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Abstract

Over 50 countries and regions worldwide have communicated their commitments to net-zero by the
middle of this century. Transportation is responsible for 27% carbon emissions in the UK in 2019.
Railway is recognised as one of the most energy efficient means for travel as well as for freight transport.
However, only 38% of the current railway route is electrified in the UK. Diesel-based internal combustion
engine trains will be phased out in the next decades. Long term plans are necessary for the success
in meeting the 2050 goal. This includes not only electrifying the non-electrified railway network, but
upgrading the existing infrastructure to increase power supply capacity.

The traditional feeder stations in traction power supply systems (TPSS) are based on different
transformers to convert power from the three phase utility grid power to a single phase traction AC
overhead line. Power quality issues such as voltage imbalance and current harmonics exist in the
legacy system, and the neutral sections between each supply phase hinder the evolution of the traction
power network to a fully connected smart network. Furthermore, this type of station does not provide
convenient interfaces for renewable source integration.

The electronic converter based static frequency converter (SFC) has been introduced into the feeder
station construction. This SFC solution can solve most of the power quality issues through its flexible
operation scheme, and RES can be integrated into the SFC based feeder station by altering the converter
topology. The modular multilevel converter (MMC) is viewed as a promising topology for high power
conversion applications. However, the cost of this solution is high at the moment when using SFC to
replace the station transformer.

In this thesis, a MMC is chosen as the primary topology and novel control strategies are developed
to improve its performance. Firstly, the traditional cascaded linear control approach is summarised and
modified to improve the DC power delivery performance. Then model based MMC modelling and its
detailed internal dynamics are analysed for long horizon predictive controller design, which provides
superior transient response speed over conventional approaches.

Regarding railway TPSS, a compensation method for voltage imbalance issue in the V/v transformer
substation is investigated. A simulation platform for AT-based TPSS is then developed to support mobile
traction load analysis under different supply control schemes.

To mitigate the power quality issue with reduced investment, a partial compensation strategy based
MMC cophase scheme is investigated. The proposed design and control method reduces electronic
converter capacity, which provides a hybrid approach for substation design with lower SFC investment.
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To improve the SFC operational performance, a long horizon model predictive controller is designed
for back to back MMC based feeder station, which has optimal performance under the most demanding
load condition.

To integrate the renewable energy generation, wind generation power is coupled at the DC-link of
the back to back MMC substation. A modified MMC control is designed for DC link voltage stability
despite drastic generation/load change.

To improve substation reliability and energy efficiency, batteries are interfaced to each submodule in
the MMC arms. This topology provides greater connection flexibility and operational reliability. The
internal energy for charging and discharging is controlled by MPC under the hierarchical scheme. The
ESS can be charged by utility grid or a train’s regenerative power, and can be discharged for supporting
traction load in grid fault condition.

To fully utilise the freedom of SFC substation control, a power sharing strategy is proposed in the
two SFC stations scenario where two SFCs are collaboratively supplying an AT-network from both ends.
A frequency droop method is designed to assign the optimal power to each SFC. The proposed method
achieves balance in capacity enhancement and transmission loss reduction.

In summary, this thesis presents a comprehensive study on the modelling and control of MMC based
SFC applications for future railway power suppl. The proposed work has the potential of reduction SFC
overall cost by smaller capacity converter and smaller size capacitors. Renewable sources integration
approaches may assist with transforming current TPSS to an eco-friendly and smarter system in the
future.



Table of contents

List of figures xiii

List of tables xvii

Nomenclature xix

1 Introduction 1
1.1 Overview of railway electrification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 AC electrified railway systems . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Railway electrification in the UK . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Power converter application in high-speed rail power supply . . . . . . . . . . . . . . 3
1.2.1 Converter topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 SFC applications in railway networks . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Motivation and thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.1 Motivation of the work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Modular multilevel converter for cophase scheme 9
2.1 Overview of cophase technology for power conditioning . . . . . . . . . . . . . . . . 9
2.2 Design of partial compensation cophase power conditioning for V/v transformer . . . . 11

2.2.1 V/v transformer feeder station and the inherent power quality issues . . . . . . 11
2.2.2 Compensation strategy design for cophase power supply system . . . . . . . . 13
2.2.3 Modelling and control of the MMC-based power conditioner . . . . . . . . . . 18

2.3 Simulation and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.1 System control scheme and simulation setup . . . . . . . . . . . . . . . . . . 22
2.3.2 Cophase supply for static load . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.3 Cophase compensation for variable loads . . . . . . . . . . . . . . . . . . . . 26

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Model predictive control for modular multilevel converters 29
3.1 Overview of MPC method for multilevel back to back converter control . . . . . . . . 29



x Table of contents

3.1.1 MPC for AC/DC power electronic converters . . . . . . . . . . . . . . . . . . 29

3.1.2 MPC for MMC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1.3 MPC for B2B converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Modelling of MMC substation for MPC design . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 MMC AC side equivalent circuit modelling . . . . . . . . . . . . . . . . . . . 36

3.2.2 MMC DC side equivalent circuit modelling . . . . . . . . . . . . . . . . . . . 38

3.2.3 MMC arm energy modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.4 System model for predictive control . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Model predictive controller design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.3.1 Reference design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.3.2 Controller constraints design . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.3 Cost function design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4 Simulation and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.1 MPC model setup for simulation . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.2 Control scheme for back to back converter . . . . . . . . . . . . . . . . . . . . 53

3.4.3 Grid side three phase MMC . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.4.4 Traction side single phase MMC . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.4.5 B2B MMC system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4 Modular multilevel converter with renewable energy generation integration 67

4.1 Overview of renewable energy generation integration in railway power supply . . . . . 67

4.2 Modelling and control of DC link coupled wind power generation substations . . . . . 69

4.2.1 System topology and operation . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2.2 Wind power generator modelling and control . . . . . . . . . . . . . . . . . . 72

4.3 MMC based static frequency converter station . . . . . . . . . . . . . . . . . . . . . . 74

4.3.1 Modelling and design of the back to back converter . . . . . . . . . . . . . . . 74

4.3.2 AC voltage control of MMC . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.3.3 DC link voltage control of MMC . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3.4 Inner control of MMC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.3.5 MMC modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4 Simulation results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4.1 Train load pro�le and wind power pro�le . . . . . . . . . . . . . . . . . . . . 85

4.4.2 Steady state performance analysis . . . . . . . . . . . . . . . . . . . . . . . . 85

4.4.3 Transient performance analysis . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92



Table of contents xi

5 Modular multilevel converter with energy storage integration 93

5.1 Review of energy storage system integration in railway power supply . . . . . . . . . . 93

5.1.1 Energy storage research and application in railway . . . . . . . . . . . . . . . 93

5.1.2 MMC integration with energy storage system . . . . . . . . . . . . . . . . . . 94

5.2 Model predictive controller for ESS integrated MMC substation . . . . . . . . . . . . 98

5.2.1 MMC-ESS topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2.2 Analysis of MMC arm energy dynamics . . . . . . . . . . . . . . . . . . . . . 99

5.2.3 MMC-ESS control scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3 Simulation and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3.1 Simulation settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3.2 Simulation result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6 Control of parallel SFC substations for continuous traction AC power supply 113

6.1 Overview of SFC applications for continuous railway power supply . . . . . . . . . . 113

6.2 Modelling of a single track railway power supply network . . . . . . . . . . . . . . . 115

6.2.1 Substation and transformer model . . . . . . . . . . . . . . . . . . . . . . . . 116

6.2.2 Conductor line model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.2.3 Traction load model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.2.4 Simulation setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.3 Adaptive droop controller for optimal power sharing of dual-end SFCs . . . . . . . . . 121

6.3.1 Power sharing strategy for single train . . . . . . . . . . . . . . . . . . . . . . 122

6.3.2 Power sharing strategy for three trains . . . . . . . . . . . . . . . . . . . . . . 123

6.3.3 Droop control design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.3.4 Droop controller parameter design . . . . . . . . . . . . . . . . . . . . . . . . 125

6.4 Simulation results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.4.1 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.4.2 Comparison of power supply schemes - single traction load . . . . . . . . . . 131

6.4.3 Comparison of power supply schemes - three train scenario . . . . . . . . . . . 133

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

7 Conclusion and future work 139

7.1 Summary of the research work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.2 Discussion and prospect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

References 143

Appendix A Modelling and control of modular multilevel converters 155

A.1 MMC modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

A.1.1 MMC basic topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156



xii Table of contents

A.1.2 Single phase MMC analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

A.2 MMC control and operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

A.2.1 Current control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

A.2.2 Internal energy control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

A.2.3 Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

Appendix B Deadbeat controller implementation for MMC 165



List of �gures

1.1 Typical AC railway network con�gurations . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Traction drive system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thesis structure illustration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Railway traction power supply structures and active power quality controller con�gurations10

2.2 V/v transformer and V/x transformer feeder station . . . . . . . . . . . . . . . . . . . 11

2.3 Phasor diagrams1of V/v transformer with different load conditions . . . . . . . . . . . 12

2.4 V/v transformer with MMC-based cophase connection . . . . . . . . . . . . . . . . . 13

2.5 Full compensation phasor diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6 Partial compensation phasor diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.7 Compensation percentage comparison: full compensation v.s. partial compensation . . 18

2.8 Compensation strategy for different load conditions . . . . . . . . . . . . . . . . . . . 18

2.9 Resistive loss comparison (normalised loss value) . . . . . . . . . . . . . . . . . . . . 19

2.10 MMC topology and single phase equivalent circuit . . . . . . . . . . . . . . . . . . . 19

2.11 Reference current design scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.12 Capacitor voltage balance control and current control . . . . . . . . . . . . . . . . . . 22

2.13 Cophase system and control scheme diagram . . . . . . . . . . . . . . . . . . . . . . 23

2.14 Voltage unbalance factor under static load . . . . . . . . . . . . . . . . . . . . . . . . 24

2.15 Grid voltage and current under static load . . . . . . . . . . . . . . . . . . . . . . . . 24

2.16 Grid side power factor correction under static load . . . . . . . . . . . . . . . . . . . . 25

2.17 MMC internal status: capacitor voltage and circulating current . . . . . . . . . . . . . 25

2.18 FFT analysis of grid currentIA before and after compensation (static recti�er load) . . 26

2.19 Compensation for varying current source load . . . . . . . . . . . . . . . . . . . . . . 27

2.20 Voltage unbalance under load step change . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 MMC three-phase AC side equivalent circuit model . . . . . . . . . . . . . . . . . . . 36

3.2 MMC single-phase AC side equivalent circuit model . . . . . . . . . . . . . . . . . . 37

3.3 MMC three phase DC side equivalent circuit model . . . . . . . . . . . . . . . . . . . 38

3.4 MMC single phase dc side equivalent circuit model . . . . . . . . . . . . . . . . . . . 39

3.5 Linear approximation of voltage constraints . . . . . . . . . . . . . . . . . . . . . . . 49



xiv List of �gures

3.6 Essential measurements of B2B MMC substation . . . . . . . . . . . . . . . . . . . . 53

3.7 Inner loop control scheme for B2B MMC substation: grid side (left), traction side (right) 53

3.8 Outer loop control scheme for traction side MMC . . . . . . . . . . . . . . . . . . . . 54

3.9 Outer loop control scheme for grid side MMC . . . . . . . . . . . . . . . . . . . . . . 54

3.10 Three phase MMC DC current tracking . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.11 Three phase MMC grid current tracking (10 MW step change at 1 s) . . . . . . . . . . 56

3.12 Three phase MMC averaged capacitor voltage value of each arm . . . . . . . . . . . . 56

3.13 Three phase MMC steady state tracking error . . . . . . . . . . . . . . . . . . . . . . 56

3.14 Comparison of horizon length in�uence on controller performance . . . . . . . . . . . 58

3.15 Three phase grid current comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.16 DC-link current comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.17 Arm capacitor voltage comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.18 Parameter variation in�uence on steady state current tracking error . . . . . . . . . . . 61

3.19 Parameter variation in�uence on transient current tracking error . . . . . . . . . . . . 61

3.20 Traction network voltage (10 MW load change at 0.4 s) . . . . . . . . . . . . . . . . . 62

3.21 Single phase MMC current tracking (10 MW load change at 0.4 s) . . . . . . . . . . . 62

3.22 Singe phase MMC capacitor voltage (10 MW load change at 0.4 s) . . . . . . . . . . . 63

3.23 B2B-MMC current performance (10 MW step change) . . . . . . . . . . . . . . . . . 63

3.24 B2B-MMC DC-link measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.25 Averaged submodule capacitor voltage in each arm of B2B-MMC system . . . . . . . 64

4.1 Different connection schemes for integrating renewable energy source into railway

supply system. (a) RES interfaced with high voltage distribution grid. (b) RES inter-

faced with medium voltage 25 kV overhead line. (c) RES interfaced with power grid

compensator. (d) RES interfaced with railway power conditioner. (e) RES interfaced

with cophase supply conditioner. (f) RES interfaced with static converter based station 69

4.2 Con�guration of a wind power connection into static converter based railway substation 71

4.3 Power �ow illustration for the hybrid railway supply system . . . . . . . . . . . . . . 71

4.4 Permanent magnet synchronous generator with neutral point clamped three level converter72

4.5 Controller diagram for PMSG drive . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.6 Topology of the MMC back to back static converter . . . . . . . . . . . . . . . . . . . 75

4.7 Simpli�ed equivalent differential common mode model of single MMC phase . . . . . 77

4.8 Range of modulation index and output voltage with average capacitor voltageuave
C =

aVdc=N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.9 Control diagram of the three phase grid AC voltage controller . . . . . . . . . . . . . . 80

4.10 Single phase MMC railway traction network supply . . . . . . . . . . . . . . . . . . . 81

4.11 Control diagram of the single phase ac traction supply . . . . . . . . . . . . . . . . . . 81

4.12 DC voltage double frequency oscillation suppression . . . . . . . . . . . . . . . . . . 82

4.13 DC voltage stabilisation control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



List of �gures xv

4.14 Circulating current control diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.15 Capacitor balance control diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.16 MMC control reference calculation and modulation . . . . . . . . . . . . . . . . . . . 84

