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ABSTRACT

In modern geographically distributed power system having meshed network, wide area
damping controller(WADC) is an important tool for small signal stability enhancement. Recently
proposed various robust control techniques in the domain of wide area control, to damp out inter-
area oscillations, make it more interesting and potentially promising. Even though promising
results obtained by many researchers in design and implementing the robust WADCSs, wide area
control system is still in its adolescence due to problems of imperfect communication medium as
well as working of controllers in discrete environment. This research is motivated by the
objectives of finding solutions to the difficulties in the imperfect communication medium,
working of controllers in discrete environments and to reduce the congestion of communication
medium in wide area control system. The major contributions of this thesis are as follows:

Firstly, the linear quadratic Gaussian (LQG) control is used to design a WADC in power
system. The designed LQG based WADC is robust enough to deal with the problem of imperfect
communication medium. The imperfect communication medium includes process noise,
measurement noise, packet drop-out and signal latency in the remote control signal. Moreover,
the filter based WADCs also have been designed to abate the effect of various noise and time
delay. The classical filters- low pass, band pass and band-stop filters along-with the sophisticated
filters like Elliptic and Butterworth filters were used in wide area damping control system.
Secondly, LQG based and POF based discrete mode WADCs have been designed to be used in
digital environment. The LQG based WADC is used in fixed sampling rate. However, a WADC
must be designed in the discrete domain with specific input data refresh rates as available from
the phasor measurement units (PMUs.) The controller output, on the other hand, may be sampled
at a different rate so as to obtain maximally enhanced performance. Hence, the concept of
periodic output feedback(POF) is used to design and implement a discrete mode WADC with
different input and output data sampling rates. Ahead of this, the recommendations of optimal
system input sampling time intervals for various PMU data reporting rates, are given. Thirdly
and lastly, a conceptual design methodology is proposed for event-triggered based
communication in wide area control system to mitigate the congestion in communication
medium. The remote signal is transmitted to the WADC only when an event-triggering condition

based on a predefined system output, is satisfied. The event-triggering mechanism is adopted to



reduce the communication burden between origin of the remote signal and the WADC location,
while maintaining the damping objectives.



TABLE OF CONTENTS

Certificate
Acknowledgements
Abstract
Table of Contents
List of Figures
List of Tables
List of Abbreviations
1. Introduction
1.1 Motivation
1.2 Literature review on wide area damping control system
1.3 Objective and contributions
1.4 Organization of the thesis
2. Electromechanical Oscillations & role of WADC
2.1 Introduction
2.2 Modal analysis using state-space model of power systems
2.3 Types of modes of oscillations
2.3.1 Local Mode of Oscillations
2.3.2 Inter-area mode of oscillations
2.4 Designing of local PSS
2.5 Wide area damping control system
2.5.1 Controller location and its input signal selection
2.5.2 Designing of lead-lag WADC
2.6 Time delay in remote signal

2.6.1 Effect of time delay in wide area signal

Page No.

Xiv

XVii

11
14
14
14
15
16
16
16
16
17
17
18

18



2.7 Case study - Test power systems
2.7.1 Two-area four-machine system
2.7.1.1 Controller location and its input signal selection
2.7.2 IEEE 39-bus 10-machine power system
2.7.2.1 Identification of dominant inter-area paths
2.7.2.2 Local PSS placement
2.7.2.3 WADC placement
2.8 Conclusions
3. WADC design - Imperfect communication medium
3.1 Introduction
3.2 LQG controller
3.2.1 Estimation of optimal states
3.2.2 Optimal state feedback control law or LQR theory
3.2.3 Selection of weighting matrices
3.3 Selection of states, control inputs and outputs
3.4 Results and discussions
3.4.1 Two-area four machine system
3.4.1.1 LQG controller design procedure
3.4.1.2 LQG controller order reduction
3.4.1.3 Stability improvement due to the LQG based WADC
3.4.1.4 Validation of robustness of LQG controller
3.4.2. IEEE 39-bus 10-machine system
3.5 Real time digital simulation
3.6 Filter designing for WADC

