively to the system.
From the row-1 of matrix equation (5.31) we get,

p R Y B v iRl o Al SR B R (5.32)
The complex power S injected to bus-1 is given by
S, =P, +jQ,=E L’
On substituting for I, from equ(5.32) in equ(5.33) we get,
' P,+jQ,=E/'(Y,E '+Y,E'Y
=B’ (Y, ('Y +Y, (E)/))
=E')(E') Y, +Y, E’(E/ )
=B TN BB Y cenn tafi@n st i v T e e (5.34)

The quantitiesE’ , E)', Y, and Y, in equation (5.39) are complex quantities and so they can be
expressed in polar coordmates (or in rectangular coordinates) as shown below.

Let E/'=I|E/| 43, X, =G, By = ¥ )0,
=|E,’| £8, Y,=G,+iB,= 1Y,,1£8,,

Using the polar or rectangular coordinates of the complex quantities involved in equation(5.34) it
can be written as shown below. '

P, +7Q,= [E,/'? (G, +iB. Y ¥ (Y £, |Ei/|£6; ( |E,’| £6, )
— P (G, —B,) + Y, £-6,) E|£8, |E;'| 23,
—[E,P (G, —By,) + [E/IIE,| [Y,] £(3,~8,=6,,)
=/ (G, —B,) + [E/IIE,| Y lcos (3~ 8,~6,,)
+J[E,IIE,| Y Jsin (8,~ 8,~ 0,,)

..... (5.35)

On equating the real and imaginary part of equation (5.35) we get,
=|E/P G, + |E,’| [E,|[Y ;lcos S e e e E e (L (5.36)
Q,=-IE,/F B, + [E/| |E/[[Y Jsin(3-8,-8,) e (5.37)

The equ(5.36) and (5.37) are equations of real and reactive power injected by a generator at bus-1
Lett 8 =08, —9

1 2
Y 0, n/2 (and 0, = v+ n/2)
I, ® lEl'P G,
P = IE/SIE Y,
P, =B
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By using the terms defined above, the real power P, (i.e., equ 5.36) can be written as shown beloy,
P.=P +P._. cos (§—y—n/2) |
HESEAR G-y) 0 (5.33)

The equation (5.38) is called power angle equation. In this equation the term P_represents Power

loss in the system and P__ represents the maximum real power that can be delivered by the generator ,
an infinite bus.

Note : Here the bus-2 is considered as infinite bus and so 8,= 0. Therefore 8 =§,

The power angle equation can be further simplified by considering the network as purely reactive
network (by neglecting the resistances).

When resistances are neglected G, =0, 8, = n/2 and so y = 0. On substituting these conditiong in
equ(5.38) we get,

P =P__sind e (5.39)
|Ei ||E: |
X2

and X, = Transfer reactance between bus-1 & 2.

where P,., =

The equation (5.39) is called simplified power angle P 4

equation. The graph of (or plot of) P_as a function § is called T
the power angle curve. A typical power angle curve is shown max
in fig (5.4). ' -

On substituting the expression for P_ from equ(5.39)
in the swing equation (i.e., equ(5.29), we get.
B &6 o g s oo T (5.40)
nf dt Fig 5.4 : Power angle curve of
The equation (5.40) is the swing equation in which the synchronous machine
electrical power is expressed as a function of 8.

5.5 STEADY STATE STABILITY

In steady state every synchronous machine has a limit for power transfer to a receiving system.
The steady state limit of a machine or transmitting system is defined as the maximum power that can be
transmitted to the receiving system without loss of synchronism.

Motor max

Let us consider a single synchronous machine delivering power to a large system through a
transmitting system. The power angle equation of such a system have been developed in section 5.4, and it
can be used for the analysis of steady state stability if the transient emfs are replaced by steady state emfs.

Let |E| = Magnitude of steady state internal emf of synchronous machine.
[V] = Magnitude of voltage of receiving system.
X = Transfer reactance between the synchronous machine and receiving system.
\%
Now, P = |E|)|( L v ERRe o Tl g 0 (541)

..Real power injectd by machine to system,P,=P__sin4 ..
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'Let the system l?e operating with steady power transfer with a torque angle §,. In this operating
condition, let the electrical power output be P_. Now, the mechanical power input P_ is equal to P_j under
ideal conditions.

with the power input (P_) remaining same let us assume that the electrical power output increases by
a small amount AP. Now the torque angle change by a small amount Ad. Therefore the new value of torque
angle is (8, + Ad). The electrical power output for this new torque angle can be obtained from equ (5.42)

The electrical poweroutput | _p . Ap_p_ sin(5, + AS)
for a torque angle of (3, + AS) ) B

=P, [sin8 cosAS + cosSpsinA8) e (5.43)
Since AS is a small incremental displacement from &, ,
sinAS=~A8 and cosAS=1 e (5.44)
B A AP=P . sinG + (P cosB)AR - - b oo (5.45)
From equation (5.42) when § = §  we get,
P=P, =P sind, (5.46)
From equations (5.45) and (5.46) we can write,
(5.47)

AP=(R._GOSBYAE . . . o s emens S0 umTann R

The swing equation for the system discussed here, have been developed in section (5.3) [The swing
equation is given by equ 5.29]. The nonlinear swing equation can be linearized about the operating point
for steady state stability analysis. The nonlinear swing equation is

