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Summary
This report presents the analysis of low frequency oscillation observed in the Indian Grid on
four consecutive days in the early morning hours of 9th -12th August 2014. The causative
actions generally found for such oscillations found worldwide have been indicated in this
report.
The report has been prepared based on the observations at each of the five Regional
Load Despatch Centres (RLDCs) and National Load Despatch Centre (NLDC) of POSOCO and
the reports received at these centres from the field installations. The analysis in the report is
from measurement-based analysis; further understanding of the phenomenon and its
mitigation would be possible only after detailed simulation studies.

•

Chapter 1 gives an introduction to the small signal stability problem and Low
Frequency Oscillations (LFO).

•

Chapter 2 provides a brief overview of the problem of LFO in Indian electricity grid.

•

Chapter3 gives an overview of the LFOs experienced between 9th to 12th August
2014.

•

Chapter 4 and 5 give respectively the details of observability and the measurement
based analysis performed at RLDCs/NLDC based on the synchrophasor data at these
control centres.

•

Chapter 6 provides a summary of the overall analysis.

•

Chapter7 provides an action plan for possible mitigation of oscillations as well as the
requirement of additional tools in the control centre for real time detection and
mitigation of oscillations.

The causes of such oscillations needs an extensive study starting from the long term
transmission planning horizon, interconnection studies for new plants and regulations
thereof, the responsibilities of different players in the CEA/CERC Regulations and its
enforcement as well as actions in the operating horizon for keeping up to date network
models and re-tuning of all controls.
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1. Introduction to Small Signal Stability and Low Frequency Oscillation
1.1.

Introduction

The stability of the power system when subjected to small disturbances is called small signal
stability in power system. Due to small changes in the system, the operating point is always
changing. However, there are some operating conditions, which cause the system to go in
oscillatory instability mode due to these small changes. The stability of the system during
such oscillatory period can be quantified in terms of the damping ratio of the system. If the
damping ratio is negative, the system becomes oscillatory unstable. While if the damping
ratio is positive, the system becomes stable after few oscillations.
Further, it has been explained in the “Definition and Classification of Power System
Stability” report of the IEEE/CIGRE Joint Task Force on Stability Terms and Definitions that
Small signal stability is one of the two types of Rotor Angle stability [1]. As per the report,
“Rotor angle stability refers to the ability of synchronous machines of an interconnected
power system to remain in synchronism after being subjected to a disturbance. It depends on
the ability to maintain/restore equilibrium between electromagnetic torque and mechanical
torque of each synchronous machine in the system. Instability that may result occurs in the
form of increasing angular swings of some generators leading to their loss of synchronism
with other generators. The rotor angle stability problem involves the study of the
electromechanical oscillations inherent in power systems. A fundamental factor in this
problem is the manner in which the power outputs of synchronous machines vary as their
rotor angles change. Under steady-state conditions, there is equilibrium between the input
mechanical torque and the output electromagnetic torque of each generator, and the speed
remains constant. If the system is perturbed, this equilibrium is upset, resulting in
acceleration or deceleration of the rotors of the machines according to the laws of motion of
a rotating body. If one generator temporarily runs faster than another, the angular position
of its rotor relative to that of the slower machine will advance. The resulting angular
difference transfers part of the load from the slow machine to the fast machine, depending
on the power-angle relationship.”
The change in the eletromechanical torque of any synchronous machine following a
perturbation can be split into two components as shown in equation 1.[2]
∆𝑇𝑒 = 𝐾𝑠 . ∆𝛿 + 𝐾𝑑 . ∆𝜔 = 𝑇𝑠 + 𝑇𝑑

(1)
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The component K s .Δδ is called the synchronizing torque T s and determines the torque
change in phase with rotor angle perturbation Δδ. The component K d .Δω is called damping
torque T d and determines the torque change in phase with speed variation. K s and K d are
called synchronizing torque coefficient and damping torque coefficient respectively [2, 3].
Rotor angle stability depends on both components of torque. Lack of synchronizing torque
causes non-oscillatory instability or monotonic instability in the system and lack of damping
torque result in oscillatory instability in the system.
Rotor angle stability is of two types, viz. small signal stability (due to small disturbance in
the power system) and transient stability (due to large disturbance in the power system).
Small signal stability is the ability of power system to be in steady state after a small
disturbance. The instability due to this is mainly attributed to insufficient damping torque.
While transient stability is associated with the ability of power system to maintain
synchronism when subjected to large disturbances like line fault, bus fault, generator outage
etc. The instability arising due to this is result of insufficient synchronizing torque.
Small signal instability is due to insufficient damping torque leading to low frequency
electromechanical oscillations in system, which is oscillatory in nature. During Low
Frequency oscillations, mechanical kinetic energy is exchanged between synchronous
generators of the inter-connected system through tie lines. Most of these oscillatory modes
in normal power system state are well damped. However, they get excited during any small
disturbance in the system and lead to oscillation in power system parameters like rotor
velocity, rotor angle, voltage, currents power flow etc.. Due to oscillation in parameters,
protection equipment may undesirably operate leading to cascade tripping in power system.
Therefore, it is necessary to detect such modes and initiate corrective actions to ensure
system reliability and security. Among these parameters the rotor velocity of the generators
and the power flow in the network are most important. The rotor velocity variation causes
fatigue to the mechanical parts of turbine-generator system. The power flow oscillations
may amount to the entire rating of a power line, when they are superimposed on the
stationary line flow and would limit the transfer capability by requiring increased safety
margins.
For example, consider the frequency plot as shown in figure 1.1. It can be observed that
system was not oscillating initially which is the normal operating condition. After few
seconds spontaneous oscillation were observed and after SPS operation it again come back
to normal operating condition. The oscillatory period here is what the small signal stability
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is. It shows that system parameters oscillate during the period and again come back to new
equilibrium point.

Fig 1.1: Frequency of the various nodes in western grid measured from PMUs during oscillation on
28th January 2014.

Now, the next step in line to small signal stability is to how to study, analyse, and mitigate
such stability issues in power system. The small signal stability has always challenged the
academician and engineers in terms of the complexity of the problem. The next section is a
brief overview of analysis of such oscillations using various techniques adopted across the
world.

1.2.

Analysis of Oscillations during Ambient conditions

Spontaneous oscillations occur under ambient system conditions. The variation of loads and
generation may move the power system to an operating point, which is very sensitive to
small perturbations. It is a function of the operating condition of the power system. Due to
this very nature, it is very difficult to simulate such type of oscillations in offline time domain
mode. A study based on Eigen value analysis is generally used for analysing small signal
stability problems in the power system [1]. Further, such studies can be divided into model
based and measurement based analysis [4]. The low frequency oscillations, which are
spread across the grid, are the focus of study in this type of analysis. This section will bring
about the basics of such studies and analysis methods adopted worldwide.
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1.2.1 Power System State Space Representation
Power system is highly nonlinear in nature due to non-linearities in generators and their
controllers and other devices. It can be represented in state space form. Based on the
solution of state space representation using various methods, eigenvalues, oscillatory
modes and the participation of various states of system in that mode is calculated. The
complete details of the method has been given in Annexure A. Based on the participation
factors obtained analysis, the modes are classified as:
1. Local modes
2. Intraarea modes
3. Interarea modes
These modes are classified after obtaining the similar results across the globe, which have
been described in details in next section. The mode in which one generator oscillates against
another within a plant are called local modes, the modes in which a group of generators
oscillates against another group of generators in a different area connected by weak tie
lines are called interarea modes. While within a defined area if a generator forms two
coherent group and oscillate then it is defined as intra-area mode.
The commercial software available for small signal stability analysis however uses the
perturbation technique in order to form a system matrix. In steady state, all the differential
equations have their LHS as zero if the values for the variables on RHS are put as per the
current operating point of the system. A small change is made in each state one by one to
obtain the elements of the system matrix.
1.2.2 Measurement based analysis
As the model based study require an accurate and full representation of system equation
which are somehow difficult to obtain, another approach based on the fine measurement is
also being used. The Measurement based analysis is fast and provides many useful
information like the dominant modes, their damping ratio, Amplitude, energy and
observability. The model based analysis provides controllability and observability but
measurement based analysis is limited to observability and need to be supported by model
based analysis for controllability aspects.
In Measurement based analysis, data obtained from Phasor measurement units with high
resolution (25 samples/sec in Indian grid) can be used for obtaining the modes available in
the system. Different techniques such as Prony analysis, Matrix pencil, Residue
method, Hankel Total Least Squares (HTLS), Wavelet etc. enables in finding the dominant
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modes in the system based on time domain response [6-15]. However the measurement
based analysis has a limitation that the controllability of the mode cannot be found. The
location where the mode amplitude was observed to be maximum is obtained and the
coherency of the generators can be found out. The mode shapes obtained from these
methods gives the coherency of the generators. However, the information regarding PSS
tuning at a particular generator is very difficult to obtain. The basic advantage of
measurement-based analysis is that it can be computed in real time based on
measurements obtained from high resolution measuring instruments.
In order to avoid any confusion, basic terms used in these reports such as the mode shape,
amplitude and energy of mode has been explained here which will be used for
measurement based analysis in this report.
Mode Amplitude
The amplitude of the mode is the peak value of the mode when the exponential term is
removed as shown in the Figure 1.2. This provides the observability of the mode at various
nodes.

Fig 1.2: Amplitude of Mode
Mode Shape:
Mode shape gives how much are the signals shifted with respect to each other in phase. The
length of the phasors is the amplitude of the signal. Figure 1.3 shows the signal and their
mode shape based on amplitude and phase shift.
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Fig 1.3: Signals and their Mode shape.
Mode Energy
The area under the curve when the mode is separated from the original signal is called the
mode energy. Mode energy represents the energy content of the mode, which signifies how
the damping of the mode and its amplitude is. Figure 1.4 shows the signal and the area
covered by the signal represents its energy. So, any mode observed in any of the electrical
parameter will have high energy in case either the amplitude is high or its damping is low. In
case of both high amplitude with low damping, the energy of the mode will be highest.

Fig 1.4: Mode Energy
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1.3.

Classification of Low Frequency Oscillation

In the previous section, basics of the small signal stability and low frequency oscillation and
the methods for their analysis have been discussed. This section will focus on the
classification of the oscillations across the world.
As per PSERC report on “Avoiding and Suppressing Oscillations” December 1999 [16], the
oscillations can be classified in three groups:
1. Spontaneous oscillation: Spontaneous oscillations arise when the mode damping
becomes negative by a gradual change in system conditions.
2. Oscillation due to Disturbance: Outage of a line or generator under unfavorable
conditions can cause oscillations by suddenly reducing damping of a mode. If the
mode damping becomes negative, sustained or increasing oscillations result. If the
mode becomes poorly damped, the disturbance can excite the mode to cause a
transient oscillation
3. Forced Oscillation: It is due to incomplete islanding or pulsating loads.
As per EPRI Power Systems Dynamics Tutorial.EPRI, Palo Alto, CA: 2009. 1016042 [17],
Oscillations are classified as:
1. Normal (Positively Damped) Oscillations: Such Oscillations may occur due to routine
events on the power system. Load changes, generator trips, or switching actions may
cause oscillations in power flow, voltage, current, and frequency. Power system
provides positive damping to such oscillation in general. The routine positively
damped oscillations are classified as normal oscillations.
2. Sustained (Undamped) Oscillations: Sustained oscillations are oscillations that
appear on the power system and sustain themselves. The cause of normal and
sustained oscillations may be the same. The difference is that a normal oscillation
eventually disappears (positively damped), while a sustained oscillation does not go
away (undamped) without corrective action.
3. Negatively Damped Oscillations: Negatively damped oscillations are the most
damaging type of oscillation. If an oscillation appears and then gradually grows in
magnitude, it is negatively damped. A negatively damped oscillation may initially
appear as a normal or sustained oscillation. As time passes, the oscillation may grow
in size until it reaches an amplitude that the power system can no longer withstand.
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These oscillation classifications are based on the cause of oscillation and characteristic of
the mode. Further, various literature has classified the modes based on the location and
coherency, which has been detailed in next section. All these classification are based on the
Eigenvalue analysis of the dynamic model using linearization and perturbation methods.
Reference

Power System Stability
Control by P.Kundur [2]

Name of Mode

and

Modern Power System Analysis
by Xi-Fan Wang, Yonghua Song,
Malcolm Irving.[18]
Power System Stability
Control by CRC Press [19]

and

Computational Intelligence in
Power Engineering edited by
Bijaya Ketan Panigrahi, Ajith
Abraham, Swagatam Das [20]

Inter Area Very
low
frequency
mode
Inter Area High
Frequency Mode

EPRI Power System Dynamic
Tutorial [17]

Avoiding
and
Suppressing
Oscillations ,PSERC [16]

0.1-0.3
0.4-0.7

Inter Plant Mode

0.7-2.0

Local plant mode

0.7–2.0

Torsional
Control

High

Local Modes

1-2

Inter area Mode 1
Inter Area Mode 2
Control Mode
Torsional mode

01.-0.3
0.4-0.7
High
High

Observability
Whole system in two area and all
generators in one part oscillate with
all generators in other part
Subgroups of generators swinging
against each other
Oscillation of few generators close to
each other
Single plant or generator with rest of
the system
Turbine Generator shaft system
Controllers of HVDC,AVR,SVC etc.
Generating Units in a plant with rest
of system
Two group of generators oscillate
Multiple group of generators oscillate
Controller action
Generator-Turbine shaft vibration

