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Abstract

Due to increase in the amount of pollution globally, modern power systems are
incorporating renewable sources to generate electricity. Out of the several renewable
sources, wind energy is gaining maximum height in terms of power generation in
the present scenario. Out of the various wind turbine generators, the variable speed
wind turbine generator or doubly fed induction generator is widely used since, the
DFIGs are capable of offering higher efficiency in capturing the wind energy over a
wide range of wind speeds, with better power quality. As the integration of wind
energy is immensely increasing, it has become important to analyze the effect of
wind generation on small signal stability. This paper thus, will thus discuss the small
signal stability of large scale variable speed wind turbine with DFIG incorporation
into modern power system. The small signal stability analysis is done following
conventional eigen value or modal analysis method.
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Chapter 1

Introduction to Small Signal
Stability of Power System

Small signal stability analysis of a power system at a given instant could be defined
as the ability of how a power system can to maintain it’s synchronism when per-
turbed to small disturbances. Such disturbances occur continuously to the given
power system because of small perturbation or deviation of load and generation.
The disturbances could be considered very small so that the system equation could
be linearized for the purpose of system analysis.
Instability on the system could be of two types (i) steadily increasing rotor angle
due to insufficient synchronizing torque, or (ii) increase in the amplitude of rotor
angle because of insufficient damping torque.
The nature in which a system would respond to small disturbances depends upon
various factors which are: the initial operating condition, the strength of the trans-
mission system and the type of excitation control used for generators.
If a generator is connected radially to a large power system, in the absence of AVRs
the instability basically happens due to lack of sufficient synchronizing torque. This
in turn results in an instability because of a non-oscillatory mode.
When voltage regulators are acting continuously, the small disturbance stability
problem basically happens because of lack of insufficient damping torque.
Instability is mainly because of oscillation of increasing amplitude.
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1.1 Nature of Response Due to Small Disturbance

Figure 1.1: Nature of Small Disturbance Response Without AVR

Figure 1.2: Nature of Small Disturbance Response With AVR
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1.2 Modes of Electromechanical Oscillations

• Intra Plant Mode of Oscillations: This is a type of oscillation, in
which the generators in a power plant participate towards oscillation.
The frequencies of oscillation are high which is in the range of 1.5 to 3
HZ.

• Local Mode of Oscillation: Here, in this local mode, several generators
with in an area would participate towards oscillation. The frequencies of
oscillation are with in the range of 0.8 to 1.8 Hz.

• Inter Area Modes of Oscillations: In this mode of inter area os-
cillation, the generators over an extensive area would participate in the
process of oscillation. The frequencies of oscillation areo in the range of
0.2 to 0.5Hz.

• Control Modes: Control modes of oscillations are basically associated
with generating units and other controls./e.g Exciters which are poorly
tuned, HVDC converters, static var compensators and speed governors
are responsible for such instabilities.

• Torsional Modes of Oscillations: Torsional modes of oscillations are
basically associated with rotational components of turbine generator shaft
system .

Figure 1.3: A Power System
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1.3 Introduction to Wind Energy

Wind energy is a renewable source of energy for electricity production.
Since the conventional and or the non renewable sources of energy is harming the en-
vironment adversely, the renewable sources of energy are gaining importance rapidly.
Wind energy is the most widely is one of the most largely available and exploitable
sources of energy. Wind blows because of change in the atmospheric pressure and is
also a by-product of solar energy. Hence, it is considered as the most viable source
of electrical power and is economically competitive with the conventional or the non
renewable sources.
Wind turbines generates electricity by using the wind power as a source drive an
electrical generator.
As wind flows over the blades of a wind turbine, a lift force is generated thereby,
exerting a turning force. The rotating blades will turn a low speed shaft which is
installed inside the nacelle. The nacelle houses the low speed shaft, the gear box,
the high speed shaft and the generator. The speed of the low speed shaft passes
through the gear box. the gear box connects the low speed shaft with the high speed
shaft. the gear box boosts the rotational speed of the high speed shaft. This rapidly
spinning shaft will drive the generator to produce electric power.which goes into a
gearbox.
The output power from the generator goes to a transformer. The transformer con-
verts the electricity from the generator to an appropriate voltage for the power
collection system.
A wind turbine will extract kinetic energy from the swept area of the blades. A wind
turbine converts the kinetic energy present in the wind into a form of mechanical
energy. Since, the energy possessed by the wind is in the form of kinetic energy,
its magnitude depends on the density of air and the velocity of wind. The power
output produced by a wind turbine is given by:

P = 0.5 ∗ Cp ∗ A ∗ ρ ∗ V 3 (1.1)

Hence, from the output power equation of wind turbine we may conclude that output
power is proportional to cube of velocity of wind, air density and the swept area of
the blade.
In 1920, a German scientist named Albert Betz, pioneered wind power technology,
studied the best utilization of wind energy in wind mills and established a theoretical
limit for the power extracted by a wind turbine. Basically, it said that at the most
59% of the kinetic energy of the wind can be converted into mechanical energy. This
is known as Betzs limit. Also at every speed of the wind, there is an optimum speed
of the turbine at which the power extracted from the wind will be maximized.
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Figure 1.4: Typical Wind Turbine Power Output With Steady Wind Speed

• The power coefficient is defined as the amount of energy extracted from the
wind by the wind turbine.

• The power coefficient would vary according to design of the rotor and the
relative speed of the rotor and the wind.

• From the power curve given in the above diagram, at the wind speed below
cut in speed not much significant amount power is produced.

• As the output power increases rapidly with increase in the wind speed, it
reaches its rated value which is then limited by the turbine control mechanism.

• This part of the system maintains a cubic relationship between wind speed
and power output which can be modified by varying the power coefficient.

• At cut out wind speed, the rotor is allowed to remain idle at low speed to
ensure safety measures.

5



1.4 Classification of Wind Turbine

Wind turbines are classified into two general types: Horizontal axis wind tur-
bines and Vertical axis turbines.

• Horizontal Axis Wind Turbine
A horizontal axis wind turbine has blades which rotates on an axis which
is parallel to the ground. In addition to being parallel to the ground,
the axis of rotation of the blade is also parallel to the wind flow. It is
basically classified into two types; upwind mode where, the rotor faces
towards the direction of the wind and downwind mode where, the rotor
of the machine faces on lee side of the tower.

• Vertical Axis Wind Turbine
In a vertical axis wind turbine blades rotates on an axis which is per-
pendicular to the ground. Vertical axis wind turbines are less efficient
as compared to horizontal axis wind turbines. The basic vertical axis
designs are generally classified as the Darrieus, which consists of curved
blades, the Giromill, which has straight blades and the Savonius, which
uses scoops to catch the wind. The designs of the vertical axis wind tur-
bines are not as efficient at collecting energy from the wind as are the
horizontal axis wind turbine.

Figure 1.5: Horizontal Axis and Vertical Axis Wind Turbine
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1.5 Types of Wind Turbine Technology

1. Type-1 Wind Turbine Generator
Type-1 wind turbines consists of squirrel cage induction generator which is
directly connected to a step up transformer.
Speed of the turbine is fixed to the electrical grid frequency and will generate
real power the shaft of the turbine would rotate faster than the electrical grid
frequency hence, it will create a negative slip.
Major disadvantage of the induction machine is the large amount of reactive
power which it absorbs for its excitation field and the large amounts of currents
which it draws when started across the line.
In such a case a soft starter and capacitor banks may be used to reduce these
effects.

Figure 1.6: Type-1 WTG

Type-2 Wind Turbine Generator
In type-2 wind turbines, wound rotor induction generators are directly connected to
the wind turbine generator step up transformer it also consists of a variable resistor
in the rotor circuit.
The variable resistors are connected external to the rotor circuit so as to control the
rotor currents in order to keep power constant even during heavy condition of wind.