H 4’8
— =P-B . e 5.48
nf 4t ( )
We know that the p.u. value of M = H/nf. Hence the equation (5.48) cane be written as
2
M %ﬁi LB e i Yae el Broemaiess o g ie IVIEE S, (5.49)
t .
For a torque of 3 = (8, + Ad), The electrical power P, in the equ(5.49) should be replaced by (P_+ AP).
d*(8, + A
M (8(:“2 ) = B BRY s c3. 0 8o h A T Al R (5.50)
Since §, is constant andP_=P_, the equation (5.51) can be written as,
2
M ddff . B il Lear oy L s omer ot e rmm e B N (5.51)
On substituting for AP from equ(5.47) in equ(5.50) we get,
2
Md—%§=—(l’mcosﬁo)A8
dt
dz
MO ARSI PacosSAT=D g i L it e, A (5.52)

dt?
d’ 2
Let ?2- =x? and P cos 8, =C
t
- Mx*A8+CAS=0

Mx*>+C)A8=0
In equ(5.53) since AS #0, M x* +C= o e (5.54)
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The equation (5.54) is the characteristic equation of the system for small changes. The stability is

determined by the roots of the characteristic equation.

2 P (o) x =k ‘/-ﬁ— ..... (5.55)

M
Case-i : When C is positive, (i.e, P, c0s 8 >0

In this case the roots are purely imaginary and conjugate. Hence the system behaviour is oscillatory
about §,. In this analysis the resistances in the system have been neglected. If we include the resi.stances
in the analysis then the roots will be complex conjugate and the response will be damped oscillatory.
Therefore in a practical system the system is stable for small increment in power provided, P__ cos §;>0.

,c0580<0

Case-ii : When C is negative, (i.e, I
In this case the roots are real and equal in magnitude. One of the root is positive and the other one is
negative. Due to the positive root the torque angle increases without bound when there is a small increment

in power and the machine will loose synchronism. Hence the machine become
in power provided P__, cosd,, <0.

Steady state limit
The term P___cos §, decides the steady state stability of the system and so it is cdlled synchronizing

coefficient or stiffness of synchronous machine. From the power angle curve for generator action shown
in fig 5.5, we get the range of §, as 0 to m. (The fig 5.5 is drawn by using the equation P =P__ sin &).

When0<§,< w2 ; P, cos 5,and P are positive

s unstable for small changes

When 8, = /2 ; P cos 8,=0 and P=P__

When /2 <§, <7 ; P_. cos 3, is negative an P_ is
positive P,
From the above discussion we can say that the 100 L Tl
synchronizing co-efficient (P _,, cos 8,) and real power injected _i‘; 1
to the system (P ) are positive when 8is in the range of 0 to 7/2. PLE :
Therefore the maximum power that can be transmitted without B Ab |
loss of stability occurs for & = §, = w2 = 90°. The maximum : : : f
power transmitted is P__ . , 0 3, /2 I’
— U
|E”V| ' | Stable ' Unstable
where, Pru = X Fig 5.5 : Power angle curve for
The fig 5.5 shows the stable and unstable steady state steady state operation of generaior
er transfer

The concepts developed in this section is also applicable for pow

operating regions of a generator.
from one system to another system if the transmitting system is represented by single equivalent generator.

In stable operating region of the system the damping should be sufficient to reduce the oscillations
developed due to small changes in loads. If the oscillations exists for a long time then it may pose a problem

to system security.

the system has to be operated below the steady state stability limit. This limit can be

Practically,
ceiving end.

improved by reducing the reactance X or by increasing the voltages at sending end and/or at re
The reactance can be reduced by introducing series capacitors in the transmission line. Alternatively the
line reactarice can be reduced by using two parallel transmission lines. (The two parallel lines improves

the reliability of the system).
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_5,-_G,J RANSIENT STABILITY

The transient stability of a system is concerned
disturbances. The short circuits (fault conditions
disturbances. They,

with the study of system behaviour for large

J . ) and switching heavy loads can be treated as large
are associated with large change in torque angle, §.

1 Th; .dynantm.lcs of the system under transient state are governed by the nonlinear swing equation
de\.'e oped 1n section 5.3 [c?quat}on 5.29]. Since the changes in § is very large in the transient state, the
swing equation cannot be linearized for a general solution and so solution has to be obtained by using any

one of_ the numerical techniques. The most popular methods available for the solution of swing equation
are point-by-point method and Runga-Kutta method.

' The .trar351ent stability of a single machine connected to infinite bus bar can be easily determined by
a simple criterion called equal area criterion.

Tbe computational task involved in transient stability studies can be understood by considering,
the transient state of a practical system. Consider a single machine system shown in fig 5.6, feeding
energy through a transmission line to an infinite bus. Let the circuit breakers shown in the figure 5.6 be
autoreclosure type. In this type the circuit breaker will open its contact upon sensing a fault and after a

small time it will close it contacts, if the fault still exist then again it will open its contact to permanently
disconnect the faulty part.

This feature is useful in clearing transient faults. Because the transient fault exists for a small time
and it gets cleared when the circuit is opened. Then the circuit can be closed for normal operation.

Most of the autoreclosure circuit breakers will open and close the contacts twice before permanently

disconnecting the circuit. In the majority of faults the first reclosure will be successful. Hence the system
stability is improved by using autoreclosure circuit breakers.

Let a fault occurs at the sending end of the
transmission line in the system shown in fig 5.6. Let the

Infinite
fault be transient in nature and cleared in the transient bus
state. Hence the circuit breaker will close the circuit gt
automatically after the fault is cleared. The transient
stability study for this situation involves the following Fig 5.6 : A single generator
steps. feeding energy to infinite bus.