Same as the Power system Stability and Control by P.Kundur.
Intra Plant mode

2-3

Local Plant mode

1.0-2.0

Inter Area

<1 .0

Control Mode
Torsional mode

Power System Small Signal
Stability Analysis and Control By
Debasish
Mondal,
Abhijit
Chakrabarti, Aparajita Sengupta.
[21]

Frequency
range (Hz)

10-46

Local mode

1-3

Inter Area

< 1.0

Inter Area

0.05-0.5

Intra Area

0.4-1.0

Local

0.8-2.0

Intra plant

1.5-3.0

Inter-Area

0.1-1.0

Local

1.0-2.0

Machines of same power plant
oscillated with each other
One generator swings against rest of
the system
Two coherent group of generators
swinging against each other
Due to controller of AVR, Governor,
HVDC, SVC etc.
Generator-Turbine shaft vibration
Swinging of Units of generators with
rest of the system
Swinging of many machines in one
part of the system with machines in
another part of the system
when entire power systems oscillate
with respect to other power systems
Within power systems when pockets
of generation oscillate with respect to
one another
Each generator oscillates with respect
to the rest of the power system
In multi-unit stations, the generators
may oscillate with respect to
neighboring units.
Power System Areas swinging against
each other
One plant swinging against or several
generators swinging against each
other
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Based on the above table it can be observed that more or less the range of oscillation is
same and can be broadly classified into the following categories:
1. Inter Area Mode : 0.05-0.3 Hz
2. Intra Area Mode : 0.4-1.0 Hz
3. Inter Plant mode : 1.0 -2.0 Hz
4. Intra Plant mode : 1.5-3.0 Hz
5. Control Mode : Not defined
6. Torsional mode : 10-46 Hz
As far now, the definition and classification of Low frequency oscillation, their analysis
methods have been discussed. The next section describes the approach adopted across the
world for their mitigation.

1.4.

World Wide Practices for Analysis of Low Frequency Oscillation

Low frequency oscillations were observed in many of the power systems around the world.
This section presents in brief the worldwide experiences regarding low frequency
oscillations. The world is facing oscillations as early as 1970s [22]. Initially it was very difficult
to identify the root cause of the low frequency oscillation occurring spontaneously and the
remedial measures with the dynamic analysis in early days. This has led to a proper
representation of the generator, exciter, governor and turbine dynamic models to replicate
the behavior of the grid in simulations and to find the root cause of such problems. In most
of the cases, it was primarily attributed to weak interconnections in the grid. Later it was
also found that fast exciter also plays an important role in the low frequency oscillation.
Due to the advancement in the exciter technology, the fast response of the exciter
caused oscillatory instability in the grid. This has also led to the evolution of power system
stabilizers using auxiliary signal of speed, power output and frequency to modulate the
voltage output of the exciter and the Power Oscillation Damping (POD) for HVDC/FACTS
devices. Different utilities have solved the problem of oscillations in a different manner
based on the tuning of PSS and POD as shown in next table. CIGRE Report on Analysis and
Control of Power System Oscillations discusses few cases of LFO experienced worldwide
[22]. A list of various cases of low frequency oscillations and the action taken for their
mitigation is given in the below table.
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Case
WSCC [22]

Year

Frequency of
Oscillation (Hz)

Remedial measures

1964

0.33

Governor modification ,PSS tuning
Reduction of schedule interchanges, Installation
of PSS on selected units, Raising system
voltages

Mid Continental Area
Power Pool [22]

1971-72

Italy-Yugoslavia-Austria
[22]

1971-74

0.17-0.22

PSS installed on 6 units of largest generating
station in Yugoslavia

1975

0.6

PSS on selected generators, Load modulation
scheme

South
[22]

East

Australia

0.12-0.25

Operating interties at high voltages, Restricting
Power flow on tie lines, Operating some
generators as synchronous compensators,
Angle baselining

Southern Brazil [22]

1978

Scotland-England [22]

1979

0.5

PSS tuning on selected Units

Western Australia [22]

1982-83

0.2

PSS tuning on selected Units

Ghana-Ivory Coast [22]

1985

0.6-0.7

PSS tuning in one generating plant (Akosombo
plant in Ghana)

Ontario Hydro [22]

1985

0.25-0.4

PSS at major stations tuned

Queensland
system[22]

1988

0.7

10-Aug1996

0.234

North and South Brazil
[23]

1999

0.2

Columbian
System [24]

2008

0.06

2006

0.45

2005

0.53, 0.4

2011

0.25

Power

WSCC [22]

Power

WR-ER India [25]
Southern
China
Interconnected Power
System [26]
Continental
Europe
power system [27]

Changing washout time constant of PSS

PSS installation and tuning, HVDC modulation

POD tuning of TCSC on tie lines
Correcting the models of generators and
exciters, Change in governor control parameters
TCSC installed on tie line connecting Eastern
and Western Grid
PSS tuning of generators selected by
participation factor, HVDC Power Oscillation
Damping mode
PSS tuning of generators in Italy

Earlier, it was assumed that during stressed conditions in the grid the system was prone to
have sustained oscillations. However, in Scotland-England case around 1982, LFO was
observed for low intertie transfers of 400 MW [22]. [ETEP 2011] paper mentions that the
system is more prone to sustained oscillations during light loading conditions than in peak
hours. It can be concluded that due to ambient changes in the generation and loads during
real time, these modes get excited and cause the system to oscillate.
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Immediate remedial measures practiced by utilities to avoid the fatal effects of sustained
low frequency oscillations were load modulation, maintaining high voltages across the grid
and reduction of schedule interchanges across the tie lines. Few utilities like the Tasmanian
grid introduced transfer limits between the corridors to prevent the possibility of
oscillations under stressed conditions. The Southern Brazil when faced the oscillations
problem in around 1978 went for angle baselining keeping the angle between South and
Southeast system generators below 70 degrees.
For long-term methods, a power system stabilizer has been used by many utilities for
mitigating the problem of low frequency wide spread oscillations. Further, the PSS on all the
generating units were not tuned for damping out the low frequency oscillations. Only
selected few were considered as potential candidate for tuning of PSS for damping InterArea mode. A careful study based on Eigenvalue analysis was performed to identify the
potential generators that can damp out the Inter-Area low frequency oscillation. Further,
these participation factors are used for initial screening of generators [2]. Methods such as
residue method and frequency response were carried out for exact tuning of the PSS.
Various cases as mentioned in the table have used PSS as the primary weapon against low
frequency oscillations.
Few of the utilities like WSCC have went for an alternative method of modulating the
HVDC links between two areas to address the problem of small signal stability. HVDC links
and FACTS devices are well suited for addressing the problem of oscillation due to its high
controllability. WSCC experienced two modes of 0.25Hz and 0.7Hz [2]. The 0.7 Hz mode was
mitigated by tuning of PSS at San Onofre and Palo Verde generators while 0.25 Hz was
mitigated by modulation of HVDC using the Power oscillation damping (POD) Controller
tuning. Apart from these the POD tuning of the FACTS devices like SVC and TCSC have also
been proposed as probable candidates for mitigating low frequency oscillations in [Kundur
and few other papers]. During the synchronization of Western and Eastern grid of India,
TCSC was installed on the tie lines to mitigate the oscillations of 0.45 Hz, which was preenvisaged from studies. In North and South Brazil POD tuning on TCSC was performed to
damp out the 0.2Hz mode.
The modes observed in all such cases were in the range of 0.2-0.7 Hz. Due to network
growth and changing topology new modes come into existence, which requires retuning of
the controllers. Therefore, it can be observed that based on the small signal analysis, the
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PSS has been tuned either for appropriate generators or the POD tuning of HVDC/FACTS or
both.
Wide area damping controller was also adopted in China, which modulates HVDC power
flow for damping of oscillation in the system.

This Section presented the brief overview of the small signal stability in power system and
low frequency oscillation. The literature overview on the definition and classification of
the low frequency oscillation is also presented to give a good insight while going through
the case study of Low frequency oscillation observed in Indian Grid on 9th, 10th, 11th and
12th August 2014. The section also describes about the worldwide practices adopted for
mitigation of such issues. This will help in devising the further work for the mitigation of
low frequency oscillation in Indian Grid.
The next sections highlight the previous cases of low frequency oscillations observed in
the Indian grid. In addition, locations where frequent oscillation are being observed has
been discussed which may be local problem for the area but get aggravated during the
global cases of oscillations.
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2. Brief overview of Low Frequency Oscillation in Indian Grid
Indian Grid has been experiencing the low frequency oscillation since early days. In Western
region, the Vindhyachal and Korba region used to oscillate as the transmission link between
the eastern and western part of the Western grid were weak. The synchronization of
Eastern and Western grid in 2003 was done using tie links having TCSC for damping the low
frequency oscillation. Similar was the case while synchronizing the Eastern region grid with
the northern region grid wherein TCSC-installed tie lines were used to damp out the InterArea oscillations.
Earlier the SCADA data or the data from generators were used for oscillation information,
which were not accurate due to low resolution. With advent in the technology, faster data
processing, and time synchronized phasor measurements availability at a reporting rate of
25-50 frames/second from Phasor Measurement Unit (PMU), now operator is able to
visualize such oscillations in the system. Tools and techniques are also in development to
detect the source of such oscillation and to analyse them in real time and take corrective
action before they create further complexities in the system. The detection of LFOs and
their history is of great help in planning and implementation of damping controllers of
HVDC, TCSC etc. At present PMUs have enabled the operator across the world to visualize
such LFOs whose source can be tracked with placement of optimum number of PMUs giving
complete observability of system.
With the introduction of synchrophasor measurements units in Indian Grid, the
oscillations in the grid can now be monitored with precision at NLDC and each RLDC in real
time. This has helped the system operator in giving feedback to the planners for the weak
interconnection, frequent oscillation observation during NEW-SR grid synchronization and
many others local problems. The next section describes a brief review of the previous
oscillation observed in the Indian grid.

2.1

Cases of Oscillation Observed in Indian Grid

In this section many of the cases of oscillation that has been observed in the Indian Grid
which has been presented in the summary form. This helps in keeping the track of various
modes observed in the Indian grid, the cause of such oscillation and the mitigation action
taken. There are many cases which have been analyzed and the summary of the same with
the relevant information is presented in the next table.
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PMU Location

Date and
Time

Duration
(Second)

Dominant
Modes(Hz)

NR PMUs

30-11-2011
22:09

300

0.4

18

1.67

Dadri

01-01-13

Probable Reason/Event Which started the
oscillation
At Rihand Stage-II the Digital Control
system software problem for both 500
MW Units
EHC governor of Unit 5 at Dadri Stage-II
was under test
Evacuation of Paricha Unit through only
two 220 kV Circuits
WR-ER links tripping, Generator –load at
Boundary got disconnected from ER and
was connected only to WR via 220 kV
lines.

Type
Cannot be
said as PMUs
in NR only
Intra-Plant

All NR PMU
(Max at Agra)

11-04-13
01:45

8

1.54-2.58

All PMU in NEW
Grid

13-04-13
22:02

60

0.53

All PMU in
NEWS Grid

09-05-13
04:11

-

SR: 0.2,2.2
NEW : 0.2,
0.43, 0.72

Blocking of +/- 500 kV HVDC Talcher-Kolar
Bipole

All SR PMU

28-05-13

-

1.6,3.9,6.1

Wind Generation loss in SR

2-20

1 Hz

23

1.92-2.4

130

1.0

180

0.9-1.0,
1.9-2.0

15

1.0

330

0.9-1.0,
1.9-2.0

15

1.02

110

0.49

75

1.0

25

1.0

110

0.2

130

0.2

Modal Resonance of 0.19 Hz and 0.23 Hz

20

0.8

400 kV Chhabra-Bhilwara had tripped.

120

1.25

Not identified.

Inter-Plant

111

1.25

Problem with Rajpura Machine.

Inter-Plant

Karcham
All NR PMU
(Max at Bassi)
Karcham
All PMU in NER
Karcham
All PMU in NER
Itarsi ,
Sugen,Mundra
All PMU in NEW
Grid
All PMU in NR
Grid
Misa
Gazuwaka,
Vijaywada
All India PMUs
NR PMUs
NR PMUs
NR PMUs

06-06-13
16:00-18:00
06-06-13
16:33
24.07.13
15:36
03-08-13
23:35
05-08-13
14:27
11-08-13
23:35
02-09-13
14:06
23-09-13
14:34
07-10-13
18:00
08-10-13
12:50
22-10-13
19:29
28-01-14
20.04
01-02-14
06:55
16-04-14
06:40
18-04-14
15:14

SR PMUs

20-04-14
03:58

150

0.7

All India PMUs

06-05-14
05:23

29

0.2

25

0.961.0013

Karcham

09-08-14
05:29

Intra-plant
Inter-Area

Inter-Area
Local and
Control mode

Load crash in NR

Inter-plant

Bus separation resulted in long haulage of
power from Kawai generators.
Oscillations in the power flow on the lines
emanating from Jhakri
Source is Near Imphal as deduced from
mode shape.
400 kV Nallagarh-Patiala-II Tripping
resulted in loading of other circuit to 971
MW.
Initiated with reactor switching. Probable
case of resonance.
Omkareshwar all units were connected
with a single 220 kV link with the grid.
DSTPS Unit synchronization to grid

Intra-Plant
Inter-plant
Local Mode
Inter-Plant
Local mode
Inter-Plant
Inter-Area

Evacuation problem in 220 kV AD
Hydro(Pimi)-Nallagarh Line
Delayed clearance of fault and line tripping
in NER
Prior to oscillation Simhadri Ext Unit 2 was
taken in Service. AVR of the Unit need to
be checked.