Figure 1.7: Type-2 WTG
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Type-3 Wind Turbine Generator
Type-3 wind turbine generator or a doubly fed induction generator is a wind turbine
generator in which the stator terminal is directly connected to the grid and the rotor
circuit is connected to a converter. A gear box is generally connected between the
generator and the rotor due to the difference between rotor and generator speeds.The
converters are variable frequency and back to back ac to dc to ac voltage source
type converters.These basically consists of IGBT converters which are rotor side
converter and a grid side converter. The converters will decouple the electrical
grid frequency and the mechanical frequency of the rotor thereby providing variable
speed operation. The rotor side converters helps in controlling the active and reactive
powers and harmonics of the generator whereas, the grid side converters controls the
power factor.

Figure 1.8: Type-3 WTG

Type-4 Wind Turbine Generator
A type-4 wind turbine generator is the one in which the roting machine’s output
is passed to the grid through a full scale back to back frequency converter thereby
providing a high range of flexibility in its design and operation. The gear box is
eliminated so that the machine rotates at slower turbine speed is possible thereby
providing an electrical frequency which is below the grid frequency.The rotating ma-
chine of of this type of wind turbine generator consists of a wound rotor synchronous
machine.

Figure 1.9: Type-4 WTG
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1.5.1 Objective

Due to the lower inertia of wind turbine the nature of oscillation will be changed.Because
of this reason, the nature of frequency of oscillation will be changed.So, the objective
of the project is to calculate the oscillation frequencies.This will give the idea that to
what extent oscillation frequencies are different than the conventional grid.The out-
come of this project will be the base for the studies like PSS tuning of synchronous
generator,subsynchronous resonance etc.

1.5.2 Methodology

1. Implementation of WSCC 9 bus standard system.

2. Load flow analysis of WSCC 9 bus system.

3. Eigen value and modal analysis of WSCC 9 bus system in normal condition
followed by eigen value and modal analysis of WSCC 9 bus system with a
change of 50MW load in bus number 5.

4. Modelling of doubly fed induction generator i.e a typeIII wind turbine gener-
ator.

5. Load flow analysis of WSCC 9 bus sytem with DFIG incorporated at bus
number 2 i.e replace syncghronous generator with a DFIG at bus number 5.

6. Eigen value analysis of DFIG system in normal condition followed by eigen
value and modal analysis of the DFIG system with a change in 50MW load in
bus number 5.

7. Comparison and analysis of all the different condition in context to the eigen
value and modal analysis for system stability .

9



Chapter 2

Literature Survey

[1] Xian Li, Zhiyuan Zeng, Jianhong Zhou, Yongchuan Zhang, ”Small
Signal Stability Analysis of Large Scale Variable Speed Wind Turbine
Integration,”Electrical Machines and Systems, 2008 ICEMS 2008 Inter-
national Conference
The author here shows the performance of small signal stability analysis of large scale
integration of DFIG machine into the grid. Modal analysis has been performed that
is usually used in small signal analysis and is also considered as a reliable tool to
analyse the power system.
In this method of stability analysis i.e, in nodal method eigen value analysis has
been done which takes into consideration the right and the left eigen vectors of a
Jacobian matrix which is obtained from power flow equations.
The author has also proposed that FACTS devices can also be used to minimize the
oscillations due to instability.

[2]Chongtao Li, Zhengchun Du, ”A Novel Method for Computing Small
Signal Strability Boundaries of Large-Scale Power System”, IEEE mem-
ber, September 2012
The author here mentions a novel method to analyse the changing values of a con-
troller which allows the eigen values to cross boundaries of small signal stability.
In this process, the author explains how to determine the crossing point of eigen
value locus and the boundary without calculating the eigen values or eigen values
of the state matrix.

[3] S.Muller, M.Deicke, De Doncker, ”Doubly Fed Induction Generator
System for Wind Turbines”, IEEE Industry Applications Magazine MaY-
June 2002
This paper discusses the various advantages of adjustable speed generators such as
its cost effectiveness, reduced mechanical stress, dynamic compensation for torque
and power and power pulsation caused by back pressure of tower, improved power
quality, improved system efficiency, reduced acoustic noise. The author here in this
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paper mentions the various cons of direct in-line adjustable speed generators and
hence, provides an alternative which is an adjustable speed generator .
[4]Prabha Kundur, ”Power System Stability and Control”, Mc Graw Hill
Education, 2014.
Introduction to power system stability problem including basic concepts and defini-
tions, classification of stability, historical review of stability problems.
Small signal stability, fundamental concepts of stability of dynamic systems, eigen
properties of state matrix, small signal stability analysis of single-machine infinite
bus system.