Calculate the transient internal emf and torque angle , using the prefault load currents. (Here
8, is the torque angle corresponding to prefault operating point).

2. Determine an equation for power during the fault condition. Let this equation be P (5). If the
fault is 3-phase fault then power transferred to infinite bus is zero and the entire power goes
to fault.

3. Calculate 8(t) for various time instant by solving the swing equation using a numerical

technique. The initial value of & for this solution in §,. (Here 3(t) is the torque angle expressed
as a function of time).

4, Let us assume that the fault is cleared when the circuit breaker open its contact the first time.
Now P (8) = 0. Continue calculating §(t) by taking previous step value as initial condition.
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5. Let us assume that the circuit breaker close its contact and power feeding to infinite byg is
resumed. For this situation find P (8) and continue to calculate 5(t).
6. Now examine the variations of 8(t). If §(t) goes through a maximum value and starts to reduce

then the system is a stable system. On the otherhand if §(t) remains increasing for a specifieq
length of time then the system is considered unstable.

—_—

5.7 EQUAL AREA CRITERION

The transient stability analysis of simple system can be performed by using a simple criterion calleq
equal area criterion.

During the transient state of a power system we may come across the following two situationg for
changes in & (torque angle) with respect to time.

i)  The § may increase to a maximum value and then decrease to a stable value. The system s
considered as stable.

ii) The 8 may keep on increasing indefinitely. In this case the system is unstable.

The above facts can be stated as a stability criterion as given below.

1)  The system is stable if, %?— = 0 at some time instant.

ii)  The system is unstable if, :—f > 0 for a sufficiently long time (typically 1 second or more)

For a single machine-infinite bus bar system, the stability criterion stated above can be converted
to a simple condition as shown below.
Consider the swing equation of a generator connected to infinite bus (which is derived in-section
5.3, equ 5.29).
2
Hds_, o

m

wf g e FooiT STE R Y R et ol w0 L B (5.56)
Let there be a change in P_ due to a large disturbance, with P_ remaining constant.
Now,P_—P, =P,

..... (5.57)
where P_is the accelerating power. ,
Also we know that p.u value of M = H/xf. Hence the equ(5.56) can be written as,
2
d’s _ P,
dt®
. P,
s T (5.58)
d> M s .
On multiplying the equ(5.58) by ZE we get,
2
248 d%_,d5 P
dt d¢? dt M
,d5d ds_ 2, ds
dt dt dt M * dt
d /(déV_ 2  ds
—(=2) ==p S0
% dt (dt ) M " dt
déy _ 2
Tl e o e S L S-SR 1 5.59)
(&) = (
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On integrating the equation (5.59) we get

3
sy 2
(dt) ‘be B o ...(5.60)

where 8, is the initial value of torque angle or rotor angle

On taking square root of equ(5.60) we get,

d
s _ /2
At M sfp' - R T L N T R e (5.61)

dé . et
For a stable system i 0, at a particular time instance. There fore for a stable system the
equation (5.61) can be written as

d
[ 2
M f By 00 " SHFSERAIEGLEEITRE | oo w S B (5.62)

The equation (5.62) is zero if the integral of P, is zero. Hence we can say that,

das ?
for 2 _ 0, the term [ Bag=g L UwEe T L Y (5.63)
.

dt
The physical meaning of integration is the estimation of the area under the curve. Hence the integral
of P_ equal to zero refers to zero area. Hence the condition of stability can be stated as : the system is
stable if the area under P_— & curve reduces to zero at some value of 8. This is possible only if the positive

- (accelerating) area under P_— & curve is equal to the negative (deaccelerating) area under P,— & curve for

a finite change in 8. Hence this stability criterion is called equal area criterion of stability.

The equal area criterion of stability can be applied to any type of disturbances that may occur in a
single machine-infinite bus bar system. The transient stability study for a sudden change in mechanical
input using equal area criterion in presented in this section.

Transient stability analysis for a sudden change in mechanical input

Consider a single generator feeding energy to infinite bus as shown in fig 5.7. The electrical power
transmitted by the generator is given by

b's
E'||V
IEI IsinB:P,msinS ..... (5.64) P _)#F(@'—I‘_”H

X [E"|£8 V£0°
|E'|| V] Fig 5.7.
X

Let the generator be operating in steady state with a torque angle . At this condition the mechanical

powerinputis P_, and electrical power outputis P . Under ideal conditions P_ =P . Hence from equ(5.64)
for this operating condition we can write,

P, =

where, P,. =

L e e g ey (5.65)

The power angle curve of the generator is shown in fig 5.8. In this the steady state operating point
as described by equ(5.65) is the point-a.
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Let the mechanical input to the generator rotor P, &
be suddenly increased to P_ (by some adjustment in
prime mover). Since the mechanical power is more
than electrical power, the generator will have an
accelerating power, P_ given by P, =P,

P=P =P (5.66)

where Pe =P sind o Fmo
max

Due to accelerating power the rotor speed
increases and so the rotor angle also increases. This
results in increased electrical power generation.

Therefore the operating point will move upwards
along the power angle curve. At point-b again the Fig 5.8 : Power angle curve for sudden

mechanical power P_ equals the electrical power P_, increase in mechanical input to generator
where p_, is the electrical power output corresponding
to torque angle 3,. '

Now the rotor angle cannot stay at this point, because the inertia of the rotor will make the rotor
to oscillate with respect to point-b. Hence the torque angle will continue to increase till point-c, when the
operating point moves from b to c, the electrical power is more than mechanical power. Therefore the
power, P_ given by equ(5.66) is negative and it is called deaccelerating power. '

1
1
1
1
1
1
1
1
8

—>

0 3, 5 3 :
(o) (o)

In this region (i.e., from point-b to c) the rotor angle & increases but the rotor speed decreases due
to deaccelerating power. The point-c is decided by the damping of the system (because the oscillations
in the rotor are reduced by damping). At point-c the speed of rotor will be equal to synchronous speed.