4.17 Steady state power �ow (Case A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.18 Steady state DC-link voltage comparison 1 (Case A) . . . . . . . . . . . . . . . . . . 87

4.19 Steady state DC-link voltage comparison 2 (Case A) . . . . . . . . . . . . . . . . . . 87

4.20 Instantaneous power �ow inCase B1 simulation . . . . . . . . . . . . . . . . . . . . . 88

4.21 DC link voltage comparison (Case B1) . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.22 Instantaneous power �ow inCase B2 simulation . . . . . . . . . . . . . . . . . . . . . 90

4.23 DC link voltage comparison (Case B2) . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.24 DC link voltage (Case C1� 4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.25 Voltage references for upper branch of phase A (Case B1) . . . . . . . . . . . . . . . . 91

4.26 Comparison of the composite modulation references of phaseA upper branchmref
au (Case

B1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.1 System structure of the ESS integrated SFC station . . . . . . . . . . . . . . . . . . . 98

5.2 Topology of ESS integration into MMC substation . . . . . . . . . . . . . . . . . . . 99

5.3 Hierarchical approach for MMC-ESS substation operation control . . . . . . . . . . . 102

5.4 Measurement and control scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.5 MMC-ESS substation power supply mode decision �owchart . . . . . . . . . . . . . . 104

5.6 Power pro�le for MMC-ESS simulation test . . . . . . . . . . . . . . . . . . . . . . . 107

5.7 Power and AC current result of the Type-I station . . . . . . . . . . . . . . . . . . . . 108

5.8 DC current of the Type-I MMC-ESS station . . . . . . . . . . . . . . . . . . . . . . . 108

5.9 Arm energy (�ltered) of the Type-I MMC-ESS station . . . . . . . . . . . . . . . . . . 109

5.10 Power and AC current result of the Type-II station . . . . . . . . . . . . . . . . . . . . 109

5.11 DC current of the Type-II MMC-ESS station . . . . . . . . . . . . . . . . . . . . . . . 110

5.12 Arm energy (�ltered) of the Type-II MMC-ESS station . . . . . . . . . . . . . . . . . 111

6.1 Single-end power supply (left) and dual-end power supply (right) . . . . . . . . . . . . 113

6.2 Conductor line model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.3 Variable impedance multi-conductor component simulation model . . . . . . . . . . . 117

6.4 Traction load force pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.5 Single traction load pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.6 Three trains' load pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.7 Highspeed train simulation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.8 Illustration of the dual-end parallel feeding simulation model . . . . . . . . . . . . . . 121

6.9 Frequency droop line for two substations . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.10 Two SFC substation in dual-end feeding for single train load . . . . . . . . . . . . . . 122

6.11 Optimal power ratio for single traction load . . . . . . . . . . . . . . . . . . . . . . . 123



xvi List of �gures

6.12 Modi�ed droop curve with power saturation protection . . . . . . . . . . . . . . . . . 125

6.13 Droop control scheme for SS1 substation . . . . . . . . . . . . . . . . . . . . . . . . 125

6.14 Eigenvalue analysis result (real parts) . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.15 Eigenvalue analysis result of maximum imaginary parts magnitude . . . . . . . . . . . 129

6.16 Different droop curve with saturation point setting . . . . . . . . . . . . . . . . . . . . 129

6.17 Comparison of different droop controller inertia settings. LPFTf value: a)1=10s, b)

1=50s, c) 1=200s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.18 Comparison of different saturation set pointsPsat=Pmax setting: a) 50%, b) 75%, c) 90%. 130

6.19 Comparison of active power consumption (single traction load) . . . . . . . . . . . . . 132

6.20 Comparison of capacity demand at SS1 substation (single traction load) . . . . . . . . 132

6.21 Comparison of network voltage frequency . . . . . . . . . . . . . . . . . . . . . . . . 133

6.22 Comparison of traction side voltage RMS value (single traction load) . . . . . . . . . . 133

6.23 Comparison of active power consumption (three traction load) . . . . . . . . . . . . . 134

6.24 Power demand on SS1 substation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.25 Network frequency (three trains) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.26 Train side voltage RMS measurement (three trains) . . . . . . . . . . . . . . . . . . . 136

6.27 Comparison of traction side voltage (three trains) . . . . . . . . . . . . . . . . . . . . 136

A.1 Single phase MMC circuit diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

A.2 MMC submodule operating mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

A.3 MMC single phase model: (a) averaged model, (b) differential mode model, (c) common

mode model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

A.4 MMC internal dynamics control principle . . . . . . . . . . . . . . . . . . . . . . . . 159

A.5 Arm voltage control reference versus available voltage . . . . . . . . . . . . . . . . . 162



List of tables

2.1 Power quality of V/v transformer station . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Simulation system parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1 B2B MMC simulation parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 The instantaneous power exchange in MMC arms . . . . . . . . . . . . . . . . . . . . 57

4.1 System parameters of wind power generation system . . . . . . . . . . . . . . . . . . 73

4.2 Parameters of SFC substation back to back converter . . . . . . . . . . . . . . . . . . 79

4.3 Simulation and control parameters setting . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1 The instantaneous power exchange in MMC upper and lower arm . . . . . . . . . . . 101

6.1 Substation output transformer parameter . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 Autotransformer parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.3 Multiconductor model parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120





Nomenclature

Roman Symbols

AAA(�) system state matrix

BBB(�) system input matrix

C capacitor

F force

i; I instantaneous current value, constant current value

J cost function

L inductor

m modulation index

N number of MMC submodules in one arm branch

Nh prediction horizon length

R resistor

Ts simulation model sampling time

Tsc controller sampling time

u;V instantaneous voltage value, constant voltage value

Greek Symbols

e MMC arm branch energy

g acceleration of gravity, switch gate signal

l cost function weighting factor

w AC component angular speed

j current phase angle

Superscripts



xx Nomenclature

� reference value

M electric machine

_ phasor value

> matrix transpose

Subscripts

a,b,c,e,f phase identi�er

ave averaged value

br MMC branch

C capacitor value

com MMC common mode model component

d quadrature axis value in Park transformation

DC,dc DC-link value

dif MMC differential mode model component

eq equivalent value

g grid side value

max minimal value

min maximum value

nom nominal value

q direct axis value in Park transformation

sub MMC submodule value

tr traction load side value

u,l upper arm, lower arm

Acronyms / Abbreviations

1ph,3ph Single Phase, Three Phase

AC Alternating Current

AT Auto Transformer
— simple three-tap transformer used to create a negative feeder along a catenary system

B2B Back to Back



Nomenclature xxi

BT Booster Transformer
— transformer arranged along the catenary to provide EMC immunisation

CCS Continuous Control Set

CPS Carrier Phase Shift

DAB Dual Active Bridge

DC Direct Current

EMU Electric Multiple Unit

ESS Energy Storage System

FCS Finite Control Set

FOH First-order Hold

LPF Low Pass Filter

MIMO Multi-input Multi-output

MMC Modular Multilevel Converter

MPC Model Predictive Control

NPC Neutral Point Clamped

p.u. Per Unit system

PI Proportional Integral

PR Proportional Resonant

PWM Pulse Width Modulation

RES Renewable Energy Source

RMS Root Mean Square

RPC Railway Power Conditioner

SFC Static Frequency Converter

SOC State Of Charge

SOH State Of Health

SQP Sequential Quadratic Programming

STATCOM Static Synchronous Compensator

TPSS Traction Power Supply System

WTG Wind Turbine Generator

ZOH Zero-order Hold





Chapter 1

Introduction

1.1 Overview of railway electri�cation

1.1.1 AC electri�ed railway systems

In the AC powered railway system, the high voltage power source provided by the utility grid is reduced

to a suitable level and is fed to the railway conductors. The frequency standards in AC electric railway

are162
3 Hz (Central Europe), 25 Hz (North America), 50 Hz and 60 Hz. The low frequency solutions

are designed in the early 20th century. Countries which developed electri�cation after technology

advancement adopted the 50 Hz for single phase railway system. 25 kV was chosen to reduce the

transmission losses with longer distance between stations.

AC feeder transformer (7.5 MW to 60 MW) is essential in the conventional substations. Generally

the transformer connects between three phase AC grid (usually from 110 kV to 400 kV [1]) and single

phase overhead line system.

Figure 1.1 shows two typical railway network con�gurations: the boost transformer with return

conductor and autotransformer connection. A boost transformer collects the current from the rail and

return it to the conductor. It is used to eliminate the stray current and the disturbance by forcing the

current �owing to the `return conductor' as shown in Figure 1.1a. The autotransformer is used to balance

the voltage between the contact line and the earth and then distribute the return current between these

two phases. It provides two phases with 180 degree phase shift with the midpoint connected to the

ground.

Figure 1.2 shows the typical electric multiple unit (EMU) traction drive system. A back-to-back

conversion system is used to drive multiple traction motors. In the braking period, the kinetic energy of

the train are sent back to the contact line. Thanks to the single phase full bridge line converter technology,

the new high speed train can operate at near unity power factor.
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(a) Boost transformer with return conductor

(b) Autotransformer supply

Fig. 1.1 Typical AC railway network con�gurations

Fig. 1.2 Traction drive system
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1.1.2 Railway electri�cation in the UK

Three types of arrangements are used in Britain's power supply: 25 kV AC overhead line equipment,

1.5 kV DC overhead line equipment and 650/750 V DC third rail system [2]. The overhead line standard

is 25 kV 50 Hz AC chosen by British Rail in the mid 20th century [3, 4].

The UK government has targeted to remove all diesel trains by 2040 and to meet net-zero carbon

emission target by 2050 [5]. This requires the upgrading of 1/3 of the current trains and infrastructure

[6]. However, without an immediate rolling program for electri�cation over the next decades, it will

be extremely challenging to meet these targets [7]. In 2021, an open letter was signed by a collective

of railway and freight associations to call on the UK government to implement a program of railway

electri�cation [8].

Electri�ed railway transportation is an effective way to reduce carbon emission for the UK trans-

portation system. To meet the increasing demands on railway system, high performance trains are

needed which create a need for network capacity enhancement [9]. The report published by Transport

Committee in March 2021 also stated that `electri�cation is the only immediately viable decarbonization

option for most of the network' [10].

According to the data published in 2020, the total route length of the UK's railway system is

15,904 km and 6,049 km of the mainline railway route is now electri�ed which accounts for 38% of all

routes [2]. To achieve full electri�cation by 2050, [11] stated that 13,000 single-track km needed to be

electri�ed and this is about 450 single track kilometre (STK) per year from now on.

Although onboard energy storage technology such as chemical batteries and hydrogen are feasible

solutions to abandon the use of petroleum, this type of solutions will consume too much space in the

interior space or add extra weight to the vehicle. Further, the technology maturity has not yet reached

the commercialisation level. Currently, the electri�cation using overhead line offers the highest energy

ef�ciency solution among other methods [9].

1.2 Power converter application in high-speed rail power supply

So far, the power electronic technologies have become mature for high voltage and high power appli-

cations with the advancement of high power semiconductor switches. Full power electronic converter

based railway traction feeder station has been researched and used [1]. These power electronic converter

based substations are also named as "static frequency converter (SFC)" in the community and which are

back to back conversion systems.

The power quality issues brought by transformers can be solved in the full converter based substation.

Moreover, the SFC station enables effective feeding of regenerative power back to the grid or other

on-board or line-side stationary storage devices. Because the SFC does not require the support of the

high capacity high voltage utility grid [12], Network Rail estimates that `SFC technology could reduce

the cost of a new feeder station by 60%' [9]. Converter-based substations make the connection to a
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weaker utility grid possible, and no neutral zones are needed so that the traction can be supplied by

multiple substations from both ends and the catenary can be lighter [13].

1.2.1 Converter topology

Conventional two level converter topology is usually not used for railway substation purposes due to

its capacity limitation and bulky �lter implementation. Diode clamped multilevel converter, cascaded

H-bridge and modular multilevel converter are often founds in real applications.

Diode clamped multilevel converter One topology used in practice is the diode clamped multilevel

converters and the three level topology has been widely used. Two 3ph 3-level bridges were employed

on the grid side and four 1ph 3-level bridges cascaded for traction side supply [14]. [15] designed a �ve

level DCMC back to back converter in a scaled down experiment for solid state transformer substation

concept validation.

Cascaded H-bridges converter One solution is to use multiple full bridge converters in parallel con-

nected to one DC-link and the AC side is coupled by multi-winding transformers. In Japan Shinkansen

electronic frequency converter solution, this topology is used based on the cascaded H-bridge topology.

[16] presented IEGT (4.5 kV 2.1 kA) based Electronic Frequency Converter (EFC) system to replace

rotary frequency changer in Shinkansen railyard. Two units are paralleled at one station for total

60 MWVA capacity.

Modular multilevel converter The modular multilevel converter topology has been intensively re-

searched in recent years and has shown its advantages in high voltage direct current (HVDC) transmission

system and high power conversion applications [17–20]. A SFC product based on self-commutated

modular multilevel converters with power level between 12 MVA to 120 MVA was reported in [21]. This

topology is selected as the converter topology in this study.

1.2.2 SFC applications in railway networks

Currently, SFC based railway applications have been built in different countries worldwide with SFC

supplied from some major international companies.

United States Early applications of SFCs can be referred to late 20 centuries. A SFC system was

installed in Philadelphia operated by Southeastern Pennsylvania Transportation Authority [22]. Thyristor

type SFC was used to convert 60 Hz to 25 Hz used back at that time.

Japan In Japan, SFC has been installed in Tsunashima, Nishisagami, and Numazu for energy saving

and less maintenance [23].



1.3 Motivation and thesis structure 5

Queensland rail network In Australia, the SFC application was investigated the SFC application

in Queensland [1]. The whole life assessment is considered in new and upgrade projects. Wulkuraka

is one of the new SFC feeder station of Queensland Railway with the capacity of 20 MVA reported in

2015 [24]. Results showed that the SFC technology can reduce operation and maintenance cost while

increasing system ef�ciency and reliability [24].

The largest Australia's heavy haul railway operator, Aurizon, commissioned the world �rst 50 Hz to

50 Hz SFC installation [25]. These potential bene�ts by introducing SFCs such as harmonic �ltering,

load balancing, ef�ciency, connection cost reduction are analysed through comparison with RPC, HVDC

and ESS technologies [25]. However, the SFC does not offer temporary overload capacity, leading to

implicated protection issue.