Inter-plant
Inter-plant
Inter-Area
Inter-Area
-

Due to tripping Vallur-Kalivanthapattu #2
only one line was available to for
evacuation of Vallur 850 MW
Mal-operation of over speed limiting gear
of Madras Atomic Power Station Unit-II
400kV Nalagarh-Patiala-I Tripping resulted
in loading of other circuit.

Inter-Area
Inter-Plant

The phenomena of low frequency oscillations which have been detected through
synchrophasor measurements is mentioned in the two volumes on Synchrophasor issued by
POSOCO in June 2012 and Dec 2013. These are also available at http://posoco.in/2013-0312-10-34-42/synchrophasors . These reports cover the period prior to synchronization of
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Southern Grid on 31st Dec 2013. After the synchronization of Southern Grid, the Low
Frequency Oscillations (LFO) experienced have been covered in NLDC’s Operational
feedback

to

CEA

and

CTU

in

April

2014

and

July

2014

available

at http://posoco.in/documents/operational-feedback .Out of these oscillations, the three
cases of frequently observed local oscillations are explained in the next section. The reason
for discussing such oscillation in detail is because such local oscillation problems get
aggravated during inter-area oscillation in the grid.

2.2

Local Issues of Oscillation in Indian grid

In Indian Grid, it has been observed that three system have experienced large number of
oscillations cases. These systems are as following:
1. Karcham Complex
2. CESC System
3. Palatana
2.2.1 Oscillation at Karcham
Oscillations have been observed frequently in the Karcham Wangtoo-Naptha Jhakri-Baspa
Complex since many years.The evacuation of 1500 MW Naptha Jhakri Hydel Power Station,
1000 MW Karcham Wangtoo Hydel Power Station, 300 MW Baspa Hydel power station &
412 MW Rampur Hydel power station is through 400 kV Jhakri-Rampur-Nallagarh D/C (at
present only one circuit LILO at Rampur HEP), 400 kV Jhakri-Panchkula-Abdullapur D/C and
400 kV Karcham-Abdullapur D/C. The connectivity is shown in figure 2.1.

Figure 2.1: Single line diagram of Karcham Complex
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All the generators in the complex generate at sustained overload of 10-20 %. The load on
evacuating lines is unevenly distributed. The lines from Jhakri towards Nalagarh/Patiala
(Punjab) are generally more loaded than those from Karcham towards Abdullapur
(Haryana). Any N-1 contingency causes the flow on remaining circuits from Jhakri & Rampur
to reach close to the thermal capacity of the conductors. The overloading of lines and
contingency of any of these lines has resulted in low frequency oscillation there. Previous
experience on LFO (Low Frequency Oscillations) at Karcham is also shown at the table in
section 2.1.
Prior to these cases also, oscillations were observed on 23rd August 2012(at 19:02hrs)
and 24th August 2012(at 04:08hrs) in the NEW grid. The oscillations on 23rd Aug 2012
coincided with the forced outage of 400kV Wangtoo-Abdullapur- ckt-1 & 2 (carrying
2x500MW) and 400kV Panchkula-Abdullapur ckt-2 (carrying 392MW). The antecedent
generation in the Jhakri-Baspa-Wangtoo complex was 3000 MW (Jhakri: 1600 MW,
Wangtoo: 1100 MW & Baspa: 300 MW). PMU plot of the oscillations is shown in the figure
2.2.In most of cases, the oscillations subsided after manual reduction of generation in that
complex.

Figure 2.2 Karcham Wangtoo Bus voltage during oscillation on 23rd August 2012

A SPS (Special Protection Scheme) for reliable evacuation of power from NJPS and Baspa
H.E.P Karcham Wangtoo and Rampur HEP is in place. Yet the problem of oscillation
persisting resulting in limiting the loading capability of lines.
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2.2.2 Oscillation at Palatana
There has been several case of low frequency oscillation reported by the Palatana CCGT
power Plant in North-Eastern grid. Palatana Power Plant is located in Tripura. It is a 726.6 (2
X 363.3) MW Combined Cycle Gas Turbine (CCGT) power plant based on ONGC's domestic
gas supply. 363.3 MW Module I (GTG: 232 MW and STG: 131 MW) of Palatana was
synchronised for the first time on 22.10.12 and commercial operation started on 04-012014. GTG II and STG II of Module II of Palatana was test synchronised for the first time on
08.03.14 & 30.03.14 respectively. Palatana is connected to the rest of the NER Grid through
400 kV Palatana- Silchar D/C lines, 400 kV Palatana-Surajmaninagar D/C lines (charged at
132 kV, currently only one line in service) and 132 kV Palatana-Udaipur line as shown in
figure 2.3. Power of 363.6 MW of Module I of Palatana is currently evacuated through the
above-mentioned lines.

Figure 2.3: Connectivity of Palatana with the Grid

Severe cases of Low frequency oscillation have been reported in the NER Grid nearby
Palatana, which are as follows:
1. At 23:35:07 Hrs on 11-August-2013, one 63 MVAR Bus-Reactor at 400 kV Silchar (PG)
substation was taken into service to improve the local voltage profile. Immediately
after switching, severe low frequency oscillations were observed from PMU data of
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all available nodes of NER up to 23:37:47 Hrs, a duration of 2 mins 40 secs. Following
this switching, heavy oscillations (hunting) were observed in Doyang HEP of NEEPCO
with the generation of Doyang and current of outgoing feeders from Doyang varying
rapidly. Similar oscillations were also observed at Loktak HEP of NHPC, with variation
of generation and rapid variation in current of outgoing feeders from Loktak. After
observing these oscillations, Manipur manually reduced its drawal to around 50 MW
(reduction of 15 MW) and Loktak reduced its generation to prevent overloading of
lines from Loktak. Due to heavy oscillations at Doyang HEP, Unit 2 of Doyang HEP
(Generation = 23 MW) along with 132 kV Doyang – Dimapur II line tripped at 23:36
Hrs, following which the oscillations subsided.

11th August 2013

Figure 2.4: R Phase voltage of Bus Voltage of various nodes.

2. On 09th August’14, sustained oscillation was also observed during 05:23:59.560 Hrs
to 05:28:20.120 Hrs. Palatana had reported hunting of GTG I and STG I between
05:15 Hrs to 05:55 Hrs. However, no instances of hunting of generators or lines could
be confirmed by other power utilities of NER. Palatana had reported that real power
of GTG I & STG I varied between 218- 227 MW and between 117-123 MW
respectively. Palatana also informed that oscillations are more prominent in STG I
than in GTG I, since STG I has much lower Moment of Inertia.
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Figure 2.4: Low frequency oscillation on 09th August 2014.

3. On 10th, 11th and 12th August also, Palatana generators reported oscillation.
2.2.3 Oscillation at CESC
The CESC, a distribution licensee in West Bengal operates within the city of Kolkata and its
adjoining suburbs having a peak demand to the tune of 1800 MW. The CESC has its four (4)
thermal generating stations at (i) Budge-Budge (3X250 MW) (ii) Southern (2X67.5 MW) (iii)
Titagarh (4x60 MW) and (iv) N. Cossipore (100 MW) and maintains its own generation in the
range of 1100-1200MW. To meet its demand, CESC imports power from WBSETCL at
Howrah, Lilua, Titagarh, Subhasgram (PG), and Kasba. However, at any point of time it
remains synchronously connected with rest of the grid at single point only (either at Kasba
or Howrah) and at remaining interconnections it draws power in radial mode. The network
diagram of CESC is shown in figure 2.5.At present CESC is synchronously connected with rest
of the grid at Kasba interconnection point. In case of multipoint connectivity, both at
Howrah and Kasba CESC had observed wheeling of power through its network, which leads
to unwanted high loading of its transmission lines. Thus at present CESC prefers single point
synchronization. Budge Budge is the largest generating unit in CESC system having 3 units of
250 MW capacities each. Status of Power system stabilizer at BBGS is as follows
Sl No
1
2
3

Generating
station
Budge-Budge
Budge-Budge
Budge-Budge

Unit No

Unit Size

Unit no. 1
Unit no. 2
Unit no. 3

250 MW
250 MW
250 MW

PSS
availability
No
No
Yes

PSS Tuned
In service
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Figure 2.5: CESC Geographical Map

CESC has observed and reported hunting of units there at Budge-Budge generating station
particularly on 4th, 9th, 10th, 11th , 12th and 13th August 2014.
Due to its single point connectivity, power oscillation caused by hunting of their machine is
also being reflected at Kasba interconnection point. The weak tie line interconnection with
the eastern grid along with no PSS tuning has resulted in aggravating the oscillation
observed in such cases. The same can be reflected in the generation plot i.e. MW and MVAr
of Unit 3 of Budge-Budge shown in 2.6 and 2.7 and terminal voltage of generator given in
figure 2.8. This suggests that to improve the situation, there is an immediate need to tune
the PSS of generators/provide PSS on the generators and tune them.

Figure 2.6: Active Power generation by Unit 3 of Budge-Budge Power plant on 9th August 2014
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BBGS Unit- 3 (MVAR) for 9th August 2014
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Figure 2.7: Reactive Power generation by Unit 3 of Budge-Budge Power plant on 9th August 2014
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Figure 2.8: Terminal Voltage of Unit 3 of Budge-Budge Power plant on 9th August 2014

Similar oscillations were observed on the 10th, 11th and 12th of August 2014 during the
oscillation observed in the entire grid.
So In this section, an overview of various cases of oscillations observed in Indian Grid has
been presented. Also, the local oscillations issues which may get aggravated during global
oscillation was also presented for the three oscillation prone area which is either due to
weak tie links or untuned PSS. In many of the oscillations cases, oscillation was mitigated
either by reducing of generation, modulation of HVDC, reducing line loading. In addition,
PSS tuning of generators have been done in some cases to mitigate such problems.
The next section describes the Low frequency oscillation observed in Indian Grid on 9th,
10th, 11th and 12th August 2014. The cases of aggravated oscillation were observed at
Palatana and CESC also during these dates when the oscillations were observed in the
Indian grid.
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3. Low Frequency Oscillation on 9th-12thAugust 2014
3.1

Introduction

During the early morning hours on 9-12 August 2014, Low frequency oscillations have been
observed in the Indian Grid. These oscillations have resulted in hunting in several of the
generating plant in Eastern, Western and Northeastern region. In addition, the oscillations
were observed in HVDC power order and several transmission lines. The magnitudes of
oscillation were quite high as observed from the SCADA as well as synchrophasor data and
the damping observed were less than 2 % and on few occasions has gone negative. This
chapter presents the analysis of the low frequency oscillation observed during these four
days.

3.2

Day 1: 09-08-2014

On 9th August 2014, System was operating under normal condition. At around 04:30 AM,
Calcutta Electric Supply Corporation (CESC) reported to Eastern Regional Load Despatch
Centre (ERLDC) about hunting being observed in the transmission line connecting the CESC
system with the West Bengal system in Eastern Region. With this ERLDC started looking into
the Phasor Measurement Units Data for the oscillation. This was then reported to the
National Load Despatch Centre (NLDC), which also verified that the oscillations are occurring
in the Grid. The oscillation were found to be observed in Eastern, Western and North
eastern regional grid with higher magnitude compared to Northern and Southern grid. The
period during which oscillation were continuously observed was 05:00 – 06:00 Hrs. The
same can be observed from figure 3.1.

Figure 3.1: Oscillation observed in Frequency measured from various PMUs on 9th August 2014.

The Oscillation was observed in every measured parameter from synchrophasors
measurement units. Figure 3.2 and 3.3 shows the R phase voltage of nodes and current of
feeders from these nodes respectively measured from several PMUs.
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Figure 3.2: Oscillation observed in R Phase Voltage measured from various PMUs on 9th August
2014.

Figure 3.3: Oscillation observed in R Phase Current measured from various PMUs on 9th August
2014.

Figure 3.4: Zoomed view of Oscillation in frequency between 05:40- 05:59Hrs along with online
Modal analysis. The blue dot indicates low damping below 3 % and cyan indicate negative
damping.
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Based on the visual inspection of the measured data, it was found that oscillations were
more in the eastern region compared to the other two regions. The frequency of the mode
was in range of 0.72-0.76 Hz, which can be observed in the oscillation monitoring engine
plot of NLDC WAMS system shown in figure 3.4. Several blue dot on modal analysis indicate
the low damping of the mode below 3 % and on few occasion negative damping as shown
with red dots. The oscillations were also recorded in western region OMS engine as shown
in figure 3.5.