Note : At point-a the speed is synchronous speed (o, ). From point a to b the speed increases and
then from point b to ¢ the speed decreases. Once again at point-c the speed is equal to synchronous speed
(®,). Thus the rotor oscillates between point-a and point-c before settling to point-b.

In fig 5.8, the area A is the acceleration area and area A, is the deacceleration area. The equal area
criterion says that, the system is stable if,

3,
.[Ed8=0 ke 4 Wi oo e sl gl (5.67)

3o . ~
To satisfy equ(5.67) the acceleration area A, should be equal to deacceleration area A,. When the

oscillations die out the system will settle to a new state. In this new steady state, I
~P =P, =P sind,
The areas A, and A, can be evaluated as shown below.

§
m:f@_m& ..... (5.69)

)

d2
Ar= f(Pe = Pml) dd
B

where, P =P__ sin o
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From the above discussions we ¢
. s : an say that th
is a upper limit for Increase in mechanical p)c,)wer in;:ﬁ =
P_. As the mechanical power is increased, a limiting
cond;tlol:l is ﬁnagy reached at a point where the area A <™
equals the area above the P line as shown i Lt
The corresponding & can be 18':‘:“. e %:
Under this condition &, takes a maximum value '
of O, 1uxt y :
= |
BEOB B =, v " B (5.71) !
. . . > 8
From equ(5.64) we can write, 0 (80) 81 man S T
w
P oo™ Pty ~ P sin 8, Fig 5.9 : Transient stability limit for sudden
' change in mechanical input
G B e . e i ( Pt max ) ..... (5.72)
From equations(5.71) and (5.72) we can write,
8 max = T — Sin~" < P;""‘“ ) ..... (5.72)

From fig 5.9 we can say that, any further increase in P_,  will make the area A, less
than the area A . This means that the acceleration power is more than the deacceleration
power. Hence the system will have an excess kinetic energy which causes & to increase beyond

point-c. If the 8 increases beyond point-c the deacceleration power changes to acceleration power and so
the system become unstable.

Note : It is important to note that the system will remain stable even though the rotor may oscillate
beyond & = 90°, as long as the equal area criterion is met. Hence the condition of & = 90° for stability is
applicable only for steady state stability and not for transient stability.

Clearing time and clearing angle

Consider a single machine system shown in fig 5.10. Let the mechanical input be P_ and the machine
is operating in steady state with torque angle, 8. The power angle curve for this system is shown in fig
5.11. The operating point is shown as point-a.

Let a three phase fault occur at point F in the system. Now P =0 and the operating point drops to
b. This means that the power transferred to infinite bus is zero and the entire power generated is flowing
through fault. Now the operating point moves along bc.

Let the fault be transient in nature and so the fault be cleared by opening of the circuit breaker
at point-c, where & = 8 _and the corresponding time be t. Here t_is called clearing time and §_ is called
clearing angle.

It is assumed that the circuit breaker closes its contact immediately after opening. Hence the normal
operation is restored. Now the operating point shifts to point-d. The rotor now deaccelerates and the
operating point moves along de.

For this transient state, if an angle &, can be found »
such that, A, = A , then the system is found to be stable. The = § F Infinite
stable system may finally settles down to the steady operating 79 @ ous
point-a in an oscillatory manner due to damping in the system.

Fault

Fig 5.10.
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In the above discussion it is assumed that the fault
is cleared at §, but if the fault clearing is delayed then the
angle 8, continue to increase to an upper limit, §__ . This
corresponds to a point where equal areas for A, and A,
can be found for a given P_ as shown in fig 5. 12.

For this situation the fault would have been cleared
atanangle §_, as shown in fig 5.12. This angle §_ is called
critical clearing angle. The time corresponding to this
angle is called critical clearing time, t_.

If the fault is not cleared within critical time, then
8, would increase to a value greater than §__. In such a
situation the area A, will be less than the area A, and so
the system would be unstable.

For a 3-phase fault in simple systems, the equations
for §_and t_ can be obtained as shown below.

From fig 5.12, we get
S ,=mn—9, snesol Dn b D)

Under steady state, for a given 6, P_ =P, and it is
constant

~P =P =P _smd, = .. (5.74)
The acceleration power, P, =P_-P_
When a three phase fault occurs, P, = 0.

-.P_=P_= constant

P, o
/'c
d
1E=
PP, a/
i
b)4° >8
0o 5 8 ®E -
(@)
Fig 5.11
P 4
P %%'
21 i\
0 5, o, S ™ 5

The acceleration area A, can be evaluated by integrating P_ of equ (5.76) from &= 6,to & =3

e
9 A st
4! A,—JPmdS—Pm[S]ao—Pm(scc—5o)

When the power feeding is resumed after the fault, P =P__ sin 8.

Now,P.=P.—F =P__ sinéd—P,_

Thf: deacceleration area A, can be evaluated by integrating P_ of equ(5.78) from 6 =58_to8=35__ -

Smax
5, Ko f (Proas $in 6 — P,)d8 = [ Pypay COSS — PmS]:c"“"
Bec %

= [~ Prnax €08 Smax — PnOpmax + Prnax €OS 8. + P, 8]

= Pmu (COS 8¢¢ — COs 8mnx) =P, m(smax - SCC)
For a stable system A; = A,. Hence the equations (5.77) and (5.79) can be equated to solve §_.