Central Europe Switzerland and Germany has162
3 Hz railway lines, so the rotating machine method

has been used to convert frequency. SFC has been applied to replace rotary converters [26].

UK The �rst application of SFC in the UK is in the project of the `East Coast Power Supply Upgrade'.

The two SFCs installed at Hambleton and Marshall Meadows are both having 132 kV connections and

are expected to reduce cost by 60% [27]. Recently, a SFC feeder station was commissioned at Doncaster

(UK) which enabled connection with 33 kV grid.

1.3 Motivation and thesis structure

1.3.1 Motivation of the work

The motivation of this thesis is to investigate technical solutions to answer some questions about the

future development of electri�cation power supply infrastructures.

The MMC topology has been favoured in HVDC power transmission and other high power DC/AC

applications. This thesis selects this topology and plans to improve the conventional control scheme for

the high speed railway applications.

SFC offers high quality and �exible power supply, but its main drawback1 is higher cost [28]. It is

bene�cial to incorporate legacy transformer system with power electronic converter to avoid full size

power converter station.

In the future, more renewable sources are likely to be introduced into the SFC supplied railway

network and new operation modes are yet to be developed. The introduction of renewable sources

imposes demand of connection interface. Furthermore, specialised control objectives have to be

considered for traction network power supply.

1SFC is more expensive compared to transformers, but the system cost might be lower because of the �exibility in the grid
connection.
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The current SFC stations connected in the same network are operated in synchronised mode without

active control. There are controllable freedoms in fully SFC supplied network system which needs

further discussions.

To address the above-mentioned four aspects, related research objectives are designed in the thesis

as listed below.

1. Investigate the modular multilevel converter modelling and control aspects for high power traction

network power supply application. Conduct detailed analysis of MMC internal dynamics for

modelling and control. Build the simulation model of an MMC based SFC railway substation and

its control system for various applications. Improve control performance of the MMC based SFC

station by using modifying conventional control structure and adopting new control methods.

2. Investigate a hybrid supply structure to reduce the required capacity of the power electronic

converter so that the infrastructure cost can be kept down. The solution should guarantee the good

power quality feature reside in full power converter based stations.

3. Analyse the integration of renewable energy into the feeder station for green generation and energy

storage using the modular multilevel converter topology. Design the control schemes to satisfy

the requirements found in traction AC power supply application.

4. Study on a more �exible power supply scheme for SFC supplied traction network. Explore the

usage of additional �exibility which does not exist in the traditional supply system to improve

energy ef�ciency and power supply capacity.

1.3.2 Thesis structure

Figure 1.3 summarises the topic of each chapter.

Chapter 1 introduces the basic AC electri�ed railway system standard, application of electronic

converter based SFC as well as the research objectives.

Chapter 2 to Chapter 5 present the research result of the thesis, the fundamental modelling and

control scheme of an MMC based converter are explained in Chapter A.

Chapter 2 proposes a partial compensation strategy based MMC cophase converter connection for

power quality improvement with the potential bene�t of removing the neutral section at the substation

exit. The proposed solution reduces the SFC capacity.

Chapter 3 develops a long horizon MPC for back to back MMC based feeder station. The long

horizon and arm energy modelling approach improves system performance. The MPC is compared with

linear controller and deadbeat controller.

Chapter 4 investigates the renewable generation connected through DC-link. A modi�ed MMC

control is proposed to mitigate the in�uence of single phase traction load and intermittent renewable

generation. DC-link voltage error is reduced with the proposed controller.

Chapter 5 modi�es the MPC investigated in Chapter 4 to accommodate �exible ESS integration.

With ESS integrated to submodules, the power at MMC input and output are decoupled. ESS integrated



1.3 Motivation and thesis structure 7

Fig. 1.3 Thesis structure illustration
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MMC substation can support traction network when the grid capacity is compromised and can absorb

regenerative power. The proposed control scheme realises fast dynamics in different operation modes.

Chapter 2 & 4 adopt the linear control approach while Chapter 3 & 5 use the model based predictive

controller. Both of these approaches are simulated for grid connection traction network power supply

and renewable source integration. By using these developed systems, a faster response of SFC operation

is achievable.

Chapter 6 proposes an initial exploration of SFC parallel feeding scheme. This chapter focuses more

on the network power supply—-the two SFC feeder station schemes with power sharing function. The

optimal power sharing strategy is designed according to train position and power consumption. A simple

droop controller is implemented for power sharing realisation. The result is simulated based on a single

track AT connection network with up to three moving traction loads.

Chapter 7 concludes the research results and shortcomings in these chapters. Finally, expectations

for future research are presented.



Chapter 2

Modular multilevel converter for cophase

scheme

2.1 Overview of cophase technology for power conditioning

Three electri�ed railway traction power supply solutions are widely used, namely the 16 2/3 Hz 15 kV

AC system, 50 Hz 25 kV AC system and 3 kV DC system. Among them, 25 kV 50 Hz AC traction

power supply is most popular and in such a system, the feeder station converts three phase power supply

(often at 110 kV) from the distribution network to single phase power supply (often at 25 kV) feeding

to the railway overhead line (Fig. 2.1(a)). To step down the voltages, V/v (V/x) transformers with

autotransformer connection are widely used in high speed railway systems [29]. These transformers

generate two single phase voltage sources for two traction supply arms, which however inevitably

introduces power unbalance and low power factor current into the grid, causing power quality issues.

Furthermore, these transformers lack the ability to suppress harmonic currents produced by variable

traction loads.

To address these issues from the power source perspective, improved transformers with a special

connection typology have been developed and installed to reduce the negative sequence issue, such as

the Scott transformer and Wood-bridge transformer, which can eliminate the negative sequence current

provided that both sides are equally loaded [30]. However, non-balance transformers like I/i, V/v and

YNd11 cannot eliminate negative sequence current even the loads at two sides are perfectly balanced,

unless certain reactive current is added externally [31].

Another approach to improve the traction power quality is to use additional devices to compensate

reactive power, negative sequence current and harmonics. Various types of compensators for railway

applications are intensively researched [32–35]. These devices can be either installed at the grid side of

the feeder stations or at the traction power supply side.

Since the last decade, many power electronics based compensators are used directly on the traction

power network side for power quality conditioning. These converters in various forms include railway

power regulator, active power quality compensator (APQC), railway power conditioner (RPC), power
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Fig. 2.1 Railway traction power supply structures and active power quality controller con�gurations

quality conditioner (PQC), power �ow controller (PFC), etc. Their topology falls into two categories:

power quality conditioning between two supply arms (Fig. 2.1(b)) or combining two arms into one as a

cophase system (Fig. 2.1(c)). Both topology designs can balance the grid side current, but the cophase

system has the advantage of reducing or even eliminating the neutral sections [36].

In the existing solutions, large LC impedance matching �lters and transformers are needed for

connection between converters and transformers. In [34], a special design is investigated to reduce

the DC-link voltage via coupling impedance design that the reactive power is absorbed by the passive

�lter, however this is only applicable in certain current load conditions. Chen et al. use magnetic

static var compensator (MSVC) to dynamically change impedance in response to the locomotive load

variations [35]. Although the passive impedance can reduce the conditioner's voltage rating, the MSVC

cannot follow rapid load change perfectly. Power electronics based compensators still have to provide

some reactive power.

Cophase conditioners proposed in the literature are operated with a �xed compensation strategy or

under the minimum active power capacity criteria. However, these approaches cannot fully minimise the

loss when the traction load is lower than the nominal capacity of the conditioning system. Additionally,

existing proposals use a bang-bang (hysteresis) controller for compensation current tracking control

which may not be an acceptable option. Because the switching frequency is not directly constrained, and

a high switching frequency is required to achieve good performance, the bang-bang control is hardly

suitable for real applications nor for the multilevel converters.

This chapter investigates the V/v transformer-based cophase supply scheme, and employs a single-

phase 25-level half-bridge modular multilevel converter (MMC) back-to-back topology to enable direct

connection to the traction network without a transformer or additional passive �lters. Compensation

current reference is calculated in real-time to satisfy different load variations. The converter is controlled

by proportional resonant (PR) controllers for current tracking, and carrier wave phase shifted pulse

width modulation (CPS-PWM) is adopted to control the states of switches.



2.2 Design of partial compensation cophase power conditioning for V/v transformer 11

Fig. 2.2 V/v transformer and V/x transformer feeder station

2.2 Design of partial compensation cophase power conditioning for V/v

transformer

2.2.1 V/v transformer feeder station and the inherent power quality issues

The wiring diagrams of V/v and V/x transformer are illustrated in Fig. 2.2. There are two single phase

transformers connecting phaseAB and phaseCB and these types of transformers are widely used in

current railway systems. V/x transformer is similar to V/v wiring type and can cancel the autotransformer

(AT) within the feeder station. To make the following analysis easier to follow,�Ibb (a virtual current at

the transformer secondary side) is used. The relation of the currents at both sides of the transformer are

expressed in Equ. (2.1).

8
>>><

>>>:

�Iaa= N�IA
�Icc = N�IC
�Ibb = � ( �Iaa+ �Icc) = N �IB

(2.1)

To facilitate the analysis,�Iaa; �Ibb; �Icc are used to represent the three phase current condition at the

grid side. The phasor diagram of V/v transformer with three different load conditions are illustrated

in Fig. 2.3: (a) single-side load, (b) both sides have equal load, and (c) one side is half loaded than the

other side. ITrL andITrR are the traction load current RMS values on the left supply arm and on the

right supply arm respectively. Due to different voltage phases of the two supply arm, a neutral section

is necessary inside each feeder station. The existence of the neutral section blocks the energy sharing

between two supply arms and introduces a no power zone where the train has to rely on inertia and

on-board energy source without external supply.

Another issue is the inevitable negative sequence current, no matter how balanced the traction loads

are in each supply arm. As shown in Fig. 2.3, the three phase current unbalance is most severe when only

one side is loaded (Fig. 2.3(a):Iaa= Ibb = ITr; Icc = 0) and is lightest when both sides are equally loaded

(Fig. 2.3(c):Iaa= Icc = ITr; Ibb =
p

3ITr). The grid side negative sequence components are calculated by

1Vectors A, B and C represent the phase angles of the ideal three phase grid voltage phasors�UA ; �UB; �UC.
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Fig. 2.3 Phasor diagrams1of V/v transformer with different load conditions

Table 2.1 Power quality of V/v transformer station

Load condition Fig. 2.3(a) Fig. 2.3(b) Fig. 2.3(c)
Current unbalance factor 100% 77.2% 63.4%
Power factor pfA 0.979 0.979 0.979

pfB 0.667 0.667 0.95
pfC NA 0.874 0.667

1 Assumption: traction load power factor pfTr = 0:95

transforming the three unbalance current phasors into three sets of symmetric phasors by Equ. (2.2).
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The current unbalance factor is de�ned in Equ. (2.3):

eI =

�
� �I �

�
�

�
� �I+

�
� � 100%: (2.3)

Negative sequence current will induce an unbalanced voltage in the grid and the de�nition of voltage

unbalance ratioeU is similar toeI and can be estimated by Equ. (2.4):

eU =

p
3

�
� �I �

�
� UL

Sk
� 100%; (2.4)

whereUL is the RMS value of the grid line to line voltage andSk is the grid short-circuit capacity.

Besides the negative sequence issue, the reactive power problem is also evident in that currents are

not in phase with three phase grid voltage. Table 2.1 lists the current unbalance factor and power factors

in different load conditions of the V/v transformer power supply.

The aforementioned issues all occur at the fundamental frequency (50 Hz), and there exists higher

order harmonics mainly generated by converters in the train. These harmonics can be coupled into the
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Fig. 2.4 V/v transformer with MMC-based cophase connection

power grid through transformers which cause extra losses and become a destabilising factor. In the

next two sections, an MMC based cophase supply scheme is presented to solve those problems and the

neutral zone inside the station can be cancelled.

2.2.2 Compensation strategy design for cophase power supply system

Topology and full compensation

A back-to-back converter is connected between phaseabandcb to form a cophase supply scheme in

Fig. 2.4. The positive direction of current value is de�ned by the arrows' direction.Ii , Io andITr represent

the current RMS values of the converter input current, converter output current and traction load current

respectively. We assume the transformer is ideal so that Equ. (2.1) holds true.

Full compensation is de�ned as the negative sequence current is zero and the grid side power

factors are kept to unity. Therefore, the three phase currents are all in-phase with the corresponding

supply voltages and have the same magnitude. The phasor diagram is shown in Fig. 2.5. Current�Iaa,
�Io and �Ii are decomposed into orthogonal components that are in phase/perpendicular to the corre-

sponding supply voltage phasor, and the magnitude of these orthogonal components are represented by

Iaap; Iaaq; Iip; Iiq; Iop; Ioq respectively as shown in Fig. 2.5 and Fig. 2.6. Based on the energy conservation

law, real power �ow into and out of the converter should be equal (Equ. (2.5)) if losses are ignored.

Iip = Iop ) ITr cosf Tr � Iaap= Icccosf Tr

) Icc =
ITr cosf Tr

cos(p=6)
� Iaa

(2.5)

The remaining phasors can be intuitively derived by geometric methods and the magnitude of each

phasor is expressed in Equ. (2.6).
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Fig. 2.5 Full compensation phasor diagram

8
>>><

>>>:

Iaa= Ibb = Icc = ITr cosf Tr=
p

3

Iop = ITr cosf Tr=2

Ioq = ITr
�
sinf Tr � cosf Tr=2

p
3
�

(2.6)

These expressions show that to achieve full compensation operation, the converter has to provide

half of the active power and a certain portion of the reactive power. The required capacity of the whole

conditioner can be evaluated by the apparent power ratio (ksize) of the converter to the load as shown in

Equ.(2.7). Assume the traction load power factor varies from 0.85 to 1, then the required capacity of

the cophase conditioner should be 57.74% of the maximum traction load power for full compensation.

ksize=
SConditioner

STractionLoad
=

max(Io; Ii) �Uab=(cb)

ITr �Uab

= max

0

@

s
4� 2cos(2f Tr) �

p
3sin(2f Tr)

6

1

A
(2.7)

In order to reduce the construction cost of the cophase power conditioner,ksizeneeds to be minimised.