[5] R. Ramanujam, ”Power System Dynamics Analysis and Simulation”,
PHI Learning Private Limited, 2009.
Detailed learning about power system stability- elementary analysis, small signal
stability analysis of power system.

[6] Joshua Earnest, ”Wind Power Technology”, PHI Learning Private
Limited, 2015.
This book provides a detailed information about wind resource, wind power plant,
various parts and structures of a wind turbine, wind energy conversion, wind tur-
bine aerodynamics, constant speed wind power plants and variable speed wind power
plants

[7] K.R. Padiyar, ”Power System Dynamis: Stability and Control”, Wi-
ley, 1999.
This book gives a detailed insight on modern power system dynamics, transient sta-
bility problems, stability by reviewing on classical machine modelling, small signal
stability of power system including various types of electromechanical oscillations.
[8] Binal Mehta,Vivek Pandya, Pragnesh Bhatt, ”Small signal stability
analysis of power systems with DFIG based wind power penetration”,
Department of Electrical Engineering, C.S. Patel Institute of Technology,
CHARUSAT, Changa, Gujarat, India Department of Electrical Engineer-
ing, School of Technology, PDPU, Gandhinagar, Gujarat, India, January
2014
The author here in this paper makes a detailed analysis on the effect of wind power
integration by DFIG on power system oscillation, by taking into consideration a two
area inter connected power system.

[9] Durga Gautam, Vijay Mittal, ”Impact of Increased Penetration of
DFIG-Based Wind Turbine Generators on Transient and Small Signal
Stability of Power Systems”,IEEE member, May 2009
The author here in this paper makes a detailed analysis on the effect of wind power
integration by DFIG on power system oscillation, by taking into consideration a two
area inter connected power system.
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Chapter 3

Case Study: To Analyze Effect of
DFIG Integration On System
Inertia

3.1 Load Flow of WSCC 9 Bus System (60Hz)

• Case1:
Figure 3.2 shows the load flow of a WSCC 9 bus system with 60 Hz of frequency
with out any change in load. Three machines namely Machine-2 and Machine-
3 (Steam Turbine Generator) and Machine-1(Hydro Turbine Generator) has
been connected to the system at bus- 2, 3 and 1 respectively.

Machine1 is rated as:247.5MVA
Machine 2 is rated as:192MVA
Machine 3 is rated as:128MVA
Figure 3.3 shows the load angles of Machine-1, Machine-2 and Machine-3 un-
der normal condition that is without out any significant change in load in the
current system under analysis.
Fig.3.1 shows the instantaneous bus voltages at all the buses remain in syn-
chronism after the load flow has been performed.

Figure 3.1: Fig. Showing Instantaneous Bus Voltage
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Figure 3.2: Load Flow Analysis of WSCC 9 Bus System with 60 Hz Frequency

Figure 3.3: Waveforms Showing Variation of Load Angles
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3.1.1 Load Flow With 25 MW Change in Load

• Case2:
Fig.3.4 shows the load flow of WSCC 9 bus system with 25 MW decrease in
load in bus-5 .
Fig.3.5 shows the variation in load angles of the three machines as a result of
reduction of 25 MW load at bus-5.
Fig.3.6 shows the synchronism of the bus voltages

Figure 3.4: Load Flow With 25 MW Decrease in Load at Bus-5
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Figure 3.5: Variation in Load Angles With 25 MW Decrease at Bus-5

Figure 3.6: Fig. Showing Instantaneos Bus Voltages
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3.2 Load Flow With Type-3 WTG Integration

• Case1

Fig.3.19 shows a WSCC 9 bus system in which a DFIG or a type-3 wind turbine
generator has been integrated at bus-2. The results so obtained would be described
in the following section.
Fig.3.20 and fig.3.21 respectively shows the variation or change in load angles of
Machine-1 and Machine3 and the corresponding power change i.e. active and reac-
tive power of bus-1 and bus-2 respectively due to the integration of a DFIG wind
turbine into the system under analysis