3.6.1 Symmetrical band pass differential filter

Vi

19

19

19

20

20

22

22

23

24

24

25

26

26

26

27

27

27

29

30

30

31

32

35

36

37



3.6.2 Low pass filter in cascaded with high pass filter
3.6.3 Band stop or Notch filter
3.6.4 Elliptic filter
3.6.5 Butterworth Filter
3.7 Results and Discussions
3.7.1 Two-area four-machine system
3.7.2 IEEE 39-bus 10-machine system
3.8 Eigenvalue analysis
3.8.1 Two-area four-machine system
3.8.2 IEEE 39-bus 10-machine system
3.9 Conclusions
4. WADC design - Discrete domain techniques
4.1 Introduction
4.2 Discrete LQG based WADC design
4.3 Background of POF controller theory

4.4 Designing of POF based local PSS and Recommendation of optimal sampling

rates
4.4.1 Particle Swarm Optimization (PSO)
4.4.1.1 Single machine system
4.4.1.2 Multi-machine power system
4.4.1.2.1 Continuous mode lead-lag PSS parameter optimization
4.4.1.2.2 POF based controller gain optimization
4.4.2 Case studies - Discrete mode local PSS design
4.4.2.1 Single machine system
4.4.2.1.1 Summery of steps of the POF controller gain optimization

4.4.2.2 Multi-machine power system

vii

38

40

40

41

41

41

43

46

46

47

49

51

51

52

53

56

56

56

56

56

57

58

58

58

59



4.4.2.2.1 Test system description
4.4.2.2.2 Summery of steps of the POF controller gain optimization
4.4.3 Results and discussions- Discrete mode local PSS design
4.4.3.1 Single machine system
4.4.3.2 Multi-machine power system
4.4.3.2.1 Continuous mode lead-lag PSS
4.4.3.2.2 POF based controller as PSS
4.4.4 Eigenvalues and spectral radius analysis
4.4.5 Conclusions - Discrete mode local PSS design
4.5 POF based WADC design
4.5.1 Introduction
4.5.2 Objective function formulation for POF based WADC gain optimization
4.5.3 Summery of steps of the POF controller gain optimization
4.5.4 Results
4.5.4.1 Two-area four-machine system
4.5.4.1.1 Local PSS parameters
4.5.4.1.2 WADC system
4.5.4.2 IEEE 39-bus 10-machine system
45.4.2.1 Local PSS parameters
45.4.2.2 WADC systems
4.5.5 Eigenvalues and spectral radius analysis
4.5.5.1 Two-area four-machine system
4.5.5.2 IEEE 39-bus 10-machine system
4.5.6 Discussions

4.6 Conclusions - LQG and POF based WADC design

viii

59

59

60

60

63

63

63

66

68

69

69

70

71

72

72

72

72

76

76

77

78

78

80

81

82



5. Mitigation of Congestion in Communication Medium 83

5.1 Introduction 83
5.2 Implementation of ET-mechanism into SMIB system 83
5.2.1 Modelling of even-triggered communication in power system control 85
5.2.1.1 Problem formulation and statement 86
5.2.1.2 Test power system with ET-mechanism 87
5.2.2 Results and discussions- SMIB system 88
5.2.3 Conclusions -SMIB system 90
5.3 Designing if ET-mechanism in wide area control 91
5.3.1 Modelling of ET-communication in wide area control 91
5.3.1.1 Problem description and statement 93
5.3.1.2 Controller design 94
5.3.2 Stability criteria and Event triggering condition 94
5.3.3 Results and discussions 97
5.3.3.1 Two-area four-machine system 97
5.3.3.2 IEEE 39-bus 10-machine system 101
5.3.4 Conclusions 104
6. Conclusions and Future scopes 105
References 108
Appendices 120
List of publications 128



Fig. No.

2.1.

2.2
2.3

24

3.1

3.2
3.3

3.4

3.5

3.6

3.7
3.8
3.9

3.10

3.11

3.12

LIST OF FIGURES

Name of Figure

Configuration of generator equipped with WADC and having time delay in wide

area signal
Phase response of a pure delay and Pade third order approximation
Four machine two area test power system

Dominant inter-area paths in the IEEE-39 bus 10 machine power system with
WADC

(a) Structure of observer based LQG controller, (b) LQG controller with Plant
details

Angle deviation of G1 w.r.t G4 - With and without lead-lag WADC
Bode plot of designed LQG controller

