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Abstract

This thesis concentrates on the stability performance of HVDC-HVAC interaction of the 

transnational HVDC interconnection between Sri Lanka and India. This transmission line 

under consideration since mid-1970 and the prefeasibility study was done by India in 

cooperated with Sri Lanka together. In this study it was focused on modeling the HVDC link 

between Indian and Sri Lankan power grids with the basic control system and studying the 

transient stability performance of the HVDC interconnection under the Sri Lankan 

transmission network perturbed conditions. The complete system was modeled on 

PSCAD/EMTDC software. The complete system was divided into five subsystems while 

modeling as, rectifier side AC source, converter transformers and converters, DC 

transmission line, HVDC control system and inverter side detailed Sri Lankan network. The 

simulations were done for steady state conditions, for system accuracy verification and for 
different system perturbed conditions. The analysis was done based upon the maximum 

power curve, Short circuit ratio (SCR) and time domain analysis. It was found that; modeled 

Sri Lankan network is a strong network for the proposed HVDC interconnection in steady 

state condition. However, there is a considerable impact on the stability of HVDC-HVAC 

interaction under different perturbed scenarios of Sri Lankan AC network. This study 

discusses the results obtained from the qualitative and quantitative analysis.

was

The results obtained from this study can be taken as guidance during the planning 

and designing stage of the proposed DC interconnection to have an idea on stability 

of the AC-DC interaction. The DC power operating curve, maximum DC power in- 

feed to inverter side Sri Lankan network, AC system strength behavior during 

different disturbances, time domain faults behavior, impact of AC system impedance 

on the stability are the facts which are discussing in this thesis. Therefore, this thesis 

can be consider as guidance for the planning stage of the proposed interconnection.

IV



Contents

Declaration of the candidate & Supervisor

Dedication

Acknowledgements

Abstract

Table of content

List of Figures

List of Tables

List of abbreviations

1. Introduction

1.1. Background

1.2. Thesis objectives

1.3. Thesis outline

2. Literature Survey

2.1. Introduction

2.2. Worldwide interconnections

2.3. Technological Overview of Power Interconnection

2.4. Configuration and Layout of HVDC system

2.5. Control of HVDC converter and systems

l

n

in

IV

v

vn

xi

Xll

1

5

6

7

8

11

20

25

3. System Modeling

3.1. Introduction

3.2. System condition selection for modeling

3.3. Steady State mathematical modeling

3.3.1. Assumptions

3.3.2. Converter transformers parameter calculation

3.3.3. Rectifier AC network

3.3.4. Sri Lankan model

3.3.5. Filter circuit design

3.3.6. DC line design

36

37

40

41

44

48

50

54

v



543.3.7. DC smoothing reactor

3.3.8. HVDC control system

4. AC-DC interaction

5. Simulation results, Stability analysis & Discussion

5.1. Introduction

5.2. Steady State Simulation Results

5.3. System verification

5.4. AC System Impedance Increment Condition

5.5. QMPC Vs DMPC of the system

5.6. Perturbed scenario results analysis

6. Discussion

7. Conclusions and Recommendations

7.1. Main contribution of the thesis

7.2. Conclusions

7.3. Future work 

Reference List

56
59

67
68
71
79
81
82
91

94
95
97
98

vi



List of Figures

PageFigure

08Figure 2.1 HVDC systems worldwide

Figure 2.2

Figure 2.3 India-Sri Lanka Transmission alternatives

Figure 2.4 Current Source Converters

Figure 2.5 Voltage Source Converters

Figure 2.6 Conventional HVDC (CSC HVDC) with current source 

Converters

Figure 2.7 Reactive power compensation for conventional HVDC 

(CSC HVDC) converter station 

Figure 2.8 CCC configuration

Figure 2.9 HVDC with voltage source converters 

Figure 2.10 HVDC converter development 

Figure 2.11 HVDC light extended range 

Figure 2.12 Operating range for voltage source converter HVDC transmission 17 

Figure 2.13 HVDC Configurations

Figure 2.14 bipolar HVDC system configurations

Figure 2.15 Bipolar Transmission line

Figure 2.16 Bipole, Metallic Return configuration

Figure 2.17 Monopolar HVDC system with 12-pulse converters 

Figure 2.18 Monopolar HVDC Transmission line 

Figure 2.19 Monopole, Metallic Return configuration 

Figure 2.20 Monopole, Midpoint grounded configuration 

Figure 2.21 Monopole, Midpoint grounded Transmission line 

Figure 2.22 back to back configurations 

Figure 2.23 Multi terminal configurations 

Figure 2.24 Typical HVDC linking two AC systems 

Figure 2.25 Identification of Pole and valve group 

Figure 2.26 Block diagram of HVDC control in one terminal

09ABB HVDC projects till 2011

10
11
11

12
13

14
14
15
15

20
21
21
21
22
22
22
23
23
24
24
26
26
26

Vll



28Two terminal DC link

Equivalent circuit of DC link with inverter

Control characteristic curves

VDCL characteristic

Rectifier current control block diagram

Inverter gamma control block diagram

Inverter gamma control and current control selection

overall controls

Modeled HVDC network

rectifier side schematic diagram

Equivalent network of above Indian network

Thevenin’s equivalent impedance of Indian network

Algebraic diagram of Indian network

Modeled Sri Lankan networks

Low pass filter & High pass Filter diagrams

Low pass filter components

High pass Filter components

DC transmission line with smoothing reactors

Rectifier Current controller optimizing block diagram

Characteristic curve of the modeled system

Defining SCR and ESCR

Simplified representation of a dc link feeding an AC system

DC power - dc current curve for y minimum

Steady state DC powers

Steady state DC voltages

steady state rectifiers firing

steady state inverter extinction angles

Steady state MPC and AC voltage profiles

Comparison of steady state MPC curve with reference graph

DC power at 1- phase one cycle fault

DC voltage at 1- phase one cycle fault

rectifier firing angle at 1- phase one cycle fault

Figure 2.27 

Figure 2.28 

Figure 2.29 

Figure 2.30 

Figure 2.31 

Figure 2.32 

Figure 2.33 

Figure 2.34 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 3.7 

Figure 3.8 

Figure 3.9 

Figure 3.10 

Figure 3.11 

Figure 3.11 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Figure 5.8 

Figure 5.9

29
30
32
34
34
34
35
40
44
45
45
45
49
50
50
52
54
56
57
61
63
64
67
68
68
68 ■
69
70
71
72
72