But there is no freedom to reduceksize, because of the strict symmetric three phase current restriction in

full compensation. However, the grid has the ability to withstand certain unbalanced current, so it is

possible to relax the constraint to reduce system capacity.

Partial compensation strategy Design

Figure 2.6 shows the partial compensation strategy where each phase current is not necessarily in-phase

with the supply voltage.j A ; j B ; j C are grid side current phase angles lagging to grid side voltage2. qab

andqcb are phase angles of the actual transformer's secondary side voltages which may not be30� and

90� in the real system.

2In Fig. 2.6, �Iaa and �Icc are actual leading to the voltages, therefore negative sign exists.
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Fig. 2.6 Partial compensation phasor diagram

The �rst two equations in Equ. (2.5) still hold true and are expanded in Equ. (2.8):

ITr cos(f Tr) � Iaacos(qab+ j A)

= Icccos(120� � qcb � j C) :
(2.8)

As shown in Fig. 2.4, three phase currents obey Kirchhoff's law which leads to Equ. (2.9):

�Iaa+ �Ibb+ �Icc = 0: (2.9)

Partial compensation relies on the grid code3 about the limit of permissible voltage unbalance and

regulation for distribution network operators is often set at 2%. Phasor�Iaa, �Ibb and �Icc contain six

undetermined values (magnitude and phase angle of each phasor). We can decompose Equ.(2.9) into

two constraints as shown in Equ. (2.10) and convert these equations into Equ. (2.11):

proja ( �Iaa) + proja ( �Icc) = � proja ( �Ibb)

projb ( �Iaa) + projb ( �Icc) = � projb ( �Ibb)
; (2.10)

whereproja projects the phasor toa axis which is aligned with phase A, andprojb projects the phasor

to b axis which is 90� behind A axis.

Iaacos(j A) � Iccsin(30� � j C) = Ibbcos(60� � j B)

� Iaasin(j A) + Icccos(30� � j C) = Ibbsin(60� � j B)
: (2.11)

In addition to voltage unbalance limit, power factor has to be corrected above 0.9, implying

j A;(B;C) 2 (� 25:8� ;25:8� ). So three constraints are imposed on the phase anglesj A;(B;C) , leading to six

constraints in total with Equ.(2.8)and Equ.(2.11)to explicitly formulate the desired current phasors
�Iaa;(bb;cc) . Finally, the RMS values of the transformer secondary side current are expressed in Equ.(2.12).

3According to National Grid report `GC0088-Voltage Unbalance'
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So far, each current phasor in the system can be derived using vector addition and subtraction operations

illustrated in Fig. 2.6. We have thus shown that the desired compensation result can be achieved by

setting a suitable set of three phase current phase angles.

Iaa=
2ITr cos(f Tr) cos(30� � j B + j C)

2cos(qab+ j A) cos(30� � j B + j C) + sin(qcb � j A + j B + j C) � cos(30� + qcb+ j A � j B + j C)

Ibb =
ITr cos(f Tr) csc(30� + j B) (cos(30� � j A � j B + j C) � sin(j A � j B � j C))

2cos(qab+ j A) cos(30� � j B + j C) + sin(qcb � j A + j B + j C) � cos(30� + qcb+ j A � j B + j C)

Icc =
2ITr cos(f Tr) cos(30� � j A + j B)

2cos(qab+ j A) cos(30� � j B + j C) + sin(qcb � j A + j B + j C) � cos(30� + qcb+ j A � j B + j C)
(2.12)

The essence of partial compensation is to reduce the system costs, and two types of costs can be

reduced: reducing construction cost by reducing the capacity of the cophase system, and reducing

resistive losses to save the operational costs. These two objectives can be achieved using the partial

compensation optimisation procedure in Algorithm 1, and in our case study we consider a traction

power supply system with the following de�ned parameters: current phase angle limitj limit = 25� ,

grid short-circuit capacitySk = 500MVA, traction load power factorpfTr 2 [0:85;1], minimum traction

load active powerPmin = 1 MVA, maximum traction load active powerPmax = 30 MVA and voltage

unbalance limiteUlimit = 1:9%.

As illustrated in Algorithm 1, the �rst step is to minimise the current capacity under the maximum

load condition with different load power factors. The optimal result of the �rst step is then fed to the

second step to search for the optimal angles for the three phase currents to minimise the resistive energy

losses. To obtain the optimal solutions, this chapter adopts an exhaustive search approach, where the

search space for the power factor and the power capacity are segmented into small meshes with the mesh

scale of1:25� 10� 2 for the power factor and 1 MW for the power. The accuracy for the resultant phase

angle of the three phase currents[j A ; j B; j C] is set to 0:1� .

Through exhaustive search, Algorithm 1 optimises the converter size, resulting inImax = 471:33A

with the maximum capacity12:96 MVA andksize = 0:367. The maximum capacity is required when

the load has the highest active power and the lowest power factor. In this case study, when the partial

compensation scheme is applied,ksize is reduced by 27.9% (5MVA) compared with the full compensation

scheme. Figure 2.7 shows the compensation ratios of apparent power and active power using full and

partial compensation strategies.

The phase angles under different traction load conditions are illustrated in the three contour plots

(Fig. 2.8). The target phase angles of three phase current vary according to different traction load

characteristics and there is no single optimal combination that suits all conditions. In several cophase

conditioner studies [36, 37], researchers only minimise the converter active power capacity under

different loads, and this approach is equivalent to minimising the current magnitude of the conditioner.

Here in our studies, we assume total operational losses is mainly resistive losses (Plossµ I2). Figure 2.9

illustrates the minimal resistive losses using our proposed optimisation scheme when the total currents
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Algorithm 1 Partial compensation optimisation procedure
Initialisation:

Current phase angle limitj limit ;
Maximum voltage unbalance factoreUlimit ;
Grid short-circuit capacitySk;
Active power boundary of traction loadPmin;Pmax;
Power factor boundary of traction load pfmin;pfmax

Optimisation output:
Maximum RMS value of the conditionerImax;
Optimised phase angles[j A ; j B; j C] for given traction active powerPTr and power factor pfTr.

Step 1:
function CAPACITY REDUCTION(Pmax;pfmin;pfmax)

Imax  ¥
for pf = pfmin to pfmax do

minimise
j A ;j B;j C

Ĩmax = max(Ii ; Io)

subject to max(jj A j; jj Bj; jj Cj) � j limit ;

ITr = Pmax=Uab=pf;

eU < eUlimit :
if Ĩmax < Imax then

Ĩmax  Imax
end if

end for
return Imax

end function

Step 2:
function STRATEGY SEARCH(Pmin;Pmax;pfmin;pfmax; Imax)

for PTr = Pmin to Pmax do
for pf = pfmin to pfmax do

minimise
j A ;j B;j C

I2
i + I2

o

subject to max(jj A j; jj Bj; jj Cj) � j limit ;

ITr = PTr=Uab=pf;

eU < eUlimit ;

max(Ii ; Io) � Imax:
Save strategy vector[PTr; f Tr; j A ; j B; j C]

end for
end for
return strategy matrix[PPPTr; fff Tr; jjj A ; jjj B; jjj C]

end function
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Fig. 2.7 Compensation percentage comparison: full compensation v.s. partial compensation

Fig. 2.8 Compensation strategy for different load conditions

I2
o + I2

i of both sides of the converter are minimised. In Fig. 2.9, z-axis values are normalised and the

orange bars are the additional losses if the magnitude of output current is minimised (compared to our

approach `blue bars'). Figure 2.9 shows that the resistive losses are reduced signi�cantly (18.7%) at

unity power factor load which is a typical characteristic for high-speed train traction drive systems.

Using the phase angles of three phase current as the control objectives, the cophase controller can

dynamically compensate the unbalanced current arising from the traction load such that the negative

sequence component and the grid side power factor are corrected to the desired limits with the least

resistive loss.

2.2.3 Modelling and control of the MMC-based power conditioner

In this section, a four phase MMC back-to-back converter is used to implement the proposed cophase

supply scheme. The converter topology is shown in Fig. 2.10(a) where phaseaand phaseb operate as a

recti�er, and phase e and phase f operate as an inverter.

Single phase model and modulation

Each branch of the MMC phases is composed of many half-bridge modules (SM1 : : :SMN) with �oating

capacitors connected in series with an arm inductor (Lbr). Two identical branches form one phase
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Fig. 2.9 Resistive loss comparison (normalised loss value)

Fig. 2.10 MMC topology and single phase equivalent circuit
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which can be simpli�ed by an average model. In Fig. 2.10(b), modules in upper and lower branches are

represented by controlled voltage sourcesuu andul while us is the external voltage source. Assume the

capacitor voltage is regulated to support stabilisingUdc, according to the Kirchhoff's law, the circuit

equations of upper and lower branches are:

us � Ls
dis
dt

� Rsis+ Rbriu + Lbr
diu
dt

+ uu =
Udc

2
; (2.13)

us � Ls
dis
dt

� Rsis � Rbri l � Lbr
di l
dt

� ul = �
Udc

2
; (2.14)

then add and subtract (2.13) and (2.14) yielding (2.15) and (2.16).

us = Rsis+ Ls
dis
dt

+ Rbr
i l � iu

2| {z }
idif

+ Lbr
d
dt

i l � iu
2| {z }
idif

+
ul � uu

2| {z }
udif

(2.15)

Udc

2
= Rbr

iu + i l
2| {z }

icom

+ Lbr
d
dt

iu + i l
2| {z }

icom

+
uu + ul

2| {z }
ucom

(2.16)

Expressed in Equ.(2.15)and(2.16), the terminal voltage can be controlled by the differential-mode

voltage between the upper and lower branchesudif = ( ul � uu)=2, and the DC-link voltage is maintained

by the common-mode voltageucom = ( ul + uu)=2. Similarly, differential-mode currentidif = ( i l � iu)=2

determines the output terminal currentis, (is + iu = i l) and common-mode currenticom = ( i l + iu)=2

represents the energy transfer between branches. Therefore, the terminal voltage and current are

determined by the differential-mode values of two branches in each phase while the internal states are

controlled by the common-mode values.

The carrier wave phase-shifted (2p=N) PWM method has been used for MMC modulation. Although

the nearest level modulation (NLM) enjoys lower switching losses, the proposed 25-level converter does

not have enough modules for direct NLM. All branches share the same phase shifted carrier waves.

These carrier waves are compared with the voltage reference to generate switching pulses to drive each

half-bridge.

Current control and capacitor balancing

The recti�er side of the MMC draws current with the designed phase angle while stabilising the

average DC-link voltage. While the other two phases (phasese; f) inject current into the load for direct

compensation. We assume that real-time phasor measurement of voltage and current at transformer

secondary terminals are available with one unit sample time delay. The desired compensation current

can be derived by the subtraction of current referenceiref
aa (derived by Equ.(2.12)) and real measurement

iTr. Figure 2.11 illustrates the procedure of reference current calculation foriref
i andiref

o .
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Fig. 2.11 Reference current design scheme

In most recent literature [38, 37], bang-bang control has been used for current tracking, but good

tracking performance requires very narrow hysteresis width which results in unpredictable and high

switching frequency. However, in reality, high power switches cannot accept very high switching

frequency.

Alternatively we can either transform the single phase current into rotating dq frame with respect to

the transformer terminal voltage and adopt two PI (proportional-integral) controllers, or directly use PR

(proportional-resonant) controllers to track sinusoidal reference components. Based on internal model

principle, a PR controller is the combination of a proportional gain, a fundamental resonant term and

harmonic compensator terms [39].

CPR(s) = Kp + Kr1
s

s2 + w2
1

+ å
h= 3;5;:::

Krh
s

s2 + ( w1h)2 (2.17)

The principal frequency components in the reference signal can be controlled by speci�cally designed

resonant terms and the residual component is controlled by the proportional term. In this case, the

fundamental component and the third order harmonic have the largest portions, a PR controller is

designed as given in Equ. (2.18):

CPR(z) = KP

+ Kr1
1

w2
1Tsc

(1� cos(w1Tsc)) z2 + cos(w1Tsc) � 1
z2 � 2cos(w1Tsc) z+ 1

+ Kr3
1

w2
3Tsc

(1� cos(w3Tsc)) z2 + cos(w3Tsc) � 1
z2 � 2cos(w3Tsc) z+ 1

; (2.18)

where the `�rst zero hold' method is adopted for discretisation,w1 = 100p; w3 = 300p andTsc is the

controller sampling time.
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Fig. 2.12 Capacitor voltage balance control and current control

The capacitor voltage in each submodule cannot be guaranteed if we solely modulate the MMC for

current tracking. A simple voltage balance scheme based on the proportional control is introduced by

adding a small portion signal into the original voltage reference. Capacitors with a lower voltage than

average will turn on for a longer time during charging period while capacitors with higher voltage than

average will turn on for longer time in the discharging period. The charging and discharging status is

decided by the direction of the branch current.

Control diagrams of the current control and the voltage balancing are illustrated in Fig. 2.12, and

each sub-module has an individual control signal added to the voltage reference for each branch. The

composite references are compared with phase shifted carrier waves to generate PWM signals for

switches in phasea. The control schemes for the other phases are similar, but the differential-mode

voltage reference has to be reversed in phases b; f.

2.3 Simulation and discussion

2.3.1 System control scheme and simulation setup

A 25-level single phase back-to-back MMC is simulated for cophase conditioning; the system and

simulation parameters4 are listed in Table 2.2. A control diagram of the whole system is presented in

Fig. 2.13. Real-time phasor measurements of voltage/current at transformer/converter ports are assumed

to be fully available. The compensation parameters are derived by linear interpolation of the strategy

matrix based on instantaneous active and reactive traction power and the parameters are updated at

4The grid impedance is selected according to conventional AC power grid. 500 MVA short-circuit capacity is chosen for a
more stringent scenario. In the real application, the traction load should be connected to a stronger power grid which requires
smaller amount of the compensation current.
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Fig. 2.13 Cophase system and control scheme diagram

100 Hz frequency. Then a series of MMC control actions are implemented accordingly. Two sets of

simulations are designed to test the performance of the proposed cophase operation scheme for 20 MW

static load and dynamic load varying from 0 MW to 30 MW.