Angle deviation of G1 w.r.t G4 - With and without LQG controller, having time

delay of 0.25 s and noise in remote signal

a).Wide area signal having random time delay and its original form (b).Wide
area signal with random data dropouts (c). Wide area signal with random varying

time delay and random dropouts

Speed of generators in per unit (a)-(b). With and without lead-lag WADC, (c)-
(d). With and without LQG controller

(a). Application of real time simulator in SIL form (b). Model-to-data workflow
Functional representation of plant with noise and filtering system
Symmetrical Intermediate band (I-band) pass filter with speed transducer

Frequency response plots of various filters (a) I-band pass (b) I- band pass with

washout block (c) L-I- band pass and (d) Low & High pass cascaded filter
Phase response plot of delay and its compensation

Frequency response plots of various filters (a)Band stop (b)Elliptic low pass

(c)Elliptic Band Pass and (d)Butterworth band stop filter

P. No.

17

19
20

21

27

28
30

31

33

34

36
37
38

39

40

41



3.13

3.14

3.15

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

4.9

4.10

(@)Angle deviation of Generator G1 w.r.t. G4 (i) with and without various

WADCs (under normal operating condition and without having any noise)

(b)Under stressed condition, considering noise and delay in system with (i)
conventional lead-lad type WADC (ii) I-band pass filter (iii)L-1- band pass filter
(iv) band stop filter as WADC

(c)Under stressed condition, considering noise and delay in system with (i)

Elliptic low pass and (ii) Butterworth low pass filter as WADC

Angle deviation w.r.t. M2 and having time delay in remote signal, under normal
operating condition: (a)M1, (b)M3, (c)M7, and (d)M10 with and without lead-
lag (L-L)type WADC

Angle deviation of M7 w.r.t. M2 and having noise & time delay in remote signal,

under stressed condition:

(@)With non-sophisticated filters (b)With sophisticated filters-Elliptic and

Butterworth

Angle deviation of G1 w.r.t G4 - With and without LQG controller, having time

delay of 0.25 sec and noise in remote signal
Pictorial representation of POF control law
Heffron- Phillip model of single machine with POF
Four machine two area test power system

Comparison of J's for three different sets of input sample time interval for single

machine system

Comparison of POF based discrete PSS and lead-lag based continuous PSS for

single machine system

Speed deviation for all cases of table 5.1(d) for single machine system with and

without POF controller

Comparison of J's for different sets of output sample time interval for multi-

machine system
Angle deviation of M1 w.r.t. M4 with continuous and discrete mode PSS

Switching scheme for changing sampling pattern

xi

43

45

46

52

54

58

59

61

62

63

64

65

65



411

412

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

51

5.2

5.3

5.4

55

5.6

5.7

Time domain response of G1 vs G4 under one sample loss at controller input

side

Bode plot comparison of full order model and reduced order multi-machine

model

Time domain response of generator 1 for the normal operating condition, with

and without POF controller for T = 0.04 sec

Time domain response of generator 1 for the normal operating condition, with

and without POF controller for T = 0.08 sec
Switching scheme for changing sampling pattern

Time domain response of G1 under one sample loss of wide area signal during

normal operating condition

comparison of angle deviations between optimal and sub-optimal sets of

sampling time intervals under stressed condition for 7=0.04 sec

comparison of angle deviations between optimal and sub-optimal sets of

sampling time intervals under stressed condition for t=0.08 sec

Time domain response of G1 under one sample loss or complete loss of wide

area signal during stressed operating condition

Time domain response of generator (a) G5 and (b) G10 for the normal operating

condition with and without POF controller

Bode plot comparison of full order model and reduced order model under normal

operating condition

Generic structure of event-triggering mechanism

Single machine infinite bus system with event-triggering mechanism
Speed deviation (in pu) with and without ET-mechanism

Control input signal without and with ET-mechanism different
Time evolution of output dependent threshold

Cumulative inter-execution time v/s simulation time duration

Conceptual Block diagram of event-triggered based two-area four-machine

Xii

66

67

74

74

74

75

75

76

76

78

79

84

87

89

89

90

90

92



5.8

5.9

5.10

5.11

5.12

5.13

5.14

power system. Here the bold and dotted line represent the continuous and

aperiodic communication link respectively
Frequency response of actual and reduced order system

Time domain response of two-area four-machine system with and without event-

triggering transmission
Time evolution of dw,(t) and dw, (ty) for different values of ¢

The evolution of ||e, || and output dependent threshold with respect to time

Number of event-generated vs inter-event time in two-area four machine system.
The y-axis represents the time-interval between two consecutive events. The x-
axis denotes the total event generated during the runtime of 10 sec. The
aperiodicity and positiveness of inter-event time is shown through a zoomed
view (for first few seconds).