via



72inverter firing angle at 1- phase one cycle fault 

Comparison of DC power at 1- phase one cycle fault 

Comparison of DC voltage at 1- phase one cycle fault 

Comparison of rectifier firing angle at 1- phase one cycle fault 

Comparison of inverter firing angle at 1- phase one cycle fault 

DC power at 1- phase five cycle fault 

DC voltages at 1- phase five cycle fault 

rectifier firing angle- 1-phase five cycle faults 

inverter firing angle at 1- phase one cycle fault 

Comparison of DC power at 1- phase five cycle fault 

Comparison of DC voltage at 1- phase five cycle fault 

Comparison of rectifier firing angle- 1-phase five cycle fault 

Comparison of inverter firing angle at 1- phase one cycle fault 

DC power at 3- phase fault 

DC voltages at 3- phase fault 

rectifier firing angle at 3- phase fault 

inverter firing angle at 3- phase fault 

Comparison of DC power at 3- phase fault 

Comparison of DC voltage at 3- phase fault 

Comparison of rectifier firing angle at 3- phase fault 

Comparison of inverter firing angle at 3- phase fault 

MPC for normal state and high impedance state conditions 

Reference graphs for normal state and high impedance state 

conditions

MPC for 3 coal units unavailable

MPC comparisons with high SCR/ESCR -graph 1

MPA comparisons with high SCR/ESCR -graph 2 •

QMPC and Slow DMPC graphs plot 

QMPC and Slow DMPC reference graphs 

Clarification for power order increment by characteristic curve 

DC power curve for power order increment 

DC voltage curve for power order increment

Figure 5.10 

Figure 5.11 

Figure 5.12 

Figure 5.13 

Figure 5.14 

Figure 5.15 

Figure 5.16 

Figure 5.17 

Figure 5.18 

Figure 5.19 

Figure 5.20 

Figure 5.21 

Figure 5.22 

Figure 5.23 

Figure 5.24 

Figure 5.25 

Figure 5.26 

Figure 5.27 

Figure 5.28 

Figure 5.29 

Figure 5.30 

Figure 5.31 

Figure 5.32

72
73
73
73
74
74
74
74
75
75
75
75
76
76
76
77
77
77
77
78
78

79
80Figure 5.33 

Figure 5.34 

Figure 5.35 

Figure 5.36 

Figure 5.37 

Figure 5.38 

Figure 5.39 

Figure 5.40

80
80
81
81
82
83
83

IX



83DC power curve for power order increment 

Reference plot for power order increment at 0.04s-0.1s 

DC power curve for 300 MW unit tripped condition 

DC voltage curve for 300 MW unit tripped condition 

AC voltage curve for 300 MW unit tripped condition 

DC power curve for sudden AC load rejection 

DC voltage curve for sudden AC load rejection 

AC voltage curve for sudden AC load rejection 

DC power curve for a transmission line tripped condition 

DC voltage curve for a transmission line tripped condition 

AC voltage curve for a transmission line tripped condition 

DC power curve for sudden DC load rejection 

DC voltage curve for sudden DC load rejection 

AC voltage curve for sudden DC load rejection 

Effect of exciter on MPC

Figure 5.41 

Figure 5.42 

Figure 5.43 

Figure 5.44 

Figure 5.45 

Figure 5.46 

Figure 5.47 

Figure 5.48 

Figure 5.49 

Figure 5.50 

Figure 5.51 

Figure 5.52 

Figure 5.53 

Figure 5.54 

Figure 5.55

84
85
85
85
86
86
86
87
87
87
88
88
88
89

x



List of Tables

PageTable

18Table 2.1 Comparison between CSC-HVDC and VSC-HVDC

Table 2.2 Hierarchical levels of HVDC control in order of authority

Table 3.1 Comparison of Two Technologies for optimum modeling

Table 3.2 Investment costs for proposed HVDC configurations

Table 3.3 Selection of AC system strength based on SCR

Table 3.4 Rectifier thevenin network parameters

Table 3.5 Rectifier side shunt filter & capacitor parameters

Table 3.6 Inverter side shunt filter parameters

Table 3.7 DC smoothing reactor parameter

Table 4.1 Categories of AC systems based on SCR

27

38

39

44

34

54

54

55

62

xi



List of Abbreviations

DescriptionAbbreviation

Alternative current 

constant current 

Current source converter 

Constant extinction angle 

Current error control 

Constant ignition angle 

Direct current

Dynamic maximum power curve 

Effective short circuit ratio 

High voltage direct current 

Maximum power availability 

Maximum power curve 

Qusi-static maximum power curve 

Short circuit ratio

Voltage dependent current order limit 

Voltage source converter

AC

CC

CSC

CEA

CEC

CIA

DC

DMPC

ESCR

HVDC

MPA

MPC

QMPC

SCR

VDCL

VSC

Xll