Figure 3.5: OMS data of Western region PMUs indicating 0.75 Hz during the 04:00- 06:00 Hrs.

These oscillations were not observed in the grid after 06:00 hrs for the whole day. They
reappeared on the next day i.e. 10th August 2014 between 03:00-04:00 Hrs.

3.3

Day 2: 10-08-2014

On 10th August 2014, low frequency oscillations were again observed in between 03:00 04:00 Hrs. The Real time system operator at NLDC/RLDCs observed this oscillation in real
time along with various generators and utilities (APML Tirora, CGPL, CESC etc.). Figure 3.6
shows the frequency of various nodes in Indian grid where oscillations were observed. This
was also observed in other parameters like voltage, current, active and reactive power.
Figure 3.7 shows the current of R Phase from various feeders from PMUs across India. The
observed low frequency oscillation was again 0.75 Hz as observed from the OMS engine at
NLDC shown in figure 8. The damping observed was less than 3 % on most of the occasion,
which was of real concern. As no causative action could be determined for the previous day
oscillations, barring operation of HVDC Talcher-Kolar bipole above its rated capacity of 2000
MW (which is a normal operation as the bipole has an overload capability of 25% for 10
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hours in a day), operators have taken action to mitigate the oscillation by reducing the
HVDC Talcher-Kolar Power order. These oscillations subsided after 04:00 hrs and were not
observed throughout the day.

Figure 3.6: Oscillation observed in Frequency measured from various PMUs on 10th August 2014.

Figure 3.7: Oscillation observed in R Phase current measured from various PMUs on 10th August
2014.

Figure 3.8: Zoomed view of Oscillation in frequency between 03:50- 03:53 Hrs along with Modal
analysis. The blue dot indicates low damping below 3 %.
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3.4

Day 3: 11-08-2014

System Operator at NLDC/RLDCs observed the low frequency oscillation in the grid between
05:45-05:49 Hrs. This oscillation has not persisted for larger duration. Figure 3.9 shows the
frequency of various nodes in India along with the OMS results indicating presence of 0.75
Hz having low damping during the period. Similar observations were observed in other
power system parameters across Indian Grid.

Figure 3.9: Zoomed view of Oscillation in frequency between 05:46- 05:49Hrs along with Modal
analysis. The blue dot indicates low damping below 3 %.

During the day, no such oscillations were further observed. On the next day i.e. 12th august
2014 oscillation came to picture for a duration of 45 seconds.

3.5

Day 4: 12-08-2014

System Operator at NLDC/RLDCs observed oscillation at 12:43:30 to 12:44:15 Hrs. The
oscillation persisted for smaller duration this time. Figure 3.10 shows the frequency of
various nodes in Pan India measured from PMUs showing the oscillation. While the figure
3.11 shows the R phase current magnitude where oscillation can be observed across India.
The oscillations were of 0.58 Hz frequency, which was different from the oscillation,
observed since the past three days i.e. 0.75 Hz.
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Figure 3.10: Oscillation observed in Frequency measured from various PMUs on 12th August 2014.

Figure 3.11: Oscillation observed in R phase current measured from various PMUs on 12th August
2014.

The oscillation on consecutively four days with varying magnitude, varying timeline and
varying mode frequency has presented system operators with various challenges for
taking their course of action to. The non-observable frequency were observed in the grid
which need further analysis to find pout the root cause. To analyze the event, data from
all the generators/FACTS/HVDC were collected. The next section is on the analysis of
various data collected to find out the possible cause and the further initiative in this
regard.
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4. Observability of LFO on 9-12 August 2014.
To analyze the overall events, the first step is to find the observability of the oscillation
across the grid based on the data submitted from Generators, HVDC, FACTS, PMUs and
SCADA across India. The data from all India was collected and analyzed in details and the
findings are presented in this chapter.

4.1

HVDC and FACTS Response

The plots and data collected from all HVDC sub-stations were analyzed in details. The plots
from various HVDC and FACTS devices are given in the annexure 1. The conclusive remarks
observed from the HVDC and FACTS Devices are as following:
1. HVDC Talcher-Kolar Bipole, Back-to-Back Vindhyachal HVDC Power orders were
fluctuating during the above-mentioned period on 9th and 10th August 2014 as the
oscillation was high at these nodes. Both these nodes are connected directly with
more than 2000 MW generation complexes.
2. Oscillation were observed in the in the AC side voltage of Ballia for HVDC Ballia
Bhiwadi on 9th and 10th August which resulted in change of tap for the converter
transformer. The HVDC power order might have fluctuated for this HVDC, which
need to be ascertained from the Plots of Power flow of HVDC.
3. No oscillation was observed in HVDC Mundra Mohindergarh Bipole and HVDC
Rihand-Dadri.
4. Oscillation in Back-to-Back Gajuwaka HVDC could not be confirmed due to low
resolution of the data submitted from Gajuwaka end. Synchrophasor measurements
from Eastern region have shown the maximum oscillation have been observed in
these areas across all India.
5. The TCSC at Raipur, Gorakhpur and Purnea has not responded for these oscillations.
6. SVC response at Kanpur could not be ascertained with the low-resolution data from
SCADA.
From the above analysis it has been observed that the response of the HVDC and FACTS
devices were not observable for the incident on 9th and 10th August 2014. In addition, the
data submitted from utility end were not complete in respect to the HVDC Power order
variation, controller parameters variation, and sequence of event. Same is observed with
respect to the FACTS devices.
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4.2

Generating Units and Utilities

The response from various generating units and utilities have been received and analyzed in
view of low frequency oscillation. The summary of the analysis is as following:
•

Many of the high capacity generators in Western Region, Eastern Region and North
Eastern Region have reported the oscillation observed during 9th and 10th August
2014. These included APL Mundra, CGPL, APML Tirora, Korba West, JPL, Talcher,
Maithon, Palatana and others.

•

Many of the generating units have not submitted enough data for these events and
few have submitted in the low-resolution format where these low frequency
oscillations are not captured.

•

CESC has reported oscillation on all the days on their lines.

•

None of the generators in western region has reported any mal-functioning of the
control system. Report has been received from the MP SLDC, IPPs of Western
region. Chhattisgarh SLDC. No reports have been received from Maharashtra SLDC
and Gujarat SLDC.

•

Orissa SLDC has submitted that none of its major unit’s controller has malfunctioned on any days. Many of the Units in Orissa have observed the oscillation
during the period.

The plots and details received from Generator/Utilities have been attached in annexure 2.

4.3

SCADA Data of NLDCs/RLDC

The SCADA data of NLDC/RLDCs has been analyzed in details for looking into the various
perspective. The various plots of Demand and Inter-regional flows have been include in the
Annexure 3. The gist of analysis is presented here on day wise for the period during which
oscillation were observed.
Day 1: 04:00- 06:00 Hrs:
1. WR Demand was low compared to 7th, 8th, 10th and 11th august 2014.
2. ER-SR Inter-regional flow has been increased to 2850 MW since 04:15 Hrs and again
reduced back to 2650 MW at 05:53 Hrs. On previous day ER-SR IR Flow was 2900
MW throughout the 04:00-0600 Hrs but no oscillation were observed. The increase
was due to increasing the HVDC Talcher-Kolar and after oscillation observation, the
loading was reduced.
3. WR total Inter-regional flow was highest on 9th august 2014 compared to 7th, 8th, 10th
and 11th august 2014.
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Day 2: 02:30- 04:50 Hrs:
1. WR Demand was highest on 10th August 2014 between 02:30-04:50 Hrs compared to
7th, 8th, 9th and 11th August 2014. (More than 4000 MW compared to 9th August)
2. ER Demand was lowest on 10th August 2014 between 02:30-04:50 Hrs compared to
7th, 8th, 9th and 11th August 2014. (More than 1000 MW compared to 9th August)
3. ER net inter-regional flows were highest on 10th August 2014 between 02:30-04:50
Hrs compared to 7th, 8th, 9th and 11th August 2014. (More than 600 MW compared to
9th August)
Day 3: 05:30- 06:00 Hrs:
1. All India demand was least between 05:30 to 06:00 hrs on 11th August 2014. (Around
3000 MW less compared to 9th august )
2. The NR demand was also less by 3000 MW between 05:30 to 06:00 hrs on 11th
August 2014 compared to 7th-10th August 2014.
3. This has resulted in lower NR net IR flows.
Day 4: 00:00-06:00 Hrs:
No specific change in pattern was observed.
Based on the data it can be observed that, there was not a very significant change in the
demand, inter-regional flows during the four days.
The Alarm Lists also did not show up any significant event which could have triggered these
oscillations.

4.4

PMUs Data of NLDC/RLDCs/SLDC

The Plots of PMUs data from Pan India is attached in Annexure 4.It was observed that the
oscillations were dominant in eastern region, followed by north eastern and western region.
The amplitude of oscillation was less in Northern and Southern region. The oscillations were
observable in frequency, active power, reactive power, voltage and Current monitored
through the PMUs.

4.5

Change in the Network Topology since past Month

Major changes in the network topology in the grid are as following:
1. 765 kV Dharamjaigad –Jhasurguda D/C commissioned.
2. LILO of 400 kV Raigarh-Raipur 4 at KSK.
3. Removal of one of the LILO portion of Sterlite from Raigarh-Rourkela ckt.
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4. 500 kV Chandrapur-Padghe HVDC Bipole outage since 8th August 2014 Morning
Hours.
The other major outages in the period are given in annexure 4.
In this section, observability of the oscillation from the various recorded available from the
Generators, Utilities, HVDCs, FACTs etc. have been discussed. This gives an Idea of the
system response towards the oscillations. It was found that no major change in the system
was observed. The Demand in the grid during the period was low and the loading of lines
were not critical. The next section analyses the Synchrophasor data using various
available methods.
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5. Synchrophasor Data Analysis for Mode Characterization
For the event on all the four days, Synchrophasor data was analyzed from all India PMUs.
This section describes the analysis and discussion of the results. The analysis that have been
done are the modal analysis on the frequency data and mode shape determination,
classification of coherent group based on the mode shape, Magnitude based analysis for
finding the probable root cause of the events, Mode energy index, Mode propagation path
based on current of various transmission lines measured from PMUs, Online OMS data etc.

5.1

Modal Analysis of Frequency and Coherent Group Detection

PMU data was collected from All India and modal analysis using Matrix Pencil method for all
the PMUs. The method provides the mode frequency, mode damping, and mode amplitude
and mode shape. Mode frequency gives the frequency observed during the occurrences
while mode damping provides the details about how fast the mode will be damped. Mode
shape gives the coherency of the generators while the amplitude provides how much was
the oscillation observed in the quantity.
Day 1 09-08-14:
PMU data of 30 seconds during maximum oscillation period (05:24:00-05:24:30 Hrs) was
analyzed for determining the mode shape of the various PMUs. Figure 5.1 and Figure 5.2
shows the mode shape observed during the first day of oscillation. In both plots, Jeypore has
been taken as reference and other modes are being aligned accordingly. It can be observed
that various coherent group are being formed during the oscillation. Mode frequency was
0.76 Hz with a combined damping ratio of 1 %.

Figure 5.1: Mode shape of Group 1 observed for the Frequency 0.75 Hz.
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Figure 5.2: Mode shape observed for the Frequency 0.75 Hz.

In the mode shape, Jeypore is being taken as reference and other modes are being aligned
accordingly for finding out the coherency. The reason for taking Jeypore as reference is
based on the maximum oscillation magnitude observed there. The mode shape provides
the various coherent group observed in the system for the 0.75 Hz. The analysis of the mode
shape exhibit various coherent group in the system for 0.75 Hz, which are as following:
Group

Nodes

Range of Phase shift
w.r.t Jeypore

1

Jeypore, Talcher,Rengali,Rourkela

-10 to 20

2

Bhadrawati,Vindhyachal,Bina(MP),Itarsi,Agra

-50 to -70

3

APL Mundra,CGPL,Dehgam

150 to 170

4

Farakka,Durgapur

85-95

5

Ballia,Sasaram

60-70

6

Raichur,Boisar,Solapur,Kalwa

-135 to -85

7

Agartala,Nehu,Badarpur,Imphal,Misa

-10 to -40

8

Binaguri,Bongaigaon

40 to 60

Day 2 10-08-14:
Similar to day 1 analysis of frequency, peak time period was selected for analysis i.e.
04:03:00-04:03:30 Hrs.Figure 5.3 and Figure 5.4 shows the mode shape observed during the
second day of oscillation. Here also Jeypore been taken as reference and other modes are
being aligned accordingly. It can be observed that various coherent group are being formed
during the oscillation. Mode frequency observed from analysis was 0.73 Hz with a combined
damping ratio of 1.2 %.
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Figure 5.3: Mode shape observed for the Frequency 0.73 Hz.

Figure 5.4: Mode shape observed for the Frequency 0.73 Hz.