Figure 3.7: WSCC 9 Bus With Type-3 WTG Integration
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Figure 3.8: Variation of Load Angle in Machine-1 and Machine-3

Figure 3.9: Variation of P1,Q1,P3,Q3
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3.2.1 Load Flow With Type-3 WTG Integration and Change
in Load

• Case2

Fig.3.22 shows a WSCC 9 bus system in which a DFIG or a type-3 wind turbine
generator has been integrated at bus-2. The results so obtained would be described
in the following section,
Fig.3.23 and fig.3.24 respectively shows the variation or change in load angles of
Machine-1 and Machine-3 and the corresponding power change i.e. active and reac-
tive power of bus-1 and bus-2 respectively due to the combined effects of integration
of DFIG wind turbine and a decrease in load of 25 MW into the system under anal-
ysis under analysis

Figure 3.10: WSCC 9 Bus With Type-3 WTG Integration (With Change in Load)
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Figure 3.11: Variation of Load Angle in Machine-1 and Machine-3

Figure 3.12: Variation of P1,Q1,P3,Q3
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3.3 Analysis And Result

• For the purpose of analysis, load flow of a normal WSCC 9 bus system was
performed.

• The WSCC 9 bus system was then subsequently integrated with Type-3 WTG
and a load flow was again performed to analyze the influence of the wind tur-
bine generators into the system.

• The objective of the analysis was to check that, upon inclusion of DFIG to
the power system, how the variable speed wind generator affects the inertia of
the system.

• A reduction of 25 MW load was then introduced to the load connected in bus-5
whose initial load was 125 MW. Now, with this condition the systems were
again analyzed.

• The load was thrown off for a very short period of 2 seconds.

• Under all the situations, the variations in the load angles of the machines were
observed, along with the changes in active and reactive power generation and
absorbed.

The results are thus discussed:

1. In case of a normal WSCC 9 bus with conventional generators, with change in
load, the graph shows that, the settling time of load angle is lesser compared
to the system having WTG integration.

2. This result shows that the lower inertia of wind turbine is influencing the set-
tling time of the load angle.

3. The prolonged oscillations after WTG integration is a base for the analysis of
small signal stability.

4. This results are basically happens due to the low inertia of wind turbine.

5. Fig.3.20 shows that the load angle has oscillations even under normal condition
with out any change in loading condition .
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Chapter 4

Case Study for Eigen Value
Analysis and Modal Analysis

4.1 For WSCC 9 Bus System.

• Case1:

Sr. No. Eigen Value Bus1 Eigen Value Bus2 Eigen Value Bus3
1 -0.0235 + j0.0000 -0.4100 - j0.7272 -0.4201 - j0.5578
2 -0.4303 - j0.8991 -0.4100 + j0.7272 -0.4201 + j0.5578
3 -0.4303 + j0.8991 -3.7167 + j0.0000 -3.2241 + j0.0000
4 -1.9210 + j0.0000 -5.4354 + j0.0000 -6.6766 + j0.0000
5 -3.2258 + j0.0000 -5.1631 + j7.8581 -5.1707 + j7.8753
6 -0.0501 + j4.8884 -5.1631 - j7.8581 -5.1707 - j7.8753
7 -0.0501 - j4.8884 -0.3856 - j10.3814 -0.5284 + j13.3525
8 -5.1676 - j7.8166 -0.3856 + j10.3814 -0.5284 - j13.3525
9 -5.1676 + j7.8166 -14.9205 + j0.0000 -14.0157 + j0.0000
10 -12.1390 + j0.0000 -31.8433 + j0.0000 -33.0840 + j0.0000
11 -22.4810 + j0.0000 -37.0327 + j0.0000 -37.1571 + j0.0000
12 -23.7256 + j0.0000
13 -35.7701 + j0.0000