On equating (5.77) and (5.79) we get

P, (cos§, —cos8 ) =P, ~8)=P, (5, ~35)
cc m cc 0
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/
P €088, =P 8 —P & + P cosd +P § —P_ 35

P cosd = P.(0. = 8,) + P__cosd__

P
.. COS 8 = P—(Sm — 8p).+ COS O ax

max

(or) 8. =cos™ [ :m (Smax — B9) + cos Sm] .....(5.80)
The equation (5.80) can be used to estimate the value of critical clearing angle, 3_.
Consider the swing equation of single machine system,
HAS _p, p (5.81)
nf dt’
During a three phase fault, P, =0
H 4% _
Coaf g "
a8 _=fPo (5.82)
dt’ H
On integrating equ(5.82) twice we get
~™p s, L (5.83)
d >H Pnt™+ 8

where § is the integral constant
Inequ(5.83) whend=35_,t=t_.

Loat t=tg, 8¢¢=—g—:let§c+80

“—fP..,tic=6°c—80

[T (5 — 80)
s A . T e T | > opee 5.84
e nf P (3:54)

The equation (5.84) can be used to estimate the value of critical clearing time, t_.
Note : Since P, = 0, it is possible to find an explicit solution for 8 by integrating the swing equation.

5.8 SOLUTION OF SWING EQUATION BY POINT-BY-POINT METHOD

Consider the swing equation of a power system.

1 ‘(’;j - RO S (5.85)

We know that, M = ;rH? e (5.86)
PemPogm® -~ =" - T ST s sl 00 SRS (5.87)

..... (5.88)

P,=Pn—P.=Py—Pnysind
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d’s
. LoO_p
. M at
@& _ . (5.89)
d M

The equation (5.89) in a nonlinear equation. During transient state the & is a function of time, ¢
and so it can be denoted as 8(t). In point-by-point method, the solution Of_s(t). 15 obtz?med by dividing the
time into small equal values of At. (i.e., the entire time (range) of interest is divided into ‘number of smal|
equal interval At).

The accelerating power and the change in speed are also continuous function of time. They are
discretized as follows,

L The accelerating power P, computed at the beginning of an interval is assm-ned to remain
constant from the middle of the preceding interval to the middle of the Interval being
considered.

2. The angular velocity is assumed constant throughout any interval. This constant value is the

value corresponding to the midpoint of concerned interval.

The discretization of P_ and o are shown in fig 5.13.

Continuous
L1 o 4 solution
; . 5 ;

Discrete solution Discrete solution ~L

L RS Rpoe— @, s, :1/’1
h ---a- ‘ ”n 'y
= ! . Continuous = : : :
P | — - ‘: = TR *k\/solution il
[ T T T j B g
I N R | N & i
1 1 1 1 1 *> X X '
n-2  n-1 n YAt =

Note : The n represents discretized time instant and it pertains to the end of the interval.
Fig 5.13 : Discretization of P and .

For each discrete interiral the values of P, ® and § are calculated as shown below.

The solution starts from the initial ¢

ondition values, which corres
Let §, be the angle corresponding to initia

| operating point.
Let us assume that, the values o and § for (n —1)®j

ponds to a stable operating point.

nterval are known

5,, = The value of § at the end of (n —1)* interval
®,1, = The value of @ at the end of (n —1)* interval
Pty = Valueof P, at the end of (n —1)* interval.

Now from equ(5.89) we get,

R e W sing,_,

..... (5.90)
The equ (5.89) can be written in the modified form as shown In equ(5.91)
do <= Pa
MM S 0 Ut ustas s (5.9
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char™=
2
where, © = 45 and do - d’s
dt dt  d¢?
For small changes in 3, the equation (5.91) can be linearized as shown below
Aw _ P
At M
At
*e A ———— & seees .
o=37 P (5.92)

Let ®_,, =The value of o at the end of n interval.

For calculating n* interval value of o, put, Aw = O, _,~® j,andP =P inequ(5.92).

T Qa2 = Wp_3/2= % an—1)

. At

. mu-312=wn-llz_ﬁ' -0 T T T (5.93)
For small changes in 8, we can write
Ad
s ., =TT R TR TR T sy T 5.94

W= (5.94)
To solve for change in § in (n —1)* interval put A8 = A8 and ® = @__,, in equ(5.94)

S0 AL o D e e B el b e asad e s f PRy e (5.95)

Similarly for change in 8 in n® interval put A6 = A8 _and ® =@ __
A =Ate
Let 5.. = The value of § at the end of n® interval.

, in equ(5.94)

Nowd =0 FABR -« S ol e (5.97)

The above process of computation is repeated to obtain P,

AS(M) and § . . The solution of 8(t) is thus obtained in discrete form

over the desired length of time. The normal desired length of time

is 0.5 sec.
The continuous form of solution is obtained by drawing a Fig 5.14 : Solution of swing
smooth curve through discrete values as shown in fig 5.14. equation by point-by-point method

5.9 METHODS OF IMPROVING TRANSIENT STABILITY

The transient stability depends on the type and location of a fault. Let us consider the most severe

type of fault, i.e., 3-phase fault and the following discussions are applicable for transient conditions due
to three phase fault.

An increase in the inertia constant M of a single machine connected to infinite bus, reduces the angle
through which the rotor swings in a given time interval. Hence stability can be improved by increasing M.