During these oscillations, the coherent group observed was same as the day 1. This
illustrates that the mode 0.75 Hz will show the same coherency until there is large change in
the network configuration.
Day 3 11-08-14:
On this day oscillation were observed for small duration and the peak time when maximum
oscillation were observed were selected for analysis i.e. 05:47:00- 05:47:30 Hrs. The
observed mode during this duration was 0.75 Hz with 1.12 % damping for combined PMU
data analysis. The mode shapes have been shown in figure 5.5 and 5.6 that illustrate that
the coherency observed in this period is same as the previous days.
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Figure 5.5 Mode shape observed for the Frequency 0.75 Hz.

Figure 5.6 Mode shape observed for the Frequency 0.75 Hz.

Day 4 12-08-14:
On the fourth day also oscillation were observed in the grid for smaller duration. To find out
the mode and other characteristic, frequency data of all PMUs for 00:43:30 – 00:4:00 Hrs
was analyzed. It was found that the oscillation frequency observed this time was 0.6 Hz
which not same as the last three days. In addition, the variation is also observed in the
mode shape as shown in figure 5.7, 5.8 and 5.9. The coherencies in earlier three cases were
widespread over the 360 degrees while here it has reduced within 180 degrees.
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Figure 5.7 Mode shape observed for the Frequency 0.6 Hz.

Figure 5.8 Mode shape observed for the Frequency 0.6 Hz.

Figure 5.9 Mode shape observed for the Frequency 0.6 Hz.
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The coherent group observed during this time is as following:
Group

Nodes

Range of Phase Shift
w.r.t. Jeypore

Boisar, Solapur 765, Kalwa, Bina, Farakka, Solapur
1

400, Durgapur, Itarsi, Jeypore, Talcher, Jabalpur,
Rengali, Jamshedpur, Vindhyachal(VSTPS), Ranchi,

-30 to 30

Rourkela, Bhadrawati
2

Bongaigaon,Binaguri

-60 to -50

3

CGPL, APL Mundra, Dehgam, Sasaram, Ballia,

-95 to -75

4

Agartala, Badarpur, Imphal, Nehu, Misa, Sarusujal

5

Thrissur, Sriperumbudur, Tirunelveli

6

Ramagundam, Vijaywada, Raichur, Gooty

-130 to 110
-160- to -150
-110 to -70

Observation from the Mode shape of 0.75 Hz and 0.6 Hz
Coherencies of generators are best expressed in terms of the generator angles or speed [6].
As many a times such signals are not available or available with no time synchronization, so
a better approximation is the frequency of the generator bus voltage (or nearby bus). Based
on this, the above mode shape of frequency of all India PMUs for the four days were
analyzed in details and findings are presented below.
It can be observed that the coherent group of generator in case of 0.75 Hz and 0.6 Hz has
changed. The coherency in case of 0.75 Hz has resulted in various coherent group formation
that are Southern Orissa, Eastern part and Western region of Western Grid, North-Eastern
grid, West Bengal etc.. The first three areas are generator concentrated area, which are
making a coherent group. Further NER system is also participating which is due to the
weaker tie link to the rest of the system. It can be observed that the tie line nodes of NER
i.e. Bongaigaon and Binaguri are having a phase shift w.r.t rest of NER PMUs by more than
25 degrees.
The coherency in case of 0.6 Hz is changed in comparison to the 0.75 Hz as here the
Orissa and Eastern part of Western region have converged to a single coherency group. The
western parts of Western grid constituting of Large Generating plant CGPL, APL are having
one group. The NER system shows the similar behavior as observed for 0.75 Hz. The SR Grid
also shows two coherent group here, which are northern and southern part.
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The various coherent groups are shown in the figure 5.10 and 5.11 for 0.75 Hz and 0.6 Hz
respectively.

Figure 5.10 Coherent Group observed for 0.75 Hz

Figure 5.11 coherent Group observed for 0.6 Hz
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5.2

Eigen Value Analysis of Oscillation Using Residue Method

The Data was also analyzed using Residue method and the mode shape plots for the
dominant PMUs for all the four days is shown below. The details of the Residue method are
given in Annexure 9.6.

Figure 5.12 Mode shape observed for the Frequency 0.75 Hz on 9th August 2014.

Figure 5.12 Mode shape observed for the Frequency 0. 73 Hz on 10th August 2014.
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Figure 5.13 Mode shape observed for the Frequency 0.75 Hz on 11th August 2014.

Figure 5.14 Mode shape observed for the Frequency 0.6 Hz on 12th August 2014.

It can observed that the mode shape computed from this matched matches with the mode
shape from matrix pencil method.
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5.3

Prony Analysis of Oscillation

The oscillation was also analyzed using the Prony method and the mode shape is presented
below [28]. The detail of the Prony method is given in annexure VII.

Figure 5.15 Mode shape observed for the Frequency 0.75 Hz on 9th August 2014.

The Mode shape for 0.75 Hz on 9th August 2014 is shown in figure 5.15. It is observed that
the maximum oscillations were observed at Jeypore, Rengali and Talcher. The spatial
distribution of mode shape of various nodes is similar to what has been observed using the
Matrix Pencil method.

Figure 5.16 Mode shape observed for the Frequency 0. 73 Hz on 10th August 2014.

The Mode shape for 0.73 Hz on 10th August 2014 is shown in figure 5.16. It is observed again
that the maximum oscillations were observed at Jeypore, Rengali and Talcher. The spatial
distribution of mode shape of various nodes is similar to what has been calculated using the
Matrix Pencil method in section 5.1
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Figure 5.17 Mode shape observed for the Frequency 0. 75 Hz on 11th August 2014.

The Mode shape for 0.75 Hz on 11th August 2014 is shown in figure 5.17. It can be observed
that that the maximum oscillations were again observed at Jeypore, Rengali and Talcher.
The spatial distribution of mode shape of various nodes is similar to what has been
calculated using the Matrix Pencil method in section 5.1

Figure 5.18 Mode shape observed for the Frequency 0. 6 Hz on 12th August 2014.

The Mode shape for 0.6 Hz on 12th August 2014 is shown in figure 5.18. It can be observed
that that the maximum oscillations were again observed at Jeypore, Rengali and Talcher.
The spatial distribution of mode shape of various nodes is similar to what has been
calculated using the Matrix Pencil method in section 5.1.

The above three method of analysis has shown the confidence level of various methods
utilized in offline mode for analysis of Low frequency oscillation as all the three methods
have given the same results.
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5.4

Amplitude and Energy of Oscillation

In this section amplitude and energy of the observed mode is discussed for all the four days.
The Mode amplitude and mode energy provides a better view if the root cause of the
problem has to be found. It provides the basic idea where the problem is severe and where
it is not. These have been explained in chapter 1. Mode amplitude is obtained from the
Matrix Pencil while mode energy is obtained from prony method.
Day 1 09-08-14: Figure 5.19 and Figure 5.20 shows the amplitude and energy of 0.75 Hz
observed from the various PMU signal. It can be observed that mode has maximum
observability in Southern Orissa followed by other nodes.

Figure 5.19 Mode Amplitude observed for the Frequency 0.75 Hz.

Figure 5.20 Mode Energy observed for the Frequency 0.75 Hz.
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Figure 5.21 Mode Energy observed for the Frequency 0.75 Hz for various nodes.

It can be observed here that, mode amplitude and mode energy reflects the similar pattern
during the oscillation. In addition, figure 5.21 shows the geographical spread of the mode
energy. Here it can be highlighted that mode energy was highest in Eastern region followed
by Western and Northeastern region and were very less in northern and eastern region.
Based on the observability, it can be said that this 0.75 Hz mode is one the inter-area mode
of Eastern Region with Western and North Eastern region. Adding to it, it has been observed
that whenever inter area mode are observed in the grid , the North Eastern region
participation is high which may be attributed to the reason that it is connected via only four
lines ( 2 x 400 kV and 2 x 220 kV Lines) to rest of the grid. Based on the measurement the
epicenter of oscillation was near to Jeypore, Talcher and Rengali.
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Day 2 10-08-14: The amplitude and mode energy of 0.73 Hz is similar to what has been
observed on day 1 for 0.75 Hz. This is reflected from figure 5.22 and 5.23, which shows the
mode amplitude and energy respectively.

Figure 5.22 Mode Amplitude observed for the Frequency 0.73 Hz.

Figure 5.23 Mode Energy observed for the Frequency 0.73 Hz.
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Day 3 11-08-14:On the third day also, the mode amplitude and mode energy for 0.75 Hz is
similar to what have been observed on the day 1 and 2 as shown in figure 5.24 and 5.25.
The oscillation were concentrated in South Orissa followed by eastern Region other nodes,
Western and North Eastern region.

Figure 5.24 Mode Amplitude observed for the Frequency 0.75 Hz.

Figure 5.25 Mode Energy observed for the Frequency 0.75 Hz.
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Day 4 12-08-14: The mode energy and mode amplitude observed during 0.6 Hz oscillation is
slightly changed compared to the other three days. Oscillation is more observed in South
Orissa (Jeypore, Talcher and Rengali) compared rest of the nodes as shown in figure 5.26
and 5.27. In addition, here the participation of southern grid has increased compared to the
0.75 Hz observed in earlier occasions.

Figure 5.26 Mode Amplitude observed for the Frequency 0.6 Hz.

Figure 5.27 Mode Energy observed for the Frequency 0.6 Hz.
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Figure 5.28 Mode Energy observed for the Frequency 0.6 Hz for various nodes.

Figure 5.28 show the geographical distribution of the nodes and their energy for 0.6 Hz. It
illustrate that oscillation is dominant in eastern grid followed by northeastern, Western,
Northern and Southern grid in order.

5.5

Online OMS data (NLDC and All RLDCs)

The historical archive of WRLDC oscillation monitoring engine as given in annexure 5 does
not show the presence of the 0.75 Hz mode in the recent past with higher energy content or
negative damping. The mode was observed on the occasions as discussed in the chapter 3
with negative damping and higher amplitude/energy content.
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6. Overall Analysis
From the above analysis it was observed that oscillation of 0.75 Hz was observed on the 9th
and 11th August 2014, 0.73 Hz on 10th August 2014 and 0.6 Hz on 12th August 2014. The
oscillation observability was dominant near Jeypore, Talcher and Rengali on all the above
occasions and prevailed dominantly in eastern grid. Further, the oscillations were also
prominent in North Eastern and Western grid. The observability of these oscillations was
very less in Northern and southern region. Generators at APML Tirora, CESC, APL Mundra,
Talcher, Palatana, and Maithon reported hunting in their units which is really a cause of
worry since all these generating stations are far away from each other and are responding
to each other during the oscillation. These oscillations effect was observed on the HVDC
Talcher- Kolar Power (oscillations were observed in power order) and HVDC Ballia-Bhiwadi
(Tap changer of converter transformer due to AC side voltage oscillation at Ballia). During
the period HVDC Talcher-Kolar bipole and HVDC Back to Back Gajuwaka was found to be
loaded at 2160 MW and 700MW respectively, which was higher than the usual power flow
but well within the normal limits and was reduced later as a preventive action.
In all the four days, oscillations were seen in the early morning hours. The load and the
line flows were fairly within the limits and the system was not in stressed condition. As
reported, none of the generators has said about any problems with controllers. In addition,
since no switching events were reported or confirmed from SCADA SOE/Alarms, the
oscillations occurred during 9th, 10th, 11th and 12th of August 2014 can be attributed to
ambient changes in generation schedules and loads. The LFO observed in such cases is a
matter of concern.
The coherent group formation was also one of the finding of the analysis. Many of these
coherent groups are well known based on the past experiences and studies. These suggest
the requirement of tie links between these areas to be properly strengthened. The
coherency of 0.75Hz mode in the Indian grid is now properly known since on 9th, 10th and
11th of August 2014 this mode was observed and showed the similar coherency pattern. The
0.6 Hz mode on 12th August 2014 had a different coherency pattern; however the
observability was again maximum at Jeypore which was the case on all the previous three
days. The southern grid generators responded the least in all the cases confirming that this
mode is not related to southern grid. On previous occasions, it was observed that the
Southern region oscillated with the NEW grid connected by two 765kV AC lines and 3 HVDCs
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by 0.2Hz. A baselining of mode can therefore be done. Hence as a baseline of the modes
based on experiences are as following:
1. Mode 0.2-0.25Hz

: Southern grid and NEW grid

2. Mode 0.7-0.75Hz

: Eastern, North Eastern and Western Grid.

3. Mode 0.6 Hz

: Eastern, North Eastern and Western Grid.

4. Mode 0.5 Hz

: North Eastern grid with rest of the Grid.