2.3.2 Cophase supply for static load

We �rst discuss the performance of static load compensation where a controlled current source is used

to simulate a 20 MW (pf=0.95) static load. The load power and grid voltage unbalance are illustrated in

Fig. 2.14; the power conditioner starts to compensate at 0.4 s. It is shown that the voltage unbalance ratio

drops from 4.5% to 2% in 60 ms and �nally settles to 1.95%. Three phase grid voltages and currents are

presented in Fig. 2.15. It is noticeable that the voltage amplitudes (green lines) have larger differences

before the compensation is implemented, but they are restored to approximately equal amplitude at

0.45 s. The grid side currentIC is almost zero before compensation (see Fig. 2.3(a)) and the three phase

currents remain unbalanced to some degree in the partial compensation strategy. As shown in Fig. 2.16

which plots the power factor at the grid side, it is clear that the three phase power factors are corrected

above 0.9 with the proposed compensation.

Modern electri�ed railway rolling stock is powered by `AC-DC' or `AC-DC-AC' conversion systems

through traction drives where the converters inject harmonic currents into the power supply system [40].

To investigate harmonic issues, recti�ers are modelled as several 3-level single phase NPC (neutral-point

clamped) converters with �xed load at DC side. These converters are connected to the railway power

supply system through a step-down transformer. Single phase recti�ers will naturally generate harmonic

components which are used to represent the harmonics issue.

In the proposed control strategy, third order harmonics (150 Hz) can be directly suppressed using

the current reference signal design procedure. The MMC conditioner cancels most of the 3rd order

harmonics and suppresses a few high order harmonics as well. As illustrated in Fig. 2.18(a), the grid
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Table 2.2 Simulation system parameters

Parameter Symbol Value
Supply system parameter

grid voltage Vph2ph 110 kV
short-circuit capacity Sk 500 MVA
X/R ratio 7
transformer ratio N 110 kV/27.5 kV

MMC parameter
DC-link voltage Vdc 48 kV
submodule number nsub 24
submodule voltage Vsub 2 kV
submodule capacitor Csub 2 mF
branch inductor Lbr 30 mH
switching frequency fsw 500 Hz

Simulation parameter
solver type ode23t
simulation step Ts 5 ms
control sampling time Tsc 100ms

Fig. 2.14 Voltage unbalance factor under static load

Fig. 2.15 Grid voltage and current under static load
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Fig. 2.16 Grid side power factor correction under static load

(a) (b)

(c) (d)

Fig. 2.17 MMC internal status: capacitor voltage and circulating current
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(a) IA one cycle at 0.2 s (b) IA one cycle at 0.8 s

Fig. 2.18 FFT analysis of grid currentIA before and after compensation (static recti�er load)

currentIA contains 4.38% of 3rd order harmonics and some small 9th and 11th order harmonics before

compensation. After the compensation starts, the 3rd order harmonic becomes negligible, and the

remaining odd harmonics are all suppressed below 2.06%. The MMC internal states including sub-

module capacitor voltages and circulating currents (icom) in phasea and phasee are shown in Fig. 2.17.

Due to the topology symmetry, phaseb and phasef exhibit the same behaviour. The capacitor voltages

in each submodule are balanced and the circulating currents have little oscillating components at steady

state.

2.3.3 Cophase compensation for variable loads

In practice, the load can vary drastically rather than being constant. For simplicity, the load is simulated

by a controlled current source which delivers different active and reactive power at different time instant.

Figure 2.19(a) illustrates the designed dynamic load pro�le: the active power increases from 0 MW

to 30 MW during 0.1 s to 6 s, and decreases afterwards. The red line shows the designed pro�le of

varying power factor.

The green line in Fig. 2.19(b) shows the voltage unbalance ratio. Although the load keeps changing,

the voltage unbalance factor can be fully controlled below 2%. When the traction active power is below

15 MW, the proposed cophase system controls power factor while simultaneously meeting the voltage

unbalance requirement. When the traction active power is above 15 MW, the voltage unbalance ratio is

restricted to 1.9% deliberately. But the actualeU settles at 1.9942% in the test due to some modelling

error and delays.

Traction loads can change rapidly in cases where multiple trains start or accelerate simultaneously.

Figure 2.20 shows the grid voltage unbalance curve under a step load change where a 30 MW (pf=0.85)

load is connected into the system at 0.2 s. This has lead to an overshoot of 3.09% and a total duration of

67 ms of violating the grid code limit (2%). Because of the delay in load detection and compensation

response, there is a oscillation during the �rst 50 ms after the step change. Finally, voltage unbalance

ratio is controlled within 2% after three grid cycles.
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Fig. 2.19 Compensation for varying current source load

Fig. 2.20 Voltage unbalance under load step change
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2.4 Summary

This chapter proposes a cophase supply conditioner using a 25-level modular multilevel single phase

back-to-back converter for power �ow control. The conditioner is directly connected to the ports of

V/v transformer for compensation of reactive power, unbalanced current and for low order harmonics

suppression. Phasor diagrams of the cophase system are analysed to derive the reference current for

partial compensation which can be achieved by choosing suitable phase angles of the three phase

grid-side currents.

With the aim of minimising the converter capacity and operation losses, a two step strategy is

designed. A case study shows that around 27.9% (5 MW) of capacity can be reduced by the partial

compensation scheme for 30 MW traction load. And the conditioner operates with the least resistive

losses under dynamic traction load. While variable impedance unit like MSVC can be used to further

reduce converters capacity, yet this compensation strategy design is still applicable to the whole

conditioning system design.

The optimised grid side current phase angles are chosen as the control strategy for real time reference

current calculation and PR controllers are adopted for current tracking rather than bang bang control

used in the previous works. The current signals have very little harmonics content with 500 Hz switching

frequency modulated by CPS-PWM.

Simulation results con�rm that, the proposed cophase conditioner can regulate voltage unbalance

within 40 ms even in the worst scenario (load step change from zero to maximum). When the load

varies continuously without large step changes, the negative sequence component can be perfectly

controlled. Third order and other low order harmonics induced by traction line converters can be

effectively suppressed by MMC conditioner with the proposed control scheme.

These conclusions are only valid when the analytical model parameter perfectly matches the real

infrastructure. The linear model analysis result is designed based on in�nite grid capacity and ideal

transformer model. However, in real applications, there exists non-negligible leakage inductance in the

transformer and the grid capacity is �nite. These can be tackled by upgrading the control strategy in

this cophase compensation system to accommodate more realistic conditions. For example, to eliminate

the error by increasing the compensation ratio if steady state error occurs. In the simulation result, it

can be seen that small error exists in steady state which is caused by grid �nite capacity, the designed

compensation strategy is set to 1.9% in linear analysis to get the 2% result in the simulation.



Chapter 3

Model predictive control for modular

multilevel converters

3.1 Overview of MPC method for multilevel back to back converter

control

A modular multilevel converter is a multi-variable control system with several constraints which is

analysed in chapter A. If the traditional single input and single output controller is deployed for MMC, a

complex cascaded control scheme is required. The model predictive control (MPC) is developed to deal

with multi-input and multi-output (MIMO) cases with constraints. MPC adopts the receding horizon

concept which can be traced back to 50 year ago [41, 42]. After decades of development, MPC has

become an advanced control technology that has made substantially used in a range of industrial sectors

[43].

In MPC control, the standard state space model formulation is often used to implement the receding

horizon optimisation. The basics concept and the applications of MPC in power electronics converters

are brie�y reviewed in this section.

3.1.1 MPC for AC/DC power electronic converters

The increasing processor computing power enables the successful MPC applications in the �eld of

power electronics control. The applications of MPC to power electronics converter and drive systems

started to emerge since 2000 [44]. In these applications, the MPC are mostly formulated in the discrete

time domain with a small sampling intervalTs. Usually the discrete time state space model is used to

describe the nonlinear dynamics of the conversion system via (3.1)

x(k+ 1) = f (x(k);u(k)) ; k 2 f 0;1;2; : : :g; (3.1)

wherex(k) is the state value at timek, andu(k) is the control input.
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Constraints to the state variables and control inputs can be con�gured such as:

x 2 X � Rn

u 2 U � Rm
; k 2 f 0;1;2; : : :g; (3.2)

whereX;U are polytopes;n;m are the dimension of the statex(k) and inputu(k) at each sampling

step. The constraints are mostly current and voltage limits which are set to avoid over current and over

modulation issue. Then at each time instantk, an optimisation problem with �nite length horizon is

formulated as:

J(x(k);u� (k)) =
k+ N� 1

å
l= k

L(x(l );u(l )) + F (x(k+ N)) ; (3.3)

whereL(�; �) andF(�) are weighting functions to evaluate the system dynamics such as current/�ux

tracking, voltage regulation, switching efforts, etc. for the entire horizon length [45]. Although, the

optimised control variableu� (k) contains all control inputs for horizonh (a vector ofh� melements),

only the �rst m elements is adopted. Then at the next sampling time, the same procedure repeats, so that

a typical MPC is performed in this open loop optimisation with feedback update framework.

Several typical MPC approaches in power electronics converter control are brie�y introduced in the

following paragraphs.

Generally speaking, we can classify different controllers into two categories: the continuous control

set (CCS) and the �nite control set (FCS). In a CCS-MPC formulation, continuous control input is used,

so a modulator is required to convert the real number signals into binary control commands for electronic

switches. Unlike CCS-MPC, in FCS-MPC method, the discrete nature of the converter switches are

directly modelled and the modulator is avoided in this case, and the optimal control input can be directly

fed into each switch drive.

CCS-MPC

In the CCS-MPC formulation, the optimisation problem is to solve the optimal duty cycle or voltage

reference for the PWM modulator. This approach approximates each converter leg to an averaged model.

Given a converter hasnleg of legs, the dimension ofu is h� nleg. So a long horizon MPC has less

computational burden compared to FCS-MPC. In addition, because the conventional modulator is used,

the harmonics content can be designed and �xed switching frequency can be guaranteed [46]. However,

because the CCS-MPC is modelled based on averaged behaviour of each converter, model linearisation

is required for different operation points.

FCS-MPC

In the FCS-MPC formulation, the optimisation problem is to select the optimal combination of all

possible switching states for the converter. This approach has the potential to surpass the SVM

and carrier wave PMW via its optimisation procedure [47]. However, FCS-MPC suffers from high
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computational burden. If each converter leg has a number of switching statesns with nleg legs, the

possible switching states for horizon lengthh is n
(nleg� h)
s . The complexity increases exponentially which

cannot be bounded by a polynomial like CCS-MPC.

Due to this exponentially increased number of states, most applications only use one prediction

horizon MPC to reduce the computational burden. However, long horizon could bring better performance.

Geyer et al. demonstrated in [48] that long horizon MPC approach is less sensitive to noise and contains

less current distortion in steady state without negative impact on transient states settling time. To

alleviate the high computational complexity, sphere decoding [49] is effective in reducing computational

burden by 4 orders of magnitude [48, 47].

The solution for the multi-step long horizon problem can be also accelerated by neural networks

which can be trained to imitate FCS-MPC algorithm. Novak [50] developed a surrogate model via

ANN for fast optimisation so that the computational burden can stop increasing with the extension

of prediction horizon. The merit of this approach is that the size of ANN is not correlated with the

complexity of the original FCS-MPC and the same performance are approximately maintained with less

online calculation effort [51].

Some special MPC formulation strategies can also achieve extended horizon with less complexity

such as `Moving Blocking', `Extrapolation' and `Event based method' [52]. The moving block strategy

combines short and long sampling interval to achieve longer prediction horizon with less calculation [53].

The extrapolation strategy [54] used few time steps for switching optimisation along with extrapolated

trajectories from the �nal control slope to achieve longer horizon prediction. The event based method

[55] used an of�ine optimised pulse pattern as starting point and then modi�es the pre-calculated

switching to compensate the tracking error in real time.

Modulated MPC

Another issue related to the FCS-MPC is the variable switching frequency. One of the solution is to

modify the original FCS-MPC to Modulated MPC [56]. In this variant, the modulation scheme is

included in the cost function design where the switching state and the switching on time duration are

considered. This method has been applied to several power converter topologies to guarantee a �xed

frequency [57–59]. The Modulated MPC can be viewed as an online optimised space vector modulation

approach. This approach improves the computation speed, �xes the current frequency and reduces the

high ripple in control variables [60].

Explicit MPC

Another solution to reduce computational burden is to use of�ine optimisation results. Bemporad et al.

[61] presented an algorithm to explicitly determine the feedback control law of a quadratic linear time

invariant system, so that the online computation of the �nite horizon problem reduces to evaluation of

an explicitly de�ned piece-wise linear function. This initial explicit MPC approach is not applicable

to multilevel converters due to its high dimensional problem. Jeong at al. [62] presented a region-less
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explicit MPC to reduce the memory requirements with the cost of online computation [63]. Jeong

demonstrated the algorithm on Cyclone V FPGA for MMC control with 96% reduction in memory

requirement compared to other region based method [62].

3.1.2 MPC for MMC

MPC for MMC control has gradually gained attention in the last decade [64, 65]. This approach brings

faster response performance and compensates delay which is dif�cult to achieve using the PID scheme.

Moreover, [66] pointed out that the MPC is suitable for small inductance and small capacitance value in

the MMC system. Although the nonlinear MPC modelling for MMC control achieves better steady state

result but has drawback of high computational demand due to the nonlinear optimisation problem [66].

So only linear MPC are discussed in this chapter.

MPC modelling for MMC

FCS-MPC In the MMC control problem, the original FCS-MPC which explicitly evaluates all

combination of switching states is practical only for small number of submodules per arm [67]. It is not

suitable for MMC with large number of voltage levels [68]. So researchers modi�ed this idea to use

the number of total inserted submodules in each arm as the control input to reduce the computational

cost while maintain the discrete voltage level characteristic of MMC. Even we only consider the number

of voltage level as control input, there is still(N + 1)6 possible combinations in the three phase MMC

inverter. This `voltage level based MPC' can be simpli�ed if the total number of inserted submodules

can be constrained withinN � 1 or N � 2 [68]. Also, some algorithms are developed to reduce the

complexity, e.g. Gao proposed a box constrained QP solver to greatly reduce the switching combinations

needs to be evaluated [69].