Table 4.1: Eigen Value Analysis
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Sr. No. Frequency(Hz) Damping% Lambda
1 0.344 8.819 -0.1913
2 0.474 4.119 -0.1227
3 0.996 59.309 -4.6097
4 0.9 15.909 -0.9117
5 0.662 3.768 -0.1569

Table 4.2: Modal Analysisis

Figure 4.1: A matrix for Machine 1
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Figure 4.2: A matrix for Machine 2

Figure 4.3: A matrix for Machine 3
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4.2 For WSCC 9 bus system With 50 MW Change

at Bus-5

• Case2:

Sr. No. Eigen Value Bus1 Eigen Value Bus2 Eigen Value Bus3
1 -0.0235 + j0.0000 -0.4100 - j0.7272 -0.4201 - j0.5578
2 -0.4303 - j0.8991 -0.4100 + j0.7272 -0.4201 + j0.5578
3 -0.4303 + j0.8991 -3.7167 + j0.0000 -3.2241 + j0.0000
4 -1.9210 + j0.0000 -5.4354 + j0.0000 -6.6766 + j0.0000
5 -3.2258 + j0.0000 -5.1631 + j7.8581 -5.1707 + j7.8753
6 -0.0501 + j4.8884 -5.1631 - j7.8581 -5.1707 - j7.8753
7 -0.0501 - j4.8884 -0.3856 - j10.3814 -0.5284 + j13.3525
8 -5.1676 - j7.8166 -0.3856 + j10.3814 -0.5284 - j13.3525
9 -5.1676 + j7.8166 -14.9205 + j0.0000 -14.0157 + j0.0000
10 -12.1390 + j0.0000 -31.8433 + j0.0000 -33.0840 + j0.0000
11 -22.4810 + j0.0000 -37.0327 + j0.0000 -37.1571 + j0.0000
12 -23.7256 + j0.0000
13 -35.7701 + j0.0000

Table 4.3: Eigen Value Analysis
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Sr. No. Frequency(Hz) Damping(%) Lambda
1 1 20.798 -1.336
2 0.71 26.515 -1.2265
3 0.096 -4.6 0.0277
4 0.214 43.641 -0.6518
5 0.433 24.849 -0.6973

Table 4.4: Modal Analysis

Figure 4.4: A matrix for Machine 1
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Figure 4.5: A matrix for Machine 2

Figure 4.6: A matrix for Machine 3
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4.3 For WSCC 9 bus system With DFIG Integra-

tion at Bus-2

• Case3:

Sr. No. Eigen Value Bus1 Eigen Value Bus2 Eigen Value Bus3
1 -0.0235 + j0.0000 0.0000 + j0.0000 -0.4246 - j0.5857
2 -0.4309 - j0.9074 0.0000 + j0.0000 -0.4246 + j0.5857
3 -0.4309 + j0.9074 0.0000 + j0.0000 -3.1287 + j0.0000
4 -1.9131 + j0.0000 0.0000 + j0.0000 -6.5418 + j0.0000
5 -3.2258 + j0.0000 -0.0837 + j0.0000 -5.1679 + j7.8674
6 -0.0371 + j4.6175 -0.2000 + j0.0000 -5.1679 - j7.8674
7 -0.0371 - j4.6175 -0.3139 + j0.0000 -0.4681 + j12.9329
8 -5.1652 - j7.8118 -0.4744 + j0.0000 -0.4681 - j12.9329
9 -5.1652 + j7.8118 -3.3333 + j0.0000 -14.0926 + j0.0000
10 -12.1425 + j0.0000 -6.6667 + j0.0000 -32.8940 + j0.0000
11 -22.4769 + j0.0000 -1.0907 - j11.7777 -36.9736 + j0.0000
12 -23.3263 + j0.0000 -1.0907 + j11.7777
13 -35.4782 + j0.0000 -16.9336 + j0.0000
14 -20.0000 + j0.0000
15 -20.0000 + j0.0000
16 -26.5938 + j24.4369
17 -26.5938 - j24.4369
18 -50.0000 + j0.0000
19 -51.4519 + j0.0000

Table 4.5: Eigen Values

Sr. No. Frequency(Hz) Damping(%) Lambda
1 0.344 8.819 -0.1913
2 0.474 4.119 -0.1227
3 0.996 59.309 -4.6097
4 0.9 15.909 -0.9117
5 0.662 3.768 -0.1569