These observations suggest an immediate need of course of action to be planned for finding
out the small signal stability issues in the rapid growing Indian grid. These actions are based
on the experiences in the Indian grid and worldwide adopted practices.
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7. Action Plan
A reference to ‘Small signal stability’ is required in the Manual on Transmission Planning
Criteria issued by CEA as the same is missing in January 2013 version. A similar treatment is
required in all the relevant CEA or CERC Regulations. Regulation 2 of the CEA (Technical
Standards for Connectivity to the Grid) Regulations, 2007 stipulates that ‘the new
connection shall not cause any adverse effect on the grid.’ Regulation 6 specifies the various
interconnection studies required to be carried out in the planning stage by the Appropriate
Transmission Utility. While ‘transient stability’ and ‘voltage stability’ is explicitly mentioned,
‘small signal stability’ also needs to be covered. Part II of these CEA Standards prescribes
that ‘The Automatic Voltage Regulator of generator of 100 MW and above shall include
Power System Stabilizer (PSS)’. Similar stipulation is there in Regulation 10 (2)(g)(i) of the
CEA (Technical Standards for Construction of Electrical Plants and Electric Lines) Regulations,
2010. The Indian Electricity Grid Code (IEGC) notified by CERC however mentions in Section
5.2 (k) that ‘Power System Stabilizers (PSS) in AVRs of generating units (wherever provided),
shall be got properly tuned by the respective generating unit owner as per a plan prepared
for the purpose by the CTU/RPC from time to time. CTU/RPC will be allowed to carry out
checking of PSS and further tuning it, wherever considered necessary.’.

Schedule VI of the CEA (Technical Standards for Construction of Electrical Plants and Electric
Lines) Regulations, 2010 specifies several system studies in connection with HVDC systems.
Load flow, stability, modulation and frequency controller design study is one of them.
Section 5 of this Schedule VI covers the various control features required on HVDC systems.
‘AC system stability function, such as power swing damping function’ is one of them.

Thus it would be seen that while the CEA/CERC Regulations have some stipulations with
respect to controls, these provisions might need to be further elaborated in the context of
interconnection of grids, large number of Power Electronic Devices such as HVDC, SVC,
STATCOM and TCSC and the problem of small signal stability. Simultaneously
comprehensive studies are required in the long term planning horizon. All grid connected
entities must be obligated to follow the Regulations and any remedial measures suggested
by the CTU/STU for improving small signal stability else they should face a possible
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disconnection from the grid. In the operating horizon, the network models need to be
validated periodically based on field data.
The root cause of the oscillation observed on 9th - 12th August 2014 need to be ascertained
from detailed simulations with adequate data from generators and transmission utilities
rather than from the measurement based analysis only. . There is a need of taking various
action in this regard for the finding the cause of such oscillations observed in pan India
Network. Following are the suggested actions in this regard.
7.1 Model Based Analysis for Small Signal Stability:
1. For studying any behaviour observed in the power system, an accurate model based
study is to be carried out. Offline model based studies are essential for taking care of
problem before hand rather than totally depending on measurement based studies
which are only postfacto. However, these measurement based studies are important
to fine tune the offline model . This was also emphasized by Prof. Kundur during his
visit to India. Measurement based analysis can be used for confirming the accuracy
of offline simulations and model validation. A software performing model based
small signal stability analysis is required for this study.
2. A robust model based analysis requires accurate dynamic models of the generator,
exciter, governor, automatic voltage regulator, power system stabilizers and FACTS
devices. Knowledge of this data is of paramount importance while studying the
dynamic characteristics of the system. The effect of tuning of Power system
stabilizers on the system should be validated using model based studies. An exercise
for collecting the dynamic data from the generators must be carried out to update
the dynamic file as per field values.
3. Given the level of precision that is expected for analysis of small signal stability issues
and the transient phenomenon, there is definitely a need to have an updated
dynamics data file for the entire National Grid. Feeding in the standard data for all
the generators seems to be the most feasible option but it may or may not give us
the desired results and we will not have full confidence in the simulation results. In
view of this model parameter estimation/model validation of generators need to be
done on regular interval. The excerpt from North American Reliability Corporation
(NERC) is produced below on the above subject :
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•

“Power system engineers need to work closely with the equipment vendors
upon commissioning to obtain a validated model based on comparisons with
observed dynamic performance for each such device”.

•

In particular, if a new device cannot be modelled, it should not be
interconnected. All devices and equipment attached to the electric grid must
be modelled to accurately capture how that equipment performs under static
and dynamic conditions.

•

“Both power flow models and dynamics models should be periodically
benchmarked against actual system conditions. To do so, the power flow
model must first be adjusted to mimic the measured system conditions. That
process requires accounting for system topology conditions, including open
breakers, abnormal switching configurations, etc. That often requires remodelling stations into node-breaker topology from the normal power flow
bus-line configuration. That process is often manpower intensive (much of
this is still done manually), prone to errors, and very time consuming.”

International practices suggest that there must be proper augmentation of efforts
(time and manpower) if accurate modelling of the system is required and get the
correct response to from the simulation of disturbances.
4. There is a need of such studies to be augmented at planning levels for inter-area
nature of oscillation. This will help in better planning of the HVDCs and FACTS
devices in the system and better small signal stability.
5. There is need of regulation for the model validation and determination for the
generators. This is very much required and practiced extensively in the USA/Canada
(NERC Standard MOD-024-1 to MOD-027-1), National grid (in the Grid Code in
section of Planning Code (PC), the Connection Conditions (CC), and Operating Code 5
(OC5)), Australian Grid (Template for generator compliance programs). The bulk
power system analysis need better model which need to be measured and validated
for larger Units above 100 MW. Further, there should be provision of periodic testing
of the generators after certain years for model calibration with aging of the Units.
7.2 Power System Stabilizers (PSS)/Power Oscillation Damper (POD) Tuning:
1. Need of regulation/Compliance, which should mandate generators to tune their PSS
and submit the test reports to the CTU/STU before permanent connection to the
transmission system is allowed. The Grid Code mandates that Generators in
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coordination with CTU and RPCs will do the PSS tuning with provisions for the latter
to check the same. Yet it has been observed the number of PSS tuned generators in
system is very less with so many large generators, which has been commissioned in
the recent years. This has resulted in less damping torque in the system.
2. It was observed that POD of FACTS devices and HVDC have not acted for these
oscillations. The tuning of controllers of PSS, and POD tuning of HVDC links and
FACTs devices must be rechecked. The feedback on the dominant mode of
oscillations could be the basis of any such tuning exercise.
3. There should a period/determining factor, which should be used for retuning of the
POD of the FACTS devices such as the change in the observed mode frequency,
change in network near by the FACTS/HVDC.
4. With every network changes, the study of behaviour of the modes is to be carried
out. Due to changes in network topology retuning of the PSS controllers may be
required. The PSS of the generators may need retuning based on the change in the
network topology as such the case of rapid growing Indian grid. Ideally the tuning
exercise should be robust that frequent retuning must not be required.
7.3 Intimation and Data Submission during Oscillation
1. In the event of oscillations, the data are not being submitted by the
SLDC/Generators/Transmission licensee, which results in incomplete analysis of the
events. In view of this, all utilities should submit fine resolution data/DR/EL/SOE/DAS
from their end in case of system operator has observed the oscillation in the system.
The controller parameters recording from the various HVDC/FACTS devices need
recording. The SOE from many of the HVDC/FACTS were not been provided which
was not ascertaining the overall response of HVDC and FACTS devices towards the
oscillation.
2. In addition, it was observed that generators are not informing/reporting the
SLDCs/RLDCs in case of oscillation being observed in their Units. This is very serious
in view that a local problem may aggravate and result in global issues, which may
threaten grid security. So, such information should be intimated to the SLDCs/RLDC
in real time.
7.4 Development in Use of WAMS in Real time and offline mode
1. Need of collecting and archiving the characteristic modes across the regional
boundary during the transient phenomenon. This will help in finding out the
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requirement of tuning of FACTS and HVDC POD for the modes being observed across
the boundary. For example the 0.2 Hz mode across NEW and SR grid after
synchronization.
2. The transfer limits in the intertie lines should also consider stability limits.
3. Baselining of voltage angles and coherency of the generators should be performed
and rechecked from time to time.
4. Slow and Fast coherency of the system need to be determined and the feedback
should be provided to the planners for strengthening of system to reduce the antiphase oscillation as the coherency demonstrate the point around which separation
of system will occur.
5. The real time operator would ultimately require tools to suggest mitigation of Low
Frequency Oscillations in real time. [29].
7.5 Course of Action in respect to Unified Real Time Dynamic State Measurement
(URTDSM) project under implementation:
1. The oscillation monitoring system, which has been installed at RLDCs/NLDC in the
pilot projects need further enhancement. It was found that the Oscillation
Monitoring system at NERLDC, SRLDC, NRLDC and NLDC (Common vendor) is capable
of performing oscillation analysis only for a single signal. The OMS engine at WRLDC
is able to perform oscillation analysis on various PMU data with ambient as well as
event based engine implementation. The OMS engines currently are not generating
any alarm for the system operator. With such fast rate data (25 samples per second),
the operator may not be able to notice the events while if the large amount of data
is displayed then also it will not be helpful to the operator. The number of PMU
screens before the operator and the time window displayed is also very important. A
10 minute window is useful to detect oscillations but may be too less if the operator
is busy in a telephonic conversation or coordinating any outage activity. In view of
these challenges , the various criteria’s for better oscillation monitoring system need
to be defined which should help operator in easy detection :
•

OMS engine should be able to run simultaneously on various PMUs data and
provide the mode shape for the various dominant mode simultaneously.

•

It should be able to perform ambient analysis as well as event-based analysis.

•

It should provide the mode shape and coherency in polar plot for better
visualization.
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•

It should classify the observed mode based on the events, amplitude/energy,
duration, epic centre and damping. This will help operator in defining the
coherency during transient as well as ambient condition.

•

It should generate alarms to the operator based on the above classification
and provide the epicentre wise visualization for finding the probable source
of oscillation.

2. Along with these, other PMU application which need further attention in view of the
upcoming URTDSM project are as following :
•

Event based alarms in real time for operator with complete observability of
the system.

•

Event classification based on data mining and knowledge based system.

•

Alarms based on the digital flag of the PMUs.

•

A lot of effort in contour based visualization of Indian Grid in terms of voltage
for better situational awareness of the operator at each levels
(SLDC/RLDCs/NLDCs).

•

Dynamic State estimation or Hybrid State estimation to be provided in
conjunction with the dynamic line rating. This is required for the operator to
have better confidence while utilising the dynamic line rating in real time.

•

Above all a robust and redundant communication links for transfer of the
PMU data as it is observed that in the current pilot project, communication is
a serious bottleneck. This needs to be improved as the number of PMUs
being monitored goes up.

These are small yet are of utmost requirement from the users of the synchrophasor
data in real time.
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9. Annexure
9.1 Annexure A: States in the power system and Model Based Analysis
The dynamics of the system can be represented as coupled first order differential equations
and algebraic equations together called as differential algebraic equations for simulation of
power system. Power system consists of many dynamics components such as generators,
exciters, governors, power system stabilizer (PSS) etc. Each of these components consists of
state variables. A state variable is one of the set of variables that are used to describe the
mathematical "state" of a dynamical system. Intuitively, the state of a system describes
enough about the system to determine its future behaviour [5].The differential algebraic
equations can be represented in a state space, which is explained in next few paragraphs.
The operating point of the system represented in state space having n states will be a point
in an ‘n’ dimensional space with the n-states as the axes. This is however not the unique
way of representing an operating point. However, it represents the whole information of
the operating point. An operating point can be defined by a very different set of state
variables. However, standard practice is to use the differential variables as the states. A 2D
representation for better understanding is shown in Figure 1.1.

Fig 1.1: State Space representation

𝑥1 and𝑥2 are states and the curve shows the various operating points. For example, at some
instant an operating point has the coordinates as (𝑥10 , 𝑥20 ). Likewise the power system can
also be represented by combination of operating point of the all its elements and can be

shown as a point in an ‘n’ dimensional space where n is the number of states in power
Page 64 of 126

system. For example, if a power system consists of n number of states 𝑥1 , 𝑥2 … … . , 𝑥𝑛 then

an operating point can be defined as a point in an n dimensional space whose co-ordinates
are�𝑥10 , 𝑥20 , … … . , 𝑥𝑛0 �.State space representation of the whole power system is then

linearized as the changes for small signal will be very small and based on this the solution is
obtained. The solution gives the various oscillatory frequency (modes) and the participation
by each of the generators in these modes.
As stated before, the power system can be represented as a set of differential and algebraic
equations. The variables, which are differentiable, are considered as states. For example, for
a classical model of a generator, the 𝛿 and the 𝜔 are states. Equations of a generator
represented as classical model is presented below:
𝑑𝛿
𝑑𝑡

𝑑𝜔
𝑑𝑡

(1)

= 𝜔𝑟 − 𝜔0

=

𝑇𝑒 =

1

2𝐻

(𝑇𝑚 − 𝑇𝑒 )

(2)

𝐸𝑞 𝑉𝑡 sin 𝛿

(3)

𝜔𝑟

Solving a nonlinear set of equations for whole power system is extremely difficult and it will
take a large computing space and time. However if it can be linearized at an operating point
and with this the computational efficiency can be greatly improved. As it is found that
oscillations due to ambient conditions (small changes) are a problem of small signal stability.
For small changes or perturbations in the system, the system can be assumed as linear.
Therefore, this forms the basis of utilization of state space representation of system and
solving them using linearization techniques to analyse to small signal stability [2, 4]. There
are well-established and computationally efficient methods available, which can solve the
problem [2]. Now, linearizing equations 1, 2 and 3 according to partial differentiation
definition gives:∆𝑓(𝑥1 , 𝑥2 ) = ∆𝑥2
And representing