Deadbeat controller Some researchers use the deadbeat control [70] idea which can be viewed as a

simpli�ed version of model predictive control whose horizon equals to one with no constraints. Due to

its exceptional simplicity, the optimal voltage control command can be calculated directly in one-step

expression which makes it one of the fastest predictive controller [71]. A typical application of this

control method for MPC is shown in [72], where the deadbeat controller is formulated to obtain the two

optimal modulation references for each arm with very low computational burden. Another advantage

of this method is that weighting factor tuning is avoided, but on the other hand it does not support

constraints nor the multi-objective control purposes.

Mei et al. [73] improved the original deadbeat controller by combining two deadbeat controllers

with different sampling interval length and compared multiple step performance by extrapolation over

multiple steps. The author concluded that this multi-step MPC improves the current tracking and stability

margin.
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Modulated MPC Similarly, the modulated MPC concept is also investigated in the MMC domain.

Most of the modulation MPC methods for MMC control are designed based on deadbeat controller plus

a special optimised modulation scheme.

Yin et al. [74] proposed a grouping method based modulation method for voltage level selection

after the employing the deadbeat controller. The improved modulation method can enhance the current

control performance with large number of submodules.

Gong et al. [75] used this modulated MPC to overcome the drawbacks brought by FCS-MPC. The

original SVM modulation is not suitable for MMC modulation, Ramirez et al. designed a special SVM

for MMC by searching the nearest voltage vectors among numerous available candidates. In [75] a

submodule uni�ed PWM method is used for modulated MPC implementation.

CCS-MPC Some researchers focus on realising long horizon MPC rather than one-step prediction for

MMC control. In this case, the CCS-MPC approach is often selected for this purpose. For example, [64]

modelled the dynamic behaviour of a three phase MMC and designed a CCS-MPC with controlled states

for load current, DC-link current and sum of the inserted capacitors in each arm. The MPC model is

usually linearized for control implementation around an operational point with Euler exact discretization

method.

The open-loop veri�cation in [64] showed that the linearized model tends to be inaccurate when

the prediction length is more than 5 ms. To improve the error caused by linearization, [66] Fuchs and

Biela added the time varying reference for internal arm voltage prediction and compared it with accurate

nonlinear model. Although the nonlinear model has better steady state performance but the nonlinear

MPC cannot be solved in real-time.

Poblete et al.[76] further reduced the high computational complexity by taking advantage of the

phase shifted PWM carrier wave pattern. A predictive controller is built to obtain independent reference

signal for each carrier in a sequential manner for PS-PWM modulation [76], therefore each optimisation

problem has longer time to get solved.

Cost function design

The cost function used in MPC for MMC has multiple usually comprises several terms. These terms are

designed for current tracking, energy tracking and other control purposes. The current related cost can

be AC current tracking, DC current tracking, arm current tracking and current change penalty. Current

reference design for either balanced grid or unbalanced grid is the same to other control scheme (e.g. PI,

hysteresis), and the ideal circulating current reference can be acquired [75] based on the output current

value. The energy related cost can be formulated in voltage or energy expression. Other cost terms can

be soft constraint cost, control effort cost, etc. Although the MPC can easily deal with MIMO problems,

there is still trade off when selecting weighting factors in the cost function design [77] under different

operation conditions.
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Energy balancing control

Among the many studies, some researchers still use external control loop for energy balance control

[71, 69, 67, 72, 74, 76], where the essential circulating current required to maintain the capacitor voltages

is calculated in separate controllers [78]. Some proposed control schemes resort to energy balance to

modulation stage [75]. If the balancing control can be integrated inside the MPC, the separate controllers

are eliminated. Some typical approaches for achieving energy balance within cost functions are brie�y

introduced as follows.

A rough approach is to control the overall MMC energy. Darivianakis et al. [64] devised the reference

AC current and DC voltage for current tracking and sum of capacitor voltage tracking. However, this

approach does not achieve the minimum circulating current. If the �xed DC voltage reference is used

for energy balance, the capacitors in each arm do not have steady performance but an irregular bounded

performance.

There are different energy dynamics patterns in common mode and differential mode. Zhang et

al. [68] used the sum and difference of upper/lower arm energy in the cost function design. The reference

of energy difference is set to zero while the sum of the energy is set to nominal �xed value according

to the DC-link voltage. The circulating current penalty terms must have a relatively greater weighting

factor for good steady state performance.

To achieve better energy balancing result, it is desirable to model this dynamics with higher accuracy.

Fuchs et al. [79] proposed a novel method to model the nonlinear dynamics of the internal energy

through grid voltage information. This approach further reduces the prediction error and achieve the

arm energy balance by special designed dynamic reference.

To avoid complex energy modelling approach, Gao et al. [77] presented an alternative way to regulate

arm energy by taking instantaneous power term into the cost function. In such a way, the system can

stably operate at a wide frequency range.

3.1.3 MPC for B2B converters

Most of the aforementioned MPC algorithms designed for the power electronic converter are for current

tracking of one single converter. In the back to back system, two converters are interfaced through a DC

link, therefore special attention is needed to stablise the DC voltage.

Four most commonly used B2B control architectures are brie�y introduced. Most of the projects are

based on two or three level converters, but these approaches are applicable to MMC B2B system as well.

Conventional PI approach The traditional approach is using outer voltage controller design where a

DC link voltage controller is cascaded with the inner MPC controller [68]. This conventional approach

usually requires a large DC-link capacitor as an energy buffer to slow down the rate of change of the DC

voltage. So that the outer loop voltage controller has a smaller bandwidth than the inner controller. This

control method is used in Chapter 5.
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Centralised control The best approach is to model the whole B2B system in detail irrespective of the

problem complexity. This approach is called centralised/uni�ed control. Cabero et al. [80] proposed a

uni�ed modelling approach for the complete converter system. The energy for charging and discharging

the DC-link capacitor are modelled so that the detailed dynamic in both converters and DC-link is

predictable. The proposed uni�ed method has negligible transient changes of DC voltage under step

changes and a reduced size capacitor becomes acceptable.

Quasi-centralised approach However, the centralised control get the complexity multiplied which is

not easy to implement in two level converters let alone the multilevel converters. Zhang [81] proposed

the quasi-centralised control strategy for B2B system. The quasi-centralised MPC uses a dynamic DC

voltage reference(3.4) to estimate the required power to be exchanged at the DC-link [82]. Then the

current references for both sides are obtained accordingly. Note that because the voltage reference is

always gradually approaching the nominal value, the voltage overshoot issue which is common in PI

controller is not observed in this QC-MPC controller.

Vref
dc = Vdc(k)+

1
Ns

(Vdc;¥ � Vdc(k)) ; (3.4)

whereNs is the number of control steps to reach the nominal DC voltage valueVdc;¥ . Though the

QC-MPC reduces the overshoot and undershoot, [83] mentioned that it is more sensitive to system

parameter deviation. The PI controller is more robust by comparison. [84] modi�ed this QC-MPC by

adjusting the switching point variable, so the implementation time of control inputs are optimised. This

approach gains an extra degree of freedom which can be used to minimise the negative effect of low

DC-link capacitance design.

Sequential predictive control Grimm and Zhang proposed another solution to improve the ef�ciency

issue of centralised control [85, 86]. The optimal solution is solved in sequential procedure that the

system is split into two linear models and one nonlinear model. Firstly two converters are modelled as

linear system and solved for two sets of the best solutions. Then the combination of these solutions are

examined in the nonlinear model (for the dynamic of DC-link) by exhaustive search. In this way, long

horizon MPC can be achieved within acceptable computation time [85].

3.2 Modelling of MMC substation for MPC design

One of the main purposes to use MPC approach for MMC control is to simplify the complex cascaded

linear controller loops. The traditional MMC control scheme has nested control loops so that multiple

control objectives can be achieved. However, even the MPC is adopted, there is still a trade off in the

cost function design. To alleviate this issue, the modelling approach introduced in [79] is adopted and

modi�ed for the B2B traction power supply system.
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Fig. 3.1 MMC three-phase AC side equivalent circuit model

In this approach the optimal energy reference is precisely designed so that there is no contradiction

between energy balance and current tracking in the steady state.

MMC has intrinsic MIMO characteristics. In MMC, the stored energy in each arm is in�uenced by

DC side and AC side and the DC-link introduces coupling effect between phases. The model predictive

control used in this chapter is designed to utilise the MIMO feature where not only the internal currents

are modelled but the capacitor energy in each arm is also considered to achieve a better transient

performance in the back to back MMC substation system.

Additionally, the MPC is formulated as a constrained linear quadratic optimisation problem, the

maximum available voltage, current limits and energy limits are taken into account. So the over

current and over modulation phenomenon observed in PI controllers can be reduced from the controller

perspective.

A CCS-MPC is adopted for MMC control to guarantee a good steady state performance, so a

traditional modulation module is indispensable. Furthermore, long horizon (Nh � 2) is used to effectively

control the submodule energy especially in traction load change condition.

3.2.1 MMC AC side equivalent circuit modelling

Three phase AC connection for grid connection

Assume the power grid interface is a star connection three phase system, which has phase to ground

voltage valuesuga, ugb, ugc. The MMC is analysed using the averaged differential mode equation(A.6).

Equation (3.5) describes the circuit model illustrated in Figure 3.1.

uga = + udif;a+
�
0:5Rbr + Rga

�
iga+

�
0:5Lbr + Lga

� d
dt

iga

ugb = + udif;b +
�
0:5Rbr + Rgb

�
igb+

�
0:5Lbr + Lgc

� d
dt

igb

ugc = + udif;c +
�
0:5Rbr + Rgc

�
igc+

�
0:5Lbr + Lgc

� d
dt

igc

(3.5)

Then a state space model(3.6) can be derived using three phase grid current[iga igb igc]> as state

variables.
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Fig. 3.2 MMC single-phase AC side equivalent circuit model
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5

; (3.6)

where the difference between differential voltage and grid voltage(udif;a � uga), (udif;b � ugb), (udif;c �

ugc) are treated as control variables.

In a balanced grid connection without fault, we can assume the grid connection impedance is the

same across each phases, i.e.Rg = Rga = Rgb = Rgc andLg = Lga = Lgb = Lgc, then the three phase AC

side current SS model can be simpli�ed as (3.7):

d
dt

2
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igb
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0 0 � 1
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(3.7)

Single phase AC conversion for traction network power supply

To model the single-phase side equivalent circuits, the traction network voltage is split into two opposite

signed voltage sources, the network connection impedance (passive �lter and transformer) is simpli�ed

asRt, Lt. Similar to the previous three phase side modelling approach, the circuit equation(3.8)can be

derived from the equivalent model shown in Figure 3.2. The single phase side AC current state space

model is given in (3.9).

0:5ut = + udif;e+ ( 0:5Rbr + Rt) it;e+ ( 0:5Lbr + Lt)
d
dt

it;e

� 0:5ut = + udif;f + ( 0:5Rbr + Rt) it;f + ( 0:5Lbr + Lt)
d
dt

it;f

: (3.8)
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Fig. 3.3 MMC three phase DC side equivalent circuit model

d
dt

"
it;e
it;f

#

= AAAt

"
it;e
it;f

#

+ BBBt

"
udif;e � 0:5ut

udif;f + 0:5ut

#

;
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0:5Rbr + Rt
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"
� 1 0

0 � 1

#

; BBBt =
1

0:5Lbr + Lt

"
� 1 0

0 � 1

#

:

(3.9)

3.2.2 MMC DC side equivalent circuit modelling

MMC1 DC side model

The equivalent DC side circuit model is shown in Figure 3.3 which is derived via MMC averaged

common mode analysis.udc is the measured DC voltage at MMC phase leg andVdc is the DC-link

nominal voltage.Rdc andLdc are the DC-link impedance. We can write out the circuit equation of the

DC voltage of MMC1 from arm current perspective as (3.10).

udc = 2ucom;a+ 2Rbricom;a+ 2Lbr
d
dt

icom;a

udc = 2ucom;b + 2Rbricom;b + 2Lbr
d
dt

icom;b

udc = 2ucom;c + 2Rbricom;c + 2Lbr
d
dt

icom;c

: (3.10)

And from the view of DC-link, circuit equation can be written as (3.11):

udc = Vdc � 2Rdcidc � 2Ldc
d
dt

idc

idc = icom;a+ icom;b + icom;c

: (3.11)

Combining equation(3.10)and(3.11), we can derive the SS model for the three phase MMC1 DC

side current dynamics as(3.12). The voltage differences between the common mode voltages and half

of the DC-link voltage are de�ned as the control inputs to this subsystem. It is clear to see that because

of the DC-link impedance, the current dynamics and control effect in each phase are coupled.
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Fig. 3.4 MMC single phase dc side equivalent circuit model
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MMC2 DC side model

Similarly, the single phase DC side current model can be derived in the same way shown in (3.13):

d
dt

"
icom;e

icom;f

#

= AAAcom2

"
icom;e

icom;f

#

+ BBBcom2

"
ucom;e � 0:5Vdc

ucom;f � 0:5Vdc

#

: (3.13)

AAAcom2=
Rbr

Lbr

"
� 1 0

0 1

#

; BBBcom2=
1

Lbr

"
� 1 0

0 � 1

#

:

Here, the DC-link impedance can be omitted if we concentrate the impedance to the MMC1 model.

3.2.3 MMC arm energy modelling

During the MMC operation, energy stored in each arm continuously �ows between the AC and DC sides.

The instantaneous power of each arm energy exchange is calculated aspxu = ixuuxu, andpxl = ixluxl

wherex represents each phasea, b, c, e, f andpx;u andpxl represent the instantaneous power in MMC

upper arm and lower arm respectively.
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Rewrite the arm current in differential and common mode components. The �rst order differential

equation of arm energye can be expressed as (3.14):

d
dt

exu = pxu = ixuuxu = ( icom;x � idif;x) � (ucom;x � udif;x)

d
dt

exl = pxl = ixluxl = ( icom;x + idif;x) � (ucom;x + udif;x)
; x = a;b;c;e; f: (3.14)

Clearly, in(3.14)the energy termsexu, exl will be updated by the product of state variables and control

variables in the previous models(3.21), (3.22)which results in a nonlinear model. Ideally, in the steady

state, the common mode voltage and differential voltage can be exactly expressed (see 3.3.1), therefore,

we can approximate the energy dynamics by replacing the voltage control inputs with designed voltage

reference. In this way, the state space model of arm energy in two MMC converters are simpli�ed as

(3.15) and (3.16).

d
dt

h
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3.2.4 System model for predictive control

In summary, the MMC arm current and arm energy are selected as system state variables. The differential

mode voltage and common mode voltage generated in each phase are the manipulated variables.xxx1, xxx2

anduuu1, uuu2 are the state variable and control input of MMC1 and MMC2 respectively.

xxx1 =
h
iga; igb; igc; icom;a; icom;b; icom;c; eau; ebu; ecu; eal; ebl; ecl

i >
: (3.17)

xxx2 =
h
ite; itf ; icom;e; icom;f ; eeu; efu; eel; e�

i >
: (3.18)
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uuu1 =
h
udif;a � uga; udif;a � ugb; udif;c � ugc; ucom;a � Vdc

2 ; ucom;b � Vdc
2 ; ucom;c � Vdc

2

i >
: (3.19)

uuu2 =
h
udif;e � ut

2 ; udif;f + ut
2 ; ucom;e � Vdc

2 ; ucom;f � Vdc
2

i >
: (3.20)

Two state space models for three phase and single phase converters are shown in(3.21)and(3.22)

repectively. The dimension of each element is shown in the subscripts.

d
dt

xxx1(12� 1) = AAA1(12� 12)xxx1(12� 1) + BBB1(12� 6)uuu1(6� 1) ;

AAA1(12� 12) =

2

6
4

AAAg(3� 3) 000(3� 3)

000(3� 3) AAAcom1(3� 3)
000(6� 6)

AAAe1(6� 6) (u�
com1;u

�
dif1) 000(6� 6)

3

7
5 ; BBB1(12� 6) =

2

6
4

BBBg(3� 3) 000(3� 3)

000(3� 3) BBBcom1(3� 3)

000(6� 6)

3

7
5 :

(3.21)

d
dt

xxx2(8� 1) = AAA2(8� 8)xxx2(8� 1) + BBB2(8� 4)uuu2(4� 1) ;

AAA2(8� 8) =

2

6
4

AAAt(2� 2) 000(2� 2)

000(2� 1) AAAcom2(2� 2)
000(4� 4)

AAAe2(4� 4) (u�
com2;u

�
dif2) 000(4� 4)

3

7
5 ; BBB2(8� 4) =

2

6
4

BBBt(2� 2) 000(2� 2)

000(2� 2) BBBcom2(2� 2)

000(4� 4)

3

7
5 :

(3.22)

3.3 Model predictive controller design

Given the SS model, three essential parts of the MPC design: reference, constraint and cost function are

designed in this section for MMC converter.

3.3.1 Reference design

The references are designed from the steady state operation perspective.

Current reference

AC current reference design Firstly, assume the three phase grid voltage vector[uga; ugb; ugc]> has

expression as(3.23)and the traction side voltageut is controlled as(3.24), whereVg is the RMS value

of phase to ground voltage andVt is the RMS value of catenary to ground voltage.

2

6
4

uga

ugb

ugc

3

7
5 =

p
2

p
3

Vg

2

6
4

cos
�
wgt

�

cos
�
wgt � 2p

3

�

cos
�
wgt � 4p

3

�

3

7
5 : (3.23)

ut =
p

2Vt cos(wtt) : (3.24)
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De�ne the grid side phase current reference RMS value asI �
g, the instantaneous reference of three phase

current is shown in (3.25). The apparent power reference from the grid isS�
1 =

p
3I �

gVg.

iii �g =

2

6
4

i �ga

i �gb

i �gc

3

7
5 =

2

6
4

p
2I �

g cos
�
wgt � j 1

�

p
2I �

g cos
�
wgt � j 1 � 2p

3

�

p
2I �

g cos
�
wgt � j 1 � 4p

3

�

3

7
5 : (3.25)

Similarly, the instantaneous traction side current reference is given in(3.26); the apparent power

reference to the traction network isS�
2 = I �

t Vt.

iii �t =

"
i �t;e
i �t;f

#

=

" p
2I �

t cos
�
wgt � j

�

�
p

2I �
t cos

�
wgt � j

�

#

: (3.26)

DC current reference design Secondly, on the DC side, the ideal steady state current shall be a

constant DC value which does not contain any oscillating AC components. Additionally, the DC-link

current shall distribute equally to each MMC phase. Therefore, the DC current reference is designed as

(3.27)

iii �com1=
h
i �com;a i �com;b i �com;c

i >
=

1
3

I �
dc1

2

6
4

1

1

1

3

7
5 ; iii �com2=

h
i �com;e i �com;f

i >
=

1
2

I �
dc2

"
1

1

#

; (3.27)

whereI �
dc1 andI �

dc2 are the DC-link current references for MMC1 and MMC2 respectively.

The relationship between AC and DC current reference As shown above, current references are

de�ned by I �
g, I �

t , I �
dc1, I �

dc2, j 1 and j 2. If the energy losses are ignored, the instantaneous power

exchanged at AC side is equal to the DC side in the steady state. Under this assumption, the power and

current relationship between AC and DC side is shown in (3.28):

0 = Pdc+ Pac )

8
>><

>>:

Idc = �

p
3IgVgcosj 1

Vdc

Ig = �
VdcIdcp

3Vgcosj 1

: (3.28)

However, energy losses do exist, if we use the resistorRbr, Rg andRdc to represent the averaged losses at

each arm, grid connection and DC-link. The energy losses in phase `a' at MMC branch, grid side and

DC-link can be expressed as (3.29), (3.30) and (3.31) respectively.

Ploss;mmc;a = i2auRbr + i2alRbr =
2
9

(I �
dc)

2Rbr +
1
2

�
I �
g

� 2Rbr +
cos

�
2wgt � 2j 1

�

2

�
I �
g

� 2Rbr: (3.29)
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Ploss;grid;a =
� p

2I �
g cos

�
wgt � j 1

� � 2
Rg =

�
I �
g

� 2Rg +
�
I �
g

� 2Rgcos
�
2wgt � 2j 1

�
: (3.30)

Ploss;dc;a =
2
3

(I �
dc)

2Rdc: (3.31)

Take the energy losses into consideration, we can update the simpli�ed power equation(3.28)to (3.32).

And an accurate current reference for grid side MMC can be calculated using (3.33).

0 = P�
dc1+ P�

ac� å
x= a;b;c

�
Ploss;dc;x + Ploss;mmc;x + Ploss;grid;x

�
: (3.32)

I �
g

�
Vg; j 1;Pdc1

�
=

p
3Vgcosj 1 �

r

3V2
g cos2 j 1 + 4

� 3
2Rbr + 3Rg

� �
Pdc1� 2

3
P2

dc1Rbr

V2
dc

� 2P2
dc1Rdc

V2
dc

�

3Rbr + 6Rg
: (3.33)

Note that in B2B converter control, the DC-link side energy determines the grid side power, so we

use DC-link power reference to generate grid side current reference. Similarly, the accurate energy

relationship on the traction side is(3.34)and the accurate DC-link current reference for traction side

MMC is derived in(3.35). Obviously, on the traction side, the DC-link power is mainly dominated by

the power required by traction load power.

0 = P�
dc2+ P�

t � å
x= e;f

(Ploss;mmc;x + Ploss;traction;x): (3.34)

I �
dc2(Vdc;P�

t ) =
Vdc �

r

V2
dc+ 4P�

t Rbr � 4
�

P�
t

Vt

� 2
R�

br � 8
�

P�
t

Vt

� 2
RbrRt

2Rbr
: (3.35)

In general, the grid power factor is controlled to be unity and the grid voltage magnitude can be

regarded as constant, so the grid side MMC current referenceI �
g for MMC1 is a function of DC-link

power requirement and the DC current reference for traction side MMC depends on the DC-link voltage

and traction active power consumption.

Voltage reference design

Given the above designed current references, the voltage references for both MMCs are calculated by

the circuit equations.

2

6
4

u�
dif;a � uga

u�
dif;b � ugb

u�
dif;c � ugc

3

7
5 = �

p
2I �

g jZ1j

2

6
4

cos
�
wgt � j 1 � arg(Z1)

�

cos
�
wgt � j 1 � 2p

3 � arg(Z1)
�

cos
�
wgt � j 1 � 4p

3 � arg(Z1)
�

3

7
5 ;

2

6
4

u�
com;a � 0:5Vdc

u�
com;b � 0:5Vdc

u�
com;c � 0:5Vdc

3

7
5 = I �

dc

�
1
3

Rbr + Rdc

�
2

6
4

1

1

1

3

7
5 ;

(3.36)
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where the impedanceZ1 is (3.37).

jZ1j =
q �

0:5Rbr + Rg
� 2 +

�
wg

�
0:5Lbr + Lg

�� 2; arg(Z1) = arctan

 
wg

�
0:5Lbr + Lg

�

0:5Rbr + Rg

!

: (3.37)

"
u�

dif;e � 0:5ut

u�
dif;f + 0:5ut

#

= �
p

2I �
t jZ2j

"
cos(wtt � j 2 � arg(Z2))

cos(wtt � j 2 � arg(Z2) � p)

#

;

"
u�

com;e � 0:5Vdc

u�
com;f � 0:5Vdc

#

= �
1
2

RbrI �
dc

"
1

1

#

;

(3.38)

where the impedanceZ2 is (3.39).

jZ2j =
q

(0:5Rbr + Rt)
2 + ( wt (0:5Lbr + Lt))

2;arg(Z2) = arctan
�

wt (0:5Lbr + Lt)
0:5Rbr + Rt

�
: (3.39)

uuu�
1 =

h
u�

dif;a � uga u�
dif;b � ugb u�

dif;c � ugc u�
com;a � 0:5Vdc u�

com;b � 0:5Vdc u�
com;c � 0:5Vdc

i >

uuu�
2 =

h
u�

dif;e � 0:5ut u�
dif;f + 0:5ut u�

com;e � 0:5Vdc u�
com;f � 0:5Vdc

i >

Note that the voltage referencesuuu�
1, uuu�

2 are almost identical to the steady state result when state

tracking errors are nearly eliminated. In this MPC approach, the main function of these voltage value

function is to predict the capacitor energy variation as discussed in Section 3.2.3.

Arm energy reference design

One of the objectives of MMC internal state control is to minimise the circulating current so that the

internal losses are minimised. Based on this assumption, we can estimate the ideal arm energy variation

in the steady state where the AC currents are perfectly 50 Hz sinusoidal and DC currents are perfectly

constant DC values. The phase `a' of the grid side MMC converter is used as an example of arm energy

variation analysis in this part. In MMC1 phase `a', the arm voltage and arm current are expressed in

(3.40) and (3.41):

uau = ucom;a � udif;a

=
1
2

Vdc � I �
dc

�
1
3

Rbr + Rdc

�
�

p
2

p
3

Vgcos(wgt) +
p

2I �
g jZ1j cos

�
wgt � j 1 � arg(Z1)

�

ual = ucom;a+ udif;a

=
1
2

Vdc � I �
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�
1
3

Rbr + Rdc

�
+

p
2

p
3

Vgcos(wgt) �
p

2I �
g jZ1j cos

�
wgt � j 1 � arg(Z1)

�

: (3.40)



3.3 Model predictive controller design 45

iau = icom;a � idif;a =
1
3

I �
dc �

p
2

2
I �
g cos

�
wgt � j 1

�

ial = icom;a+ idif;a =
1
3

I �
dc+

p
2

2
I �
g cos

�
wgt � j 1

�
: (3.41)

Then the instantaneous power in upper and lower arm of phase `a' can be calculated aspau = uauiau

andpal = ualial. The energy exchange expressions at upper and lower arm energy are shown as follows

in (3.42) and (3.43).

pau =
1
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(3.42)
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dc �

�
1
9

Rbr +
1
3

Rdc

�
(I �

dc)
2

+
1

p
3

Vgcos(wgt) I �
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wgt � j 1

�
�

�
I �
g

� 2cos
�
wgt � j 1

�
jZ1j cos

�
wgt � j � arg(Z1)

�

+

p
6

9
Vg cos(wgt) I �

dc �

p
2

3
I �
g cos

�
wgt � j + arg(Z1)

�
I �
dc jZ1j +

p
2

4
VdcI

�
g cos

�
wgt � j 1

�
�

p
2

2

�
Rbr

3
+ Rdc

�
I �
dcI

�
g cos

�
wgt � j 1

�

;

(3.43)

where the �rst row in both equations represents the energy exchanged at DC side; the second row

represents the result of AC current and AC voltage coupling while the third row is the coupling effect

between AC and DC components.

Through trigonometric transformation, the instantaneous power exchange in upper and lower arm of

MMC1 phase `a' is transformed into different frequency components shown in (3.44) and (3.45).
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(3.45)

The above equations reveal that even in the ideal steady state, �rst order and second order oscillation

exists in each arm. The zero order component should be zero in steady state when the power balancing

equation(3.32)is satis�ed. Integrate the arm instantaneous power, the optimal arm energy variation

referenceDeau andDeal can be obtained and is shown in (3.47) and (3.47) respectively.
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If all impedance are ignored, thenI �
dc1 = � S1 cosj

Vdc
, I �

g = S1p
3Vg

, and the above equations can be

simpli�ed into an approximated form which is a function of time, apparent power, and power angle as

shown in (3.48).
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Similarly, the accurate form of optimal energy variation reference for single-phase (phase `e') is

given in (3.49) & (3.50):
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We use the accurate form of arm energy variation equation to design the energy referencee�
au, and

e�
al by adding the average nominal valueenom. Equations for phase `b' and phase `c' have the exact same

form as phase `a' but they have2p=3 and4p=3 time lag respectively. On the other hand, the formula for

phase `f' has the additional time delay ofp respect to phase `e'.
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g; j 1
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� : (3.51)

Finally, the arm reference value vector for MMC1 and MMC2 can be designed accordingly:
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: (3.52)

3.3.2 Controller constraints design

Current constraints

Currents should be limited according to the maximum current limit in MMC or network speci�cations:
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Arm energy constraints

Given the maximum and minimum limits of MMC submodule capacitor voltage, the constraints for the

arm energy state variables can be set as (3.55):

eeemin
br � eeebr � eeemax

br ; eeebr = [ eau ebu ecu eal ebl ecl]
> or [eeu efu eel e� ]> ; (3.55)

whereeeemin
br = 1

2NCsub
�
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sub

� 2
� 1, eeemax

br = 1
2NCsub

�
vmax

sub

� 2 � 1.

Voltage constraints

The applicable arm voltage is limited by the sum of capacitor energy. Assume the voltage of submodule

capacitors in each arm are evenly balanced, then arm energy in each phase can be calculated by(3.56).

So the maximum arm voltagevmax
xy must satisfy the arm voltage constraint inequalities shown in(3.58).
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xy =

r
2Nexy

Csub
; x = a;b;c;e; f:; y = u; l: (3.57)

0 �

2

6
4

uau

ubu

ucu

3

7
5 �

2

6
6
6
4

q
2Neau
Csubq

2Nebu
Csubq

2Necu
Csub

3

7
7
7
5

; 0 �

2

6
4

ual

ubl

ucl

3

7
5 �

2

6
6
6
4

q
2Neal
Csubq
2Nebl
Csubq
2Necl
Csub

3

7
7
7
5

: (3.58)

Becauseudif;x = (� uxu+ uxl )
2 , ucom;x = (uxu+ uxl )

2 , the inequalities for the control inputsuuu1 is derived as

(3.59).
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whereuuu1 =
h
udif;a � uga udif;b � ugb udif;c � ugc ucom;a � 0:5Vdc ucom;b � 0:5Vdc ucom;c � 0:5Vdc

i >
.

Clearly the square root operation of arm energy is nonlinear which is not compatible with the linear

controller approach. As illustrated in Figure 3.5, the feasible region is under the power function
q

2Nexy
Csub

and the nonlinear boundary is approximated by two line functionf1, f2. By choosing the correct interpo-
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Fig. 3.5 Linear approximation of voltage constraints

lation pointeint, the approximation error can be less than 1%. So each nonlinear constraint inequality is

converted to two linear inequalities in (3.60).
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whereemin is the minimal arm energy;emax is the maximal arm energy;eint is the interpolation point

between the max and min energy values. Andeee is the arm energy vector. The control action constraints

for MMC1 and MMC2 are approximated by these linear functionsf1 and f2 as shown below.
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3.3.3 Cost function design

A typical cost function for MPC with horizon lengthNh is used and is formulated in (3.63):

min
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Nh� 1

å
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�
xxxk+ l+ 1 � xxx�
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� T QQQ
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k+ l

�
+

�
uuuk+ l � uuu�

k+ l

� T RRR
�
uuuk+ l � uuu�

k+ l

�
: (3.63)

where matrixQQQ andRRR de�ne weighting factors for state and control variables respectively.

QQQ =

2

6
4

lll ig 0003� 3 0003� 6

0003� 3 lll idc1 0003� 6

0006� 3 0006� 3 lll e1

3

7
5 ; lll ig = l igIII3� 3; lll idc1 = l idc1III3� 3; lll e1 = l e1III6� 6 (3.64)

RRR=

"
lll udif1 0003� 3

0003� 3 lll ucom1

#

; lll udif1 = l udif1III3� 3; lll ucom1= l ucom1III3� 3 (3.65)

ObviouslyQQQ is a 12 by 12 diagonal matrix for MMC1 and is 8 by 8 for MMC2.RRRis 8 by 8 diagonal

matrix for MMC1 and 4 by 4 for MMC2.

3.4 Simulation and discussion

3.4.1 MPC model setup for simulation

Discretization and approximation

Given a continuous system(3.66), a discrete time state space model(3.67)can be created by zero hold

approximation.
d
dt

xxx(t) = AAACxxx(t)+ BBBCuuu(t) : (3.66)

xxx(k+ 1) = AAAdxxx(k)+ BBBduuu(k) : (3.67)

The matrices in the discrete model can be calculated byAAAd = eAAACTsc, AAACBBBd = � (III � AAAd) BBBC whereTsc is

the sampling time. The forward Euler approximation is often suf�ciently accurate for short sampling

intervals of up to several tens of microseconds in combination with short prediction horizons. In this

way, the discrete time system matrices are approximated by (3.68).

AAAd = III + AAACTsc; AAACBBBd = BBBCTsc: (3.68)

Note that the MMC system model is time varying, the system matrix of arm energyAAAe1 (u�
com;u�

dif)

andAAAe2 (u�
com;u�

dif) change with control inputs which contain the sinusoidal voltage and variable DC

voltage signals. So, the model needs to be updated at each sample time according to the measurements

and estimated control values. At the timet the grid voltage is sampled, and the control action is
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implemented att + Tsc. To increase the model accuracy for grid voltage approximation in ZOH method,

an averaged valueu0
ga is the used in the controller during sample period.

u0
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�
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�

wgTsc
; (3.69)

whereTsc is the controller sampling time. Similarly, other sinusoidal waves can be approximated in the

same way.

MPC transformation for QP solver

To solve the MPC problem, the model, constraints and cost functions are transformed into the linear

quadratic programming standard form given in (3.70):

minimise
xxx

J =
1
2

xxxTHHHxxx+ fff Txxx

subject to AAAxxx � bbb

AAAeq = bbbeq

(3.70)

Setting a control horizonNh, the state vector for the long horizon MPC problem isXXXk and control

sequence ofUUUk is shown below.

XXXk = [ xxxk+ 1 xxxk+ 2 xxxk+ 3 � � � xxxk+ Nh� 1 xxxk+ Nh
]> (3.71)

UUUk = [ uuuk uuuk+ 1 uuuk+ 2 � � � uuuk+ Nh� 2 uuuk+ Nh� 1]> (3.72)

As mentioned above, this system has time-varying dynamics, the system matrix for arm energy changes

according to external terminal voltage and control references. Denote the system matrix at time step

k+ l is AAAl , so the predicted system states at each time step fromk+ 1 to k+ Nh can be updated by(3.73).

xxxk+ 1 = AAA1xxxk + BBBuuuk

xxxk+ 2 = AAA2AAA1xxxk + AAA2BBBuuuk + BBBuuuk+ 1

xxxk+ 3 = AAA3AAA2AAA1xxxk + AAA3AAA2BBBuuuk + AAA3BBBuuuk+ 1 + BBBuuuk+ 2

� � �

(3.73)

Therefore, a new state space model (3.74) can be obtained:

XXXk = AAAtxxxxk + BBBtxUUUk (3.74)

where state transition matricesAAAtx andBBBtx can be calculated in advance using the information of pre-

calculated grid voltage, and control references in(3.75). The cost function de�ned in(3.63)is rewritten
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into canonical form for QP solver in (3.76).
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The state constraints are also converted into (3.77).
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where the vectorXXXmax andXXXmin are composed by repeating constraint vectors as shown in (3.78).
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The inequality of long horizon voltage control input constraints(3.59)compatible for QP solver are

(3.79)to (3.81)where two linear functions are used to approximate the nonlinear voltage constraints via

arm capacitors' energy.
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Fig. 3.6 Essential measurements of B2B MMC substation

Fig. 3.7 Inner loop control scheme for B2B MMC substation: grid side (left), traction side (right)

Modelling using MATLAB Simulink

To solve the quadratic problem formulated above, the active-set QP solver is implemented in the

Simulink environment where at each sample timeTsc, system model, cost function and constraints are

formulated based on measurements, designed reference and horizon lengthNh. Then only the �rst set

of the optimised control sequences is implemented on MMC, and the active inequality information is

passed to the next iteration to realise a warm start to speed up the computation process.

3.4.2 Control scheme for back to back converter

The MPC controller designed in the above section controls MMC internal state to track any given

reference with the minimal error. This means that the outer control loop which is responsible for current

reference design is still necessary. The system diagram and measurements is illustrated in Figure 3.6.

Two MPC controllers take in the designed reference values and essential measurements as input and

solve the optimal arm voltage control reference. Then a modulator converts the arm voltage command

into switching patterns for each submodule. This MPC internal control scheme is shown in Figure 3.7.

The required highlighted reference values are calculated by outer loop controllers and the schemes of

them are explained in Figure 3.8 and Figure 3.9. The traction side MMC2 supplies the railway network

with a �xed magnitude 50 Hz voltage. Current referencesI �
t , j �

2 are generated by PI controllers based on

the voltage magnitude and phase measurements. The referenceI �
dc2 represents the required active power

from DC-link and it is calculated to support traction network (by(3.35)) and to compensate internal

energy error.

At the grid side MMC, DC-link voltage is stabilised by PI controller which converts voltage error

into additional DC current referencedidc. Combining the DC current requirementI �
dc2 at the traction
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Fig. 3.8 Outer loop control scheme for traction side MMC

Fig. 3.9 Outer loop control scheme for grid side MMC

side, the DC current reference for MMC1 is designed asI �
dc1 = � I �

dc2� didc. This DC current reference

is transformed into AC side reference by(3.33). This required DC side energy as well as the energy to

compensate internal energy error is provided through grid connection. Note that, by convention, the

grid current should be in-phase with the voltage. Therefore, the grid current reference signalI �
g; j �

1 are

obtained.

3.4.3 Grid side three phase MMC

Firstly, the grid side three phase MMC is tested in current tracking performance. To test the proposed

MPC, the system is set to invert a steady 10 MW from DC-link to the grid and then follows a step change

to � 10MW in reverse at 1 s. Figure 3.10 shows the DC-link current tracking and common mode current

tracking in each phase. The DC side current can follow a step change with almost no delay but suffers

some oscillation after step change. The overshoot reaches 9 A (9.76%) in the DC link and the oscillation

becomes less than 1% of the reference value after 3 cycles (0.06 s).

Figure 3.11 plots the grid current response to the� 10MW to 10 MW power change at the grid

side1 at 1 s. The result shows that all three phase currents can be reversed within less than1
4 cycle's

time which proofs a fast grid current response. After the power change, the averaged arm capacitor

voltages (Figure 3.12) has maximum 11% deviation from the nominal value and converges to less than

5% deviation after 0.1 s. Though the capacitor voltage performance is slower than the current tracking,

1Due to the de�nition of current direction, the sign of power �owing from grid side to DC-link side is opposite.
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Table 3.1 B2B MMC simulation parameter

Grid
Grid voltage (ph-ph) 66 kV (50 Hz) Rated phase current 250 A
Inductance 1 mH Resistance 1W

MMC
DC link voltage 120 kV Rated power 20 MW
Submodule capacitance 1 mF Number of submodule per arm50
Arm resistance 1 Arm inductance 18.5 mH
DC link resistance 20W DC link inductance 1.4mH

Traction network
Network voltage 25 kV Rated current 400 A
Resistance 1W Inductance 1 mH

Controller parameters
Controller sampling time 200ms Model sampling time 5ms
MPC weighting factor[l iac; l idc; l e; l udif ; l ucom] [7.5, 1.5, 1, 0.001, 0.01]

(a) DC-link current (b) Common mode current

Fig. 3.10 Three phase MMC DC current tracking
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Fig. 3.11 Three phase MMC grid current tracking (10 MW step change at 1 s)

Fig. 3.12 Three phase MMC averaged capacitor voltage value of each arm

the voltage deviation is symmetric to the nominal value showing that the total energy stored in the whole

MMC system is well maintained.

The controlled system state variables have achieved good steady state reference tracking performance.

The grid currents follow the symmetric sinusoidal references; common mode currents are almost ideal

DC component and arm energy values are varying in the optimal pattern. Four �gures in 3.13 present

the steady state performance (data logged 1 s after the step change) and all these state variables have less

than 0.5% error2.
2AC currents are normalised by the reference magnitude and; Common mode currents are normalised by DC current

reference value and the energy values are normalised by the nominal arm energy value.

(a) Ig tracking error (b) icom tracking error (c) eC tracking error

Fig. 3.13 Three phase MMC steady state tracking error
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Table 3.2 The instantaneous power exchange in MMC arms

Horizon length Maximum number
of iterations

Averaged number
of iterations in 1/4
cycle

Number of
inequality con-
straints

Number of optimi-
sation variables

2 3 1.16 96 12
3 5 1.28 144 18
4 7 1.4 192 24
5 8 1.44 240 30
6 10 1.52 288 36
7 10 1.48 336 42
8 10 1.44 384 48
9 10 1.4 432 54
10 10 1.4 480 60
11 10 1.4 528 66
12 10 1.4 576 72
13 10 1.4 624 78
14 10 1.4 672 84
15 10 1.4 720 90

Discussion on MPC horizon length

The above MPC test results use 10 sampling time steps as the MPC prediction horizon length. A long

horizon length might bring faster convergence speed but also much heavier computational cost.

The number of optimisation variables (manipulated variable) is6Nh and the number of inequalities is

48Nh. The computational cost in each iteration increases in a polynomial way. However, the increasing

number of constraints in long horizon MPC also increases the dif�culty in searching for the feasible

solution. Table 3.2 lists out the simulation result of the computational cost within 5 ms after the step

load change. When horizon length is short (Nh = 2;3) even at the greatest step load change, only 3 to 5

iterations are required to get a feasible optimal result. And the averaged number of iteration is less than

1.3. But when horizon length is greater than 5, it takes 10 iterations to calculate the feasible optimal

result. Note that for long horizon settings, not only the number of iteration cycles is greater than short

ones, but the problem size also get multiplied.

Nevertheless, increasing MPC horizon length appropriately is bene�cial to response speed. Figure

3.14a shows the grid current THD analysis result where one cycle is sampled after the step change and

the greatest THD among three phase currents is chosen. MPC with longer horizon length can achieve

low THD grid current with less time. Note that this pattern only holds true whenNh � 12, because

if horizon become too long, the modelling error becomes more signi�cant and actually degrades the

performance. Figure 3.14b compares the required time to reach less than 0.5% tracking error in each

MPC with different horizon length . Obviously, the longer horizon length has faster response, but the

effect gradually wears off even