Table 4.6: Modal Analysis
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Figure 4.7: A matrix for Machine-1

Figure 4.8: A matrix for Machine-2
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Figure 4.9: A matrix for Machine-3
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4.4 For DFIG Integration With a Load Change of

50 MW at Bus-5.

• Case4:

Sr. No. Eigen Value Bus1 Eigen Value Bus2 EigenValueBus2
1 -0.0235 + j0.0000 0.0000 + j0.0000 -0.4246 - j0.5857
2 -0.4309 - j0.9074 0.0000 + j0.0000 -0.4246 + j0.5857
3 -0.4309 + j0.9074 0.0000 + j0.0000 -3.1287 + j0.0000
4 -1.9131 + j0.0000 0.0000 + j0.0000 -6.5418 + j0.0000
5 -3.2258 + j0.0000 -0.0837 + j0.0000 -5.1679 + j7.8674
6 -0.0371 + j4.6175 -0.2000 + j0.0000 -5.1679 - j7.8674
7 -0.0371 - j4.6175 -0.3139 + j0.0000 -0.4681 + j12.9329
8 -5.1652 - j7.8118 -0.4744 + j0.0000 -0.4681 - j12.9329
9 -5.1652 + j7.8118 -3.3333 + j0.0000 -14.0926 + j0.0000
10 -12.1425 + j0.0000 -6.6667 + j0.0000 -32.8940 + j0.0000
11 -22.4769 + j0.0000 -1.0907 - j11.7777 -36.9736 + j0.0000
12 -23.3263 + j0.0000 -1.0907 + j11.7777
13 -35.4782 + j0.0000 -16.9336 + j0.0000
14 -20.0000 + j0.0000
15 -20.0000 + j0.0000
16 -26.5938 + j24.4369
17 -26.5938 - j24.4369
18 -50.0000 + j0.0000
19 -51.4519 + j0.0000

Table 4.7: Eigenvalues

Sr. No. Frequency(Hz) Damping(%) Lambda
1 1 27.327 -1.7849
2 0.594 45.491 -1.908
3 0.352 60.005 -1.6567
4 0.049 -19.091 0.0597

Table 4.8: Modal Analysis
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Figure 4.10: A matrix for Machine-1

Figure 4.11: A matrix for Machine-2
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Figure 4.12: A matrix for Machine-3
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4.5 Analysis And Result

Insufficient damping torque resulting in oscillation of rotor at higher oscillation give
rise to the small signal stability problem.
Eigen value analysis and modal analysis form the basis of system analysis for small
signal stability studies.
The dynamic system i.e. the power system can be described by nonlinear differential
equation as:

ẋ = f(x, u) (4.1)

y = g(x, u) (4.2)

Since, the disturbance considered is too small hence, for the purpose of analysis,
linearization of the system equation is done. Hence, the linearized equation can be
written as:

∆ẋ = A∆x+B∆u (4.3)

∆y = C∆x+D∆u (4.4)

The stability of the system is determined from the eigen values (λ) of the system state
matrix A. Matrix A obtained from the load flow data is also termed as plant matrix
or the Jacobin matrix as evident from the figure (4.1,4.2,4.3,4.4,4.5,4.6,4.7,4.8,4.9)
of the four systems under consideration.
The eigen value(λ) obtained from the roots of the characteristic equation which is
evident from table (4.1,4.3,4.5,4.7) is used to determine the stability of the system.
The characteristic equation is given as:

det(A− λI) = 0 (4.5)

where,
λ = σ ± jω (4.6)

Frequency of oscillation is give as:

f =
ω

2π
(4.7)

For table 4.1, the maximum and minimum eigen values respectively are:
-0.0235 and -35.7701 for Bus-1
-0.3856 and -37.0327 for Bus-2
-0.4201 and -37.1571 for Bus-3
For table 4.1, the maximum and minimum eigen values respectively are:
-0.0235 and -35.7701 for Bus-1
-0.3856 and -37.0327 for Bus-2
-0.4201 and -37.1571 for Bus-3