However this cannot be employed in practice because of economic reasons. Also, increasing M will
have an undesirable effect of slowing down the response of the speed governor loop.

It can be proved that for a given clearing angle, the acceleration area decreases but the deacceleration
area increases as the maximum power limit of a power angle curve is raised which improves the transient

stability limit of the system. The above conclusion suggest the following methods of improving the transient
stability limit of a power system.
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I.  Increase of system voltages, use of AVR (Automatic Voltage Regulators)
2. Use of high speed excitation systems.
3.  Reduction in system transfer reactance.
4. Use of high speed reclosing breakers.

the generator terminals are sensed by the automagj,

: tion of all buses at : )
During fault, the voltage reduction ltage. Modern exciter systems having solig g

voltage regulators which help to restore the generator VO

controls which quickly respond to bus voltage reduction. . ._ )
The transfer reactance can be reduced to improve the stability limit. Incidentally this also Taises

system voltage profile. The reactance of a transmission line can be decreased (i) by reducing the conducto;

spacing and (ii) by increasing conductor diameter.

Compensation for line reactance by seires capacitors is an effective and economicz.ll method of
increasing stability limit specially for transmission distances of more than 350, km. Switched series
capacitors simultaneously decrease fluctuation of load voltages and raise the transient stability limit to ,

value almost equal to the steady state limit. ‘
The transfer reactance can also to reduced by increasing the number of paral!el lines between
transmission points. Rapid switching and isolation of unhealthy lines followed by reclosing also improves

stability margins.
Some of the recent methods of improving stability are,

1. HVDC Links : Increased use of HVDC links employing thyristors would deviate stability
problem. A dc link is asynchronous. There is no risk of a fault in one system causing loss of

stability in the other system.

2. Breaking Resistors : For improving stability where clearing is delayed or large load is suddenly
lost, a resistive load called a breaking resistor is connected at or near the generator bus. This

load compensates for some of the reduction of load on the generators.

3. Bypass Valving : In this method, the stability of a unit is improved by decreasing the
mechanical input power to the turbine.

4. Full load Rejection Technique : Fast valving combined with high-speed clearing time will
sufficient to maintain stability in most cases. However, there are still situations where stability
is difficult to maintain. To remedy these situations, a full load rejection scheme could be
utilized after the unit is spearated from the system. To do this, the unit has to be equipped
with a large steam bypass system. After system has recovered from the shock caused by the
fault, the unit could be resynchronized and reloaded. The main disadvantage is the extra cost
of the large bypass system.

B

EXAMPLE 5.1

The generator shown in fig 5.1.1. is delivering power to infinite bus. Take IV] = 1.1. p.u. Find the maximum
power that can be transferred when

(i) The system is healthy P =1p.u. j0.4 p.u.

(i)  One line is open 5 EE@ v, g Ininite bus
1£0° p.u.

j0.4 p.u.

Fig 5.1.1.
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sOLUTION
The reactance diagram of the system is shown in fig 5.1.2.
Here, V,= IVl £0 and V=14£0°pau.

. j0.4
jo.1 o 1 j0.3
r.mn\_ J04 - SET
+ o T+ x T+
j0.2 g jo.2I
v +
El + : = EI + V. v +
==IEII 8 =IE'| Z8 1£0° p-u.
Fig 5.1.2
Let electrical power transferred at steady state be equal to P_..
~P,=P_=1pu.
We know that,
WV||V] .
P.= l—‘)ll—l sin©

e=sin"[ﬁ]:sm"[ia(g?]:m,m
A ;

~V,=1V] £0=1.1 £15.8° = 1.058 +j0.3

Vi-V _1.058+j0.3-1 _0.058+j0.3 _ 0.3056.79°

Current, I =— =
X j0.3 0.32£90° 0.32£90°

=1.0187Z-11°p.u.

In fig 5.1.2. using KVL we can write,
The transient internal voltage, E' =j0.21+V, ——
=j0.2 x 1.0187 £-11° + 1.1£15.8°
=0.2 £90° x 1.0187 £-11° + 1.058 + j0.3
=0.2037 £79° + 1.058 +j0.3
=0.039 +j0.2 + 1.058 +j0.3
=1.097 +j0.5 = 1.2056 £24.5° p.u.
~IE1=1.2056pu. and & =85, =24.5°

case (i) Healthy system

Let X, be the reactance between the transient internal emf and the source representing infinite bus.

From fig 5.1.2., X,,=0.5pu.

. _E'V] _1.2086x1 _
- Paax =g 1 =12056X1 _2 a112p.u.

s Pe=Phax8ind=2.4112s8in &
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Case (ii) When one line is open Jjo.1 j0.4
. r——m\__l'n\\
The reactance diagram when one line is open is shown in fig 5.1.3. I +
Let X , = Transfer reactance, from fig 5.1.3. J 4
X,,=0.2+0.1+0.4=0.7 pu. C P_
|E'[|V] _ 1.2056 x1 1_
% Baig= == =1.722 p.u.
T Xu i Fig 5.1.3 :
. Pe=Prax 85ind=1.722s8in 8
e
EXAMPLE 5.2

Find the steady state power limit of a system consisting of a generator with reactance 0.6 p.u., connecteq to

an infinite bus through a reactance of 0.8 p.u. The terminal of the generator is 1.15 p.u. and the voltage of infinjte
busis 1£0° p.u.

SOLUTION AA

The reactance diagram of the system is shown in fig 5.2.1.
Given that, V=140° and IVl=1.15.