𝑑𝛿
𝑑𝑡

𝜕𝑓(𝑥1 ,𝑥2 )
𝜕𝑥1

+ ∆𝑥1

𝜕𝑓(𝑥1 ,𝑥2 )
𝜕𝑥2

(4)

𝑑𝜔
as 𝛿̇ and as 𝜔̇ the following set of equations forms,
𝑑𝑡

∆𝛿̇ = ∆𝜔𝑟

∆𝜔̇ 𝑟 = −

∆𝑇𝑒 =

̇1

2𝐻

𝐸𝑞 𝑉𝑡 cos 𝛿
𝜔𝑟

(5)

(∆𝑇𝑒 )

∆𝛿 −

(6)

𝐸𝑞 𝑉𝑡 sin 𝛿
𝜔𝑟2

∆𝜔

(7)
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For obtaining the system matrix, algebraic equations have to be removed. Therefore, if ∆𝑇𝑒

in equation 6 is replaced by equation7, we get a set of two differential equations, which are
linear in nature. The state matrix can therefore be formed as
�

0
∆𝛿̇
� = �𝐸𝑞𝑉𝑡 cos 𝛿
∆𝜔̇ 𝑟
𝜔𝑟

−

1

𝐸𝑞 𝑉𝑡 sin 𝛿 � � ∆𝛿 �

∆𝑥̇ = 𝐴𝑥

𝜔𝑟2

∆𝜔

(8)
(9)

This can be assumed as shifting the origin of the axis in Fig. 1.2 (given in chapter 1) of the
report to the operating point. The matrix A is the system matrix of the classical model of the
generator. For a particular operating point, the values of 𝐸𝑞 , 𝑉𝑡 , 𝛿 and 𝜔𝑟 are the values at

that operating point. Similarly, for higher order models of the generator, exciters,
governors, and PSS a system matrix can be formed for the entire system by linearizing the
equations of the system at an operating point and eliminating the algebraic equations. It will
be represented as,
∆𝛿1
∆𝛿 ̇
⎡ 1⎤
⎡∆𝜔 ⎤
̇
⎢∆𝜔
⎢ . 1⎥
. 1⎥
⎢ . ⎥
⎢ . ⎥
⎢ ̇ ⎥ = 𝐴⎢
⎥
⎢ ∆𝛿2 ⎥
⎢ ∆𝛿2 ⎥
⎢∆𝜔2 ⎥
⎢∆𝜔2̇ ⎥
⎢ . ⎥
⎢ . ⎥
⎣ . ⎦
⎣ . ⎦

(10)

Where the subscript denotes the number of the generator, exciter, governor or PSS. Once
“A” Matrix is formed, its Eigenvalues, left and right Eigenvectors can be found out by solving
it. The Eigenvalues of the matrix A gives the inherent modes of the system. Further, it needs
to be seen that which state variables are contributing to the modes. It can be obtained from
the participation factors [2, 4].
Suppose 𝜆1 , 𝜆2 , … , 𝜆𝑛 are the Eigen values of the system and the left and right Eigen

vector matrices are represented by 𝜙 and 𝜓 respectively, the participation factor is given by
element by element multiplication of left Eigenvector matrix and transpose of right
Eigenvector matrix.
𝑝𝑖𝑗 = 𝜙𝑖𝑗 𝜓𝑗𝑖

(11)

The one having the highest participation factor contributes the highest to the mode.
𝑝11
𝑃=� ⋮
𝑝𝑛1
𝜆1

⋯ 𝑝1𝑛 𝑥1
⋱
⋮ � ⋮
⋯ 𝑝𝑛𝑛 𝑥2

….

𝜆2

(12)
(13)
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The columns represent the modes and the rows represent the states. 𝑝𝑖𝑗 denotes the

participation of 𝑖𝑡ℎ state in 𝑗𝑡ℎ mode. Suppose the maximum participation of modej

corresponds to the speed of the generator 1 then generator 1 contributes highest to mode j.
It is with this method the generator on which tuning is to be done for mode j is identified.
Based on the generators participation in any of the mode.
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9.2

Annexure 1: HVDC and FACTS

1. HVDC B2B Bhadrawati

Figure 1: Voltage Frequency of West Bus of Bhadrawati HVDC on 09-08-14

Figure 2: Voltage Frequency of West Bus of Bhadrawati HVDC on 10-08-14
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Figure 3: DC Power on Pole 1 and 2 of Bhadrawati HVDC on 09-08-14

Figure 4: DC Power on Pole 1 and 2 of Bhadrawati HVDC on 10-08-14
Observation
•

No Change in Bhadrawati DC power being observed.

•

No observation from Bhadrawati as the data resolution was low (5 second data).

•

From PMU it is observed that, Bhadrawati has oscillated with high magnitude.

•

POD at Bhadrawati need to be checked. No data is available for the POD for HVDC
Bhadrawati.
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2. HVDC Talcher- Kolar

Figure 5: Voltage and Frequency of Talcher Bus on 09-08-14 Hrs at 04:00-06:00 Hrs.

Figure 6: Power flow of HVDC Talcher- Kolar from Talcher end on 09-08-14 Hrs at 04:0006:00 Hrs.

Figure 7: Zoomed View of Voltage and Frequency of Talcher Bus on 09-08-14 Hrs at 05:1505:30 Hrs.
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Figure 8: Voltage and Frequency of Talcher Bus on 10-08-14 Hrs at 02:00-04:30 Hrs.

Figure 9: Power flow of HVDC Talcher- Kolar from Talcher end on 10-08-14 Hrs at 02:3004:30 Hrs.

Figure 10: Zoomed View of Voltage and Frequency of Talcher Bus on 10-08-14 Hrs at
03:55-04:05 Hrs.
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Figure 11: Voltage and Frequency of Kolar Bus on 09-08-14 Hrs at 02:30-06:00 Hrs.

Figure 12: Power flow of HVDC Talcher- Kolar from Kolar end on 09-08-14 Hrs at 02:3006:30 Hrs.

Figure 13: Voltage and Frequency of Kolar Bus on 10-08-14 Hrs at 03:50-06:00 Hrs.
Page 72 of 126

Figure 14: Power flow of HVDC Talcher- Kolar from Kolar end on 10-08-14 Hrs at 03:5006:00 Hrs.
Observation
•

HVDC Talcher-Kolar DC power itself was oscillating during the oscillation observed in
the Grid.

•

From Curve, it can be observed that, HVDC DC power oscillated in tune of 5-10 MW.

•

Talcher AC side Bus Voltage and frequency are oscillating. Kolar Side bus voltage and
frequency is noisy resulting in non-conclusive information.

•

POD functionality need to be checked at Talcher from its Controller SOE. Whether it
got activated or not is of real concern. (Range of power after which it will act is also
of importance).

3. HVDC B2B Vindhyachal

Figure 15: Power flow of HVDC B2B Vindhyachal on 09-08-14 Hrs at 05:10-05:58 Hrs.
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Figure 16: Power flow of HVDC B2B Vindhyachal on 10-08-14 Hrs at 04:00-04:48 Hrs.
Observation
•

From the data from HVDC, no oscillation was being observed, as data resolution was
less.

•

WRLDC SCADA data as shown above in figure 15 and 16 shows the variation during
the oscillation period.

•

From PMU it is observed that, Vindhyachal has also oscillated with high magnitude.

•

POD at Vindhyachal is need to be checked for any triggering. No Data in this regard
was received from HVDC Vindhyachal.

4. HVDC B2B Gajuwaka

Figure 17: Power flow of HVDC B2B Gajuwaka on 09-08-14 Hrs at 04:00-06:00 Hrs.
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Figure 18: Power flow of HVDC B2B Gajuwaka on 10-08-14 Hrs at 02:24-04:20 Hrs.
Observation
•

From the data from HVDC, Voltage variation is observed on both South and East Bus
during the oscillation period.

•

From PMU it is observed that, Jeypore has oscillated with highest magnitude on four
occasions.

•

POD at Gajuwaka need to be checked for any triggering. The SOE of Gajuwaka did
not show any POD controller activation.

5. HVDC Rihand-Dadri

Figure 19: Voltage of Rihand Bus on 09-08-14
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Figure 20: Frequency of Rihand Bus on 09-08-14

Figure 21: HVDC Power from Rihand End on 09-08-14

Figure 22: Frequency of Rihand Bus on 09-08-14
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Figure 23: Voltage of Rihand Bus on 10-08-14

Figure 24: HVDC Power from Rihand End on 10-08-14
Observation
Dadri data is of low resolution during the period. NRLDC SCADA Data required. Controller
details are missing. The sudden dip observed in HVDC pole power is due to measurement
error.
6. HVDC Ballia-Bhiwadi

Figure 25: Frequency of Ballia Bus on 09-08-14
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Figure 26: Voltage of Ballia AC Bus on 09-08-14

Figure 27: SOE of HVDC from Ballia end on 09-08-14

Figure 28: SOE of HVDC from Ballia end on 10-08-14
Observation
•

From data of Ballia, it can be observed that voltage has oscillated during the period.
In addition, during the period tap changer has acted for HVDC Convertor
Transformer.

•

Data from Bhiwadi end is having poor resolution and do not provide any insight.

•

Further Details of HVDC is desired for PoD, SOE and HVDC Power Flow (Highresolution data).
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7. HVDC Mundra-Mohindergarh

Figure 29: HVDC power Flow from Mundra end on 09-08-14

Figure 29: HVDC power Flow from Mohindergarh end on 09-08-14
Observation
•

Oscillations were not observable in Mundra HVDC. The HVDC power flow is continuously
varying in range of 2-3 MW, which can be observed.

•

No POD activation observed there.
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8. TCSC Status
•

TCSC Purnea and TCSC Raipur: No triggering of POD in their system in the said period on
9th Aug (0400 to 0600 hrs) as well as 10th Aug 2014 (0230 to 0430 Hrs).

•

No POD activation of TCSC Gorakhpur. The POD did not trigger for these oscillations of
7MW since the set value for activation of POD function is 25 MW/sec. It is working as
the same has activated during 03:33 hrs on 10-08-14.
9. SVC at Kanpur

Figure 29: SVC 1 Repose on 09-08-14

Figure 29: SVC 2 Response on 09-08-14
Observation:
1. Need of High resolution Data from Sub-station
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A brief about Power Oscillation Damping
Power system oscillations appear because of disturbances in power systems. They occur
mainly as rotor oscillations of one generator or as oscillations of group of generators against
another group or even oscillations of a whole area against another area. Power oscillations
are related to the equivalent system inertia. In other words, a disturbance in one power
system accelerates (or decelerates) its equivalent inertia against the equivalent inertia of
another system. Damping of power oscillations can be achieved when extra energy is
exchanged with the power system. The damping energy should have the correct phase shift
relative to the accelerated or decelerated generators.
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9.3 Annexure 2: Generator and Utilities
APL Mundra
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Others details from APL Mundra for all dates have been received and oscillation have been
observed in all the cases.
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APML Tirora

CGPL
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Korba West

Budge Budge Unit
Data is included in Chapter2.
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th

9.4

Annexure 3: SCADA Data of NLDC/RLDCs

Day 1: 9 August 2014 Scenario

Figure 1: All India Demand met during 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 2: Northern Grid Demand met during 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 3: Western Grid Demand met during 04:00 to 06:00 Hrs from 7th August to 11th August’14.
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Figure 4: Southern Grid Demand met during 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 5: Eastern Grid Demand met during 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 6: North Eastern Grid Demand met during 04:00 to 06:00 Hrs from 7th August to 11th
August’14.
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Figure 7: IR flow of NR-ER between 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 8: IR flow of NR-WR between 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 9: IR flow of ER-SR between 04:00 to 06:00 Hrs from 7th August to 11th August’14.
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Figure 10: IR flow of ER-WR between 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 11: IR flow of NR-WR between 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 12: IR flow of ER-NER between 04:00 to 06:00 Hrs from 7th August to 11th August’14.
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Figure 13: Total IR flow for NER between 04:00 to 06:00 Hrs from 7th August to 11th August’14.

Figure 14: Total IR flow for NR between 04:00 to 06:00 Hrs from 7th August to 11th August’14

Figure 15: Total IR flow for ER between 04:00 to 06:00 Hrs from 7th August to 11th August’14

Page 90 of 126

Figure 16: Total IR flow for ER between 04:00 to 06:00 Hrs from 7th August to 11th August’14

Figure 17: Total IR flow for SR between 04:00 to 06:00 Hrs from 7th August to 11th August’14

Observation for 09th August Scenario between 04:00 to 06:00 Hrs:
1. WR Demand was low compared to 7th, 8th, 10th and 11th august 2014.
2. ER-SR Inter-regional flow has been increased to 2850 MW since 04:15 Hrs and again
reduced back to 2650 MW at 05:53 Hrs. On previous day ER-SR IR Flow was 2900
MW throughout the 04:00-0600 Hrs but no oscillation were observed.
3. WR total Inter-regional flow was highest on 9th august 2014 compared to 7th, 8th, 10th
and 11th august 2014.
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Day 2: 10thAugust 2014 Scenario

Figure 18: All India Demand met during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 19: NR Demand met during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 20: WR Demand met during 02:30 to 05:50 Hrs from 7th August to 11th August’14.
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Figure 21: SR Demand met during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 22: ER Demand met during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 23: NER Demand met during 02:30 to 05:50 Hrs from 7th August to 11th August’14.
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Figure 24: NR-ER IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 25: NR-WR IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 26: ER-SR IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.
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Figure 27: WR-ER IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 28: SR-WR IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 29: ER-NER IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.
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Figure 30: NER Total IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 31: NR Total IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 32: ER Total IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.
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Figure 33: WR Total IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Figure 34: SR Total IR flow during 02:30 to 05:50 Hrs from 7th August to 11th August’14.