33



For table 4.1, the maximum and minimum eigen values respectively are:
-0.0235 and -35.4782 for Bus-1
-0.0837 and -51.4519 for Bus-2
-0.4246 and -36.9736 for Bus-3
For table 4.1, the maximum and minimum eigen values respectively are:
-0.0235 and -35.4782 for Bus-1
-0.0837 and -51.4519 for Bus-2
0.4246 and -36.9736 for Bus-3
Eigen value having negative real part says that the system is asymptotically stable,
higher the magnitude of the negative real part, faster would be the damping of the
system.
When at least one of the eigen values is having a positive real part, the system
becomes unstable.
From table 4.5 and table 4.7 it can be observed that, Bus-2 has four zero eigen
values, thus when the real parts of the eigen values are zero, it is not possible to
comment on the basis of the first approximation.
The imaginary part of the eigen value is used to determine the frequency of oscilla-
tion.
Another important component which is taken under consideration is the P Partic-
ipation Factor and the Left and the Right eigen vectors.

pki = φkiψik (4.8)

where,
(φ) is right eigen vector
(ψ) is left eigen vector
The participation factor will combine the left and the right eigen vector and it shows
the participation of (kth) state variable in the (ith) mode and vice-versa.
From the modal analysis i.e table (4.2, 4.4,4.6) the damping ratio of the system is
determined.
The damping ratio (ζ) is used to determine the decay rate of the amplitude of
oscillation.
The damping ratio (ζ) is given by:

ζ =
−σ√
σ2 + ω2

(4.9)

Positive damping ratio indicates that the system after perturbation settles down
at or near to its equilibrium point and a negative damping ratio indicates that the
system continues to oscillate after being perturbed.
The analysis of the system also shows that after the inclusion of DFIG to the system,
the modes of frequency changes and subsequently at certain modes of oscillation i.e
table (4.8) at frequency 0.049 Hz, the system gives sufficiently high negative damp-
ing.
Hence, with the penetration of DFIG into the system, the modes of frequency
changes and hence, tuning of PSS for this specific frequency is also required.
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Chapter 5

Conclusion and Future Scope

5.1 Conclusion

As the wind turbine technology is getting more and more importance day by day,
the type 3 wind turbine is replacing the existing conventional generator.
It is well known that excitation system of conventional generator is designed to gen-
erate positive synchronous and damping torque.
The PSS is tuned in such a way that it washes out the low frequency oscillation and
advances the low frequency signal by lead lag compensator.
The base for PSS tuning is the number of turbines connected to rotor of generator
and mode of frequencies which is directly calculated by state matrix. As the induc-
tion generator is replacing the existing synchronous generator, mode of frequency
will change.
The main difference between conventional and DFIG machine is that one is working
as constant voltage source and one is working as constant current source.
DFIG is not having any physical exciter (Some literature says that GSC and RSC
can be treated as exciter). But there is no provision in DPC controller which can
give certain amount of synchronous and damping torque. So the controllers are
designed in such a way that the DFIG will behave as constant power source whose
power tracking point will be decided by MPPT (provided that voltage across its
terminal and wind speed velocity is constant).
The DFIG has been the major source of small signal oscillation as it is tracking the
maximum power point. Due to the controller tracking characteristic and fluctuation
in DC link voltage, the power output of DFIG will always vary in some specific
interval even though load is not changing. This effect will introduce the oscillation
in frequency.
If the change in wind speed is considered, it again becomes the major source of small
signal oscillation (author has not touched this part in this thesis).
Due to reasons said above, the mode of frequency is changed after introducing DFIG
in system.
The results clearly show that all the low frequency oscillations were having pos-
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itive damping torque with conventional generators.After introduction of DFIG in
standard system, some low frequency oscillation is having negative damping torque
which suggests that the system might be unstable after long time. So the tuning of
AVR and PSS has to be changed in order to make the system stable again.

5.2 Future Scope

AVR and PSS can be designed with proper tuning to damp out the negative damping
that is associated with both conventional synchronous generator as well as the DFIG.
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