Let, V,=1.15 26
From fig 5.2.1. we get,
eti=¥

jo.8

s o (V= V
E'= 1061+ V= j0.6(2l)+ V=075 (V- V) + V, =175V~ 0.75 V

LT

Fig 5.2.1

=1.75X1.1540 -0.75 X 1£0°=2.012526 —0.75 = 2.0125 cos 6 +j2.0125sin 6 -0.75
=(2.0125 cos0 - 0.75) + j (2.0125 sin 0)

Consider the transient internal emf in polar form.
ie,E' =IE'l £8 =IE'l cos & +j IE’l sin &

When the steady state power limit is reached, the value of § is 90°
is zero.Therefore at steady state limit, the real part of equ(5.2.1) is also z

-.2.0125¢c08 0 -0.75=0

;)

» €08 8 = 0 and so the real part of equ(5.2.2)
€ero.

2.0125 cos 6 =0.75

0=cos"' (%) =68.1°

<V, =1Vl £6 =1.15 £ 68.1° p.u.

Now, 1= %=V _ 115468.1°~1£0° _ 04289 +1.067- 1
’ ] E =

0.8 0.8290°
_—0.5711+j1.067 _1.21.,118.2° - . )
0.8£90° > W =1.5125£28.2°=1.333 + J0.715 p.u.

E’'=j0.61+V, =0.6£90° x 1.5125 228 2° + 1.15268.1°
=0.9075 £118.2° + 1.15£68.1° = — 0.4288 + j0.8 + 0.4289 + 11.067
=0.0001 +j1.867 = 1.867 £90°p.u,

E|v|

Steady state power limit, P..= (l) 108

- 1.867x1
s T T 1.3336 p.u.
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EXAMP LE 5.3
EXANT T ==

A _synChIODOUS generator having a reactance of 1 p.u. is connected to an infinite bus through a transmission
system with a reactance Of' 0.7 p.u. The generator is running on no-load with a voltage of 1.1 p.u. Take H = 4.5. MW-s/
MVA. The voltage of infinite bus is 1£0° p.u. and its frequency is 50 Hz.

Calculate t.he .frequency of natural oscillations if the machine is suddenly loaded to (i) 60% and (ii) 75% of its
maximum power limit. Neglect the resistance and machine damping.

SOLUTION
_,_,_—-"_‘_____—_
Maximum power limit, P___ = lEi}l{w

Given that, [El =1.1 p.u. : IVi=lpu. ; X=(1+0.7)pu

5o Pogc= 1-{ X 1_0.6471p.u.

The inertia constant, M = H/nf in p.u.
Given that, H = 4.5 MW-s/MVA and f = 50 Hz.

” __45 _
- M= > 50 =0.0287 p.u.

Case (i) : 60% loading

The electrical power, P,=P__ sin §
For 60% loading, let =8, and P, =P,

It is given that, —P—E"— =60% =0.6
max

- Pu=Pausin, (or) sind=52=06
max
- 8;=sin"'0.6 = 36.9° (elect.deg)
The characteristic equation of the system during small disturbances is given by
Mx2+C=0

where, C=P_, cos 3,
The natural frequency of oscillation of the system for small disturbances is given by the roots of characteristic

equation.

The root of characteristic equation, x =,/ ;MQ =%],/ Pnex 13[08 B

_ . /0.6471xcos36.9° _ ;
- ooz87 - ti®

. Natural frequency of oscillation = 4.25 rad / sec = 52275 =0.6764 Hz

Case (ii) : 75 % loading

The electrical power, P, =P_, sin &
For 75% loading, let 8 = 5,and P, =P,,

It is given that, — - = 75% = 0.75

Prax

- Py=Pnxsind, (or) sind= ;—ez =0.85
max

-, &, =sin"'0.75 = 48.6° (elect. deg)
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The characteristic equation of the system during small disturbances is given by
Mx?+C=0

where, C=P_, cos 3,
The natural frequency of oscillation of the system for small disturbances is given by the roots of characteristic
equation.

The root of characteristic equation, x = ‘/:t\% =&/ —PE‘&I%AQ&

= 0.6471 X co8 48.6° _  ;
*i\/ 0.0287 i jes

.. Natural frequency of oscillation = 3.86 rad / sec = g—z-i—s =0.6143 Hz.

EXAMPLE 5.4

Two power stations A and B are located close together. Station A has four identical generator sets each rated
100 MVA and having an inertia constant of 9 MJ/MVA whereas the station B has 3 sets each rated 200 MVA, 4 MJ/
MVA. Calculate the inertia constant of a single equivalent machine on a base of 100 MVA.

SOLUTION

Let us assume that the machines are swinging coherently (i.e., working in unison). For two machines swinging
coherently the equivalent inertia constant, H_ is given by

-~ Hl.mach Sl.mach Hz.mach Sz,mach
He, +

- Seys Seys

where, 8 = MVA rating of system (or specified base)
8. s &H, =  MVA rating and inertia constant of machine-1.
S, e H, =  MVA rating and inertia constant of machine-2.

The equation(5.4.1) can be extended to any number of machines swinging coherently.

Station-A
The station-A has four machines of identical rating
Hmach Smach )

. Equivalent intertia constant of station A=Ha = 4(
sys

Given that, H__, =9 MJ/MVA; S =100 MVA and S,, =100 MVA

- _a(9%x100) _
4 HA-4( o0 ) 36 MJ/ MVA
Station-B
The station-B has three machines of identical rating
. Equivalent intertia constant of station B=Hp = 3(—HL’°S"ﬁ‘ﬂ)
sys

Given that, H_, =4MJ/MVA; S_,=200MVA and S,,=100MVA

. _~(4x200)\ _
..1-1,,_3(-———100 )_24MJ/MVA
H,, of system

-B are calculated on a common system base MVA (of 100 MVA).