Observation:
1. WR Demand was highest on 10th August 2014 between 02:30-04:50 Hrs compared to
7th, 8th, 9th and 11th August 2014. (More than 4000 MW compared to 9th August)
2. ER Demand was lowest on 10th August 2014 between 02:30-04:50 Hrs compared to
7th, 8th, 9th and 11th August 2014. (More than 1000 MW compared to 9th August)
3. ER net inter-regional flows were highest on 10th August 2014 between 02:30-04:50
Hrs compared to 7th, 8th, 9th and 11th August 2014. (More than 600 MW compared to
9th August)
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Day 3: 11th August 2014 Scenario

Figure 35: All India Demand met during 05:30 to 06:00 Hrs from 7th August to 11th August’14.

Other plots like regional demands, IR flows corridor and region wise have already been
included in day 1 scenario for 04:00-06:00 Hrs.
Observations
1. All India demand was least between 05:30 to 06:00 hrs on 11th August 2014. (Around
3000 MW less compared to 9th august )
2. The NR demand was also less by 3000 MW between 05:30 to 06:00 hrs on 11th
August 2014 compared to 7th-10th August 2014.
3. This has resulted in lower NR net IR flows.
Day 4: 12th August 2014 Scenario

Figure 36: All India Demand met during 00:00 to 06:00 Hrs on 12th August’14.
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Figure 37: Regional Demand met during 00:00 to 06:00 Hrs on 12th August’14.

Figure 38: IR flow during 00:00 to 06:00 Hrs on 12th August’14.

Figure 39: Corridor wise IR flow during 00:00 to 06:00 Hrs on 12th August’14
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9.5

Annexure 4: Supplementary Plot from PMUs of NLDC/RLDCs

NERLDC

Figure 1: Current of various feeders in NER Grid on 09-08-14

Figure 2: Frequency of various nodes of NER on 10-08-14
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Figure 3: LFO in NER Grid on 10-08-14

Figure 4: LFO in NER Grid on 11-08-14
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Figure 5: LFO in NER Grid on 12-08-14

SRLDC

Figure 6:765 kV Solapur Raichur 1 Power flow on 09-08-14

Figure7:765 kV Solapur Raichur 1 Power flow on 09-08-14
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Figure 8 : Frequency of SR Grid PMUs on 09-08-14

Figure 9 : Power Flow of SR lines monitored through on 09-08-14

WRLDC

Figure 10: Frequency Of various nodes from WR PMUs on 09-08-14
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Figure 11: Frequency Of various nodes from WR PMUs on 09-08-14

Figure 12: Frequency Of various nodes from WR PMUs on 09-08-14

Figure 13: Frequency Of various nodes from WR PMUs on 09-08-14
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NLDC

Figure 14: Frequency, R phase Voltage and Current monitored from ER PMUs on 09-08-14

Figure 15: Frequency and OMS on 12-08-14
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Figure 16: Positive sequence voltage on 12-08-14

Figure 7: R Phase Current on 12-08-14
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Angular Separation

Figure 81: Phase angle difference of Farakka, Thrissur,Dadri w.r.t Talcher on 08-08-14

Figure 19: Phase angle difference of Farakka, Thrissur, Dadri w.r.t Talcher on 09-08-14
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Figure 20 : Phase angle difference of Bongaigaon, Ranchi, Dehgam w.r.t Talcher on 08-08-14

Figure 21: Phase angle difference of Bongaigaon, Ranchi, Dehgam w.r.t Talcher on 09-08-14
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9.6

Annexure 5: Historical Archival of Oscillation Monitoring System of
NLDCs/RLDC

SRLDC OMS History

Figure 1: 28th July to 3rd August 2014

Figure 2: 5th& 6th August 2014
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Figure 3: 08th August-14th August 2014

Figure 4: Zoomed view of 9th August 2014 showing 0.75 Hz oscillation in the grid.
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Figure 5: Zoomed view of 10th August 2014 showing 0.73 Hz oscillation in the grid.

Figure 6: Zoomed view of 11th August 2014 showing 0.75 Hz oscillation in the grid.
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Figure 7: Zoomed view of 12th August 2014 showing 0.6 Hz oscillation in the grid.

NERLDC OMS
NERLDC online OMS plots are included in the Annexure 4.
WRLDC OMS
The frequency vs energy and Frequency Vs Damping ratio plots are shown below from
WRLDC OMS engine since 1st August 2014.
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ERLDC OMS
In Eastern region WAMS project, Siemens have installed Power Swing Recognition (PSR),
which can detect active power swings in the power system and the oscillations. For every
detected power swing or mode, besides the swing frequency itself, various characteristic
key values are determined for the swing process. A quantity that is essential regarding the
possible effects is the attenuation factor ξ (zeta) with respect to the swing frequency. In the
following, it is referred to as attenuation for simplicity. The variable is dimensionless and
stated in the following as percentages. It gives a relative measure-independent of the
frequency of the power swing – for the change in amplitude of the swing from any given
maximum to the next. A quantity that is further used here is the Amplitude A of the power
swing. All quantities are determined through an analysis of a chronologically more or less
extended time interval. The signal amplitude of the observed power swing can strongly
change within this time interval. Therefore, the value of the quantity determined here is
only a comparatively rough description of the actual current value of the power swing
amplitude. In order to judge the possible consequences of a swing event, a quantity that
characterizes the potential hazard is determined from the attenuation ξ (attenuation factor)
in conjunction with the current swing amplitude Â (magnitude). This quantity is designated
in the following as DOE (Degree of Exposure). Both the increase of attenuation and the
increase of the power swing have an effect on an increase of the DOE. The whole portion of
the DOE (index) is used for a classification of the degree of danger. In the following figure
the classes are recognized based on the respective DOE index. The classes are characteristic
for the exceeding of approved limiting values, both through the attenuation and through
the amplitude of the power swing.

Figure 1: Calculation of the DOE

Page 119 of 126

In ER, those lines where PMUs are installed at both end (e.g. Talcher, Rourkela, Durgapur
Jamshedpur etc.) are selected for PSR analysis. For each line, two different modes are
selected: 0.2-0.7 Hz and 0.7-2 Hz. On 09th – 11th August, DOE more than 6 is found in
Durgapur-Jamshedpur 0.7-2 Hz and Rourkela – Jamshedpur 0.7-2 Hz oscillation mode. On
12th August, DOE more than 6 is found in Rourkela- Talcher 0.2-0.7 Hz oscillation mode.
According to PSR, low frequency oscillation is found at
1. 05:20 – 05:30 hrs and 05:39 – 05:53 hrs on 09th August 2014,
2. 03:49 – 04:07 hrs on 10thAugust 2014,
3. 05:46 – 05:49 hrs on 11thAugust 2014 and
4. 00:43 – 00:44 hrs on 12th August 2014
9th August 2014
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10th August 2014.

11th August 2014
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12th August 2014
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NLDC

Figure: OMS data on 9th August 2014
*Other OMS plots from NLDC is already included in Chapter 3

Page 123 of 126

9.7

Annexure 6: Major Outages

Details of Transmission Elements under Planned Outage:-09-08-14 to 12-08-2014
Outage

S.No
Element Name

Type

Voltage Level

Owner

Date

Revival
Time

Date

Time

Reason / Remarks

1

765 kV JABALPUR-BINA Ckt 1

Line

765 kV

PG

09-08-2014

10:55

09-08-2014

20:45

Line Impedance
measurement of Hexa
Conductor D/c Line.

2

765 kV JABALPUR-BINA Ckt 2

Line

765 kV

PG

09-08-2014

10:57

09-08-2014

20:58

Line Impedance
measurement of Hexa
Conductor D/c Line.

3

400 kV BALIPARA-BONGAIGAON Ckt1

Line

400 kV

PG

09-08-2014

08:16

09-08-2014

17:39

Reconductoring of
strung bus at
Bongaigaon.

4

400 kV BALIA-PATNA Ckt2

Line

400 kV

PG

09-08-2014

07:26

09-08-2014

21:31

OPGW installation in
Patna-Ballia ckt#2

5

400 kV RAMAGUNDAM -BHADRAVATI
Ckt2

Line

400 kV

PG

09-08-2014

09:46

10-08-2014

20:20

Replacement of PLCC
panels.

6

HVDC Chnadrapur Padghe Bipole

HVDC

500 kV

MSETCL

08-08-2014

08:00

09-08-2014

20:20

AMP

7

400KV Kolar –Hosur D/C

Line

400 kV

PG

09-08-2014

06:15

09-08-2014

17:16

For stringing of 765 kV
Dharmapuri-Madhugiri

B. Details of Transmission Elements under Forced Outage:S.No

1

Revival

Outage
Element Name

765 kV BINAI-GWALIOR 1

Type

Line

Voltage Level Owner

765 kV

PG

Date

04-08-2014

Time

14:04

Date

11-08-2014

Time

Reason / Remarks

13:09

Over voltage Line
initially opened for
facilitating the charging
of Satna-Gwalior-2 , but
kept open due to later
due to over voltage
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9.8

Annexure 7: Residue and Prony method

Residue Method
The offline mode analysis methods used at NLDC is Residue method. The mode shapes
analysis or right eigenvector method, is the most usual method of analysing oscillations. The
right eigenvector gives the mode shape describing the evolution of the variables when this
particular mode is excited. The oscillatory instability generally is related with oscillation
modes at low frequencies. Therefore, the stabilizers are needed in machines that have the
largest effect over low frequencies oscillation modes damping, frequently in range of 0.1 to
3.0 Hz. The best position for PSS applications are those machines that present the largest
oscillation amplitude then for multi machine power systems a group of generators can be
selected as the best location for stabilizer applications in function of frequency mode
shapes. The inertias for the machines influence in a decisive way the stability of the power
system. Consequently, they are involved in the power mode shapes. Residue method was
used with satisfactory results; a real case for instability can be solved. It combines concepts
of mode observability and mode controllability. It is powerful tool and could be termed as
the method of controllability factors. Its expression can be derived from a property of the
first derivative of the root locus.
The transfer function 𝐺 𝑘 (𝑠) will be given by:
Where,
𝑐 𝑘 =k-th output matrix

𝐺 𝑘 (𝑠) = 𝑐 𝑘 (𝑠𝐼 − 𝐴)−1 𝑏 𝑘

A=system matrix

𝑏 𝑘 =k-th input matrix

The residue is given by:

𝐺 𝑘 (𝑠)=∑𝑛𝑖=1

𝑅𝑘𝑖

𝑆.𝜆𝑖

𝐺 𝑘 (𝑠)
𝑠→𝜆𝑖 𝑠. 𝜆𝑖

𝑅𝑘𝑖 = lim

An alternative expression for the residue is:
When the residue is zero:

𝑅 𝑘𝑖 = 𝑏 𝑘𝑖 . 𝑐 𝑘𝑖

The state is not controllable and 𝑏𝑘𝑖 = 0, 𝑐 𝑘𝑖 ≠ 0
The state is not observable and 𝑏𝑘𝑖 ≠ 0, 𝑐 𝑘𝑖 = 0

The values of 𝑅𝑖 𝑘 (k indicates the k-th generator) are proportional to the oscillation
amplitudes. Then, the most effective generators for damping purposes are those where the
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greatest speed or power oscillation amplitudes are registered. In other words, the greatest
residue indicates that the best possibility for stabilizer application.
Prony Method
The OMS system in SRLDC employs Prony analysis for Low Frequency Oscillation Monitoring.
Prony Analysis has several advantages over Fourier, Eigen Value analysis and Hilbert Huang
Transform (HHT). Multiple signals can be used to for this analysis giving a common mode
frequency and damping ratio but different mode amplitude and phase. The order of Prony
algorithm is directly corresponding to the number of the oscillation modes and hence to
reduce computation speed and eliminate singularity issue, SVD (Singular Value
Decomposition) is employed. The main objective is to find the dominant mode of oscillation
for which the mode energy index concept is employed. The mode with the highest energy is
the dominant mode. Here we use amplitude of sinusoidal decay as the energy index in
determining the dominant mode [1]. The concept of mode energy comes from Energy
spectral density, which describes how the energy of a signal or a time series is distributed
with frequency.
𝑀−1|𝑎 𝑛 |2
1. Mode Energy,𝐸𝑘 = ∑𝑛=0
, 𝑘 = 1,2, . . , 𝑝 (𝑝 = 𝑛𝑜 𝑜𝑓 𝑚𝑜𝑑𝑒𝑠)
𝑘 𝑧𝑘
𝜎

2. Amplitude of sinusoidal decay, 𝐶 = 𝐴𝑒 𝑓
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