Time domain response of IEEE 39 bus 10 machine system with and

without event triggering transmission. (a) M1, (b) M9 and (c) M10.

Time evolution of dws(t) and dws(ty) for different values of o

xiii

98

99

99

100

101

103

104



Table.
No.

21
3.1
3.2
3.3

3.4

35

3.6

3.7

3.8

41
4.2(a)
4.2(b)
4.2(c)

4.2(d)

4.3

44

LIST OF TABLES

Name of Table

Critical inter-area modes of the IEEE 39-bus 10-machine system

Modal analysis of two-area test system with and without lead-lag WADC
Modal analysis of two-area test system with LQG controller as WADC
Modal analysis of IEEE 39-bus test system with and without lead-lag WADC

Eigen-value analysis corresponding to Inter-area mode of two-area system-

Normal condition, without noise or delay

Eigen-value analysis corresponding to Inter-area mode of two-area system-

Stressed condition, with noise and delay

Mode correspondence between original and reduced order model of IEEE 39

bus system

Eigen-value analysis of IEEE 39 bus system corresponding to critical Inter-

area modes, with delay & without noise

Eigen-value analysis of IEEE 39 bus system corresponding to critical Inter-

area modes, including noise and delay

Modal analysis of two-area test system with LQG controller as WADC
Obijective function values for 4 = 0.005 sec ( single machine system )
Objective function values for 4 = 0.0125 sec ( single machine system )
Objective function values for 4 = 0.025 sec ( single machine system)

Summary of lowest objective function value and POF gain matrix for single

machine system

Local PSS optimized parameters

Obijective function values for 4 = 0.005 sec ( multi-machine machine system)

Xiv

P. No.

22

29

31

32

46

47

48

48

49

53

60

61

61

62

63

64



4.5(a)

4.5(b)

4.6(a)
4.6(b)
4.7

4.8

4.9

4.10

411

412

4.13

414

4.15

4.16

51

5.2

Mode correspondence between original and reduced order multi-machine

model

Location of discrete pole, spectral radius and damping factor at normal

operating condition

Recommendations for single machine system
Recommendations for multi-machine system
Local PSS optimized parameters

Summary of lowest objective function value and POF gain matrix for WADC

system (normal condition)

Summary of lowest objective function value and POF gain matrix for WADC
system (stressed condition)

Summary of lowest objective function value and POF gain matrix for IEEE 39
bus WADC system

Mode correspondence between original and reduced order model under normal

operating condition

Location of discrete pole, spectral radius and damping factor at normal

operating condition

Location of discrete pole, spectral radius and damping factor at stressed

operating condition

Mode correspondence between original and reduced order model of IEEE 39

bus system

Location of discrete pole, spectral radius and damping factor corresponding to

3 most critical modes

Recommendations for two area (WADC) system under normal and stressed

operating condition
Comparative results of ET-mechanism with different o

Comparative results of ET-WADC with continuous time WADC for different

o (two-area four-machine power system)

XV

66

68

69

69

72

73

73

77

78

79

80

80

81

81

88

101



5.3 Comparative results of ET-WADC with continuous time WADC for different 103
o (IEEE 39-bus 10-machine system)

XVi



AVR
FACTS
ISS
LQG
PDC
PMU
POF
PSS
PSO
RTDS
WADC
Hz

kv

LIST OF ABBREVIATIONS

Automatic Voltage Regulator
Flexible AC Transmission Systems
Input-to-State Stability

Linear Quadratic Gaussian
Phasor Data Concentrators
Phasor Measurement Unit
Periodic Output Feedback
Power System Stabilizer
Particle Swarm Optimization
Real Time Digital Simulation
Wide Area Damping Controller
Hertz

Kilo-Volts

XVii



	Mahendra Bhadu 2012EEZ8291.pdf
	Cover of Thesis.pdf
	Title page & copyright IITD
	Binder1
	Thesis Structure - Certificate, acknow., table of contents etc(1).pdf
	Chapters all in one - revised 24 Sept-ver 3
	References,Appendices,Publications and Bio-data(1)