The inertia constants of station-A and station )
f inertia constants of the two stations.

Hence the equivalent inertia constant of the system is given by the sum o
-.Equivalent inertia constant of the system = H_=H, + H, = 36 + 24 = 60 MJ/MVA
| o sesgee
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EXAMPLE 5.5
EXAMPLE 5.5

A 2-pole 50 Hz, 11 kV turbo alternator has a ratio of 100 MW, power factor 0.85 lagging. The rotor has a

moment of inertia of 10,000 kg m?. Calculate H and M.

GIVEN DATA
Ol Bty ot

pole,p=2 Rated voltage, V=11 kv

frequency, f = 50 Hz Rated power, P = 100 MW

power factor = 0.85 lag Moment of inertia, J = 10,000 kg m?
SOLUTION

Synchronous speed in 1ps, ngs= %f = %LO =501ps

Synchronous speed in rad / sec, ws = 2nng = 2n X 50 = 314.16 elect.rad / sec

(Note : One revolution is equal to 2n radians)
2
Intertia constant, M = J(%) s X10™%in MJ - s/ elect.rad

.. M =10,000 X (%) X 314.16 X 10~ ¢ =3.146 MJ - s / elect.rad

Let us choose the rated voltage and MVA as base values.

~kV,=11kV and MVA, =117.65 MVA

- MinMJ-s/electrad _ 3.1416
Intertia constant, M in p.u., M MVA; =315765 = 0.0267 p.u.

The inertia constant, H = n f Mp, = n X 50 X 0.0267 = 4.194 MW -s / MVA

RESULT

Inertia constant, M = 3.1416 MJ-s/electrad  (or)  0.0267 p.u.
Inertia constant, H = 4.194 MW-s/MVA.

5.10

SHORT-ANSWER QUESTIONS

05.1

05.2

05.3

054

Define stability

The stability of a system is defined as the ability of power system to return to stable (synchronous) operation,
when it is subjected to a disturbance.

Define steady state stability

The steady state stability is defined as the ablllty of a power system to remain stable (i. e, wnhout loosing
synchronism) for small disturbances.

Define transient stability

The transient stability is defined as the ability of a power system to remain stable (i.e., without loosing
synchronism) for large disturbances.

What is steady state stability limit?

The steady state stability limit is the maximum power that can be transmitted by a machine (or transmitting
system) to a receiving system without loss of synchronism. In steady state the power transferred by synchronous
machine (or power system) is always less than the steady state stability limit.
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Case Study
Topic: Transient Stability
Transient Stability in a Power System During a Fault

In a power system, generators operate in synchronism to supply electricity to loads.
Stability refers to the ability of the system to maintain synchronism when subjected to
disturbances.

Consider a large power system where a generator is connected to an infinite bus
through a transmission line. During normal operation, the generator supplies power steadily.
Suddenly, a three-phase fault occurs on the transmission line, which causes a sudden
reduction in electrical power output.

Because the mechanical power input remains constant, the generator rotor begins to
accelerate and the power angle increases. If the fault is cleared quickly by circuit breakers,
the generator may return to its stable operating condition. However, if the fault clearing time
is too long, the generator may lose synchronism with the system.

Engineers analyse this situation using the swing equation and equal area criterion to
determine whether the system remains stable after the disturbance. Proper protective relays
and fast circuit breakers help maintain system stability by clearing faults quickly.

This case study highlights the importance of transient stability analysis in
maintaining reliable power system operation.

Unit-5 Outcomes:

e Understand the concept of power system stability.

e Explain different types of stability such as steady state, dynamic and transient
stability.

e Derive and apply the swing equation for stability analysis.

e Analyze transient stability using the equal area criterion.

e Determine critical clearing angle and critical clearing time in power systems.




2 Marks Questions:

© 0o N o g Bk~ w D PE

10.

Define power system stability.

What are the different types of stability in power systems?
What is steady state stability?

What is transient stability?

Write the swing equation of a synchronous machine.
What is power angle (8)?

What is the equal area criterion?

Define critical clearing angle.

Define critical clearing time.

What is meant by dynamic stability?

10 Marks Questions:

1.

10.

A. Define Steady State Stability, Transient Stability.

B. Examine the methods to improve transient stability

State and explain equal area criterion and discuss how you will apply it to find the
maximum additional load that can be suddenly added.

How can the transient stability of the system be improved? Discuss the traditional as
well as new approach to the problems.

A Generator is operating at 50 Hz delivers 1 p.u. power to an infinite bus through a
transmission circuit in which resistance is ignored. A fault takes place reducing the
maximum power was 2.0 p.u and after the clearance of fault, it is 1.5 p.u. by the use of
equal area criterion, determine the critical clearing angle.

A. Define Power Angle.

B. Derive the Expression for Swing equations for the Synchronous Machine?

A. State Equal Area Criterion.

B. Derive the Expression for Critical Clearing time for a SMIB

A. Define Synchronizing power co-efficient and explain its significance.

B. Draw and explain Power Angle curve for Synchronous Machine.

Derive the Power flow equation for a single machine connected to infinite bus without
losses. Also explain power angle curve.

Explain in detailed about Clearing Time and Clearing Angle.

What is Equal Area criterion? Discuss the application of Equal area Criterion for the

System Stability when a sudden change in Mechanical Input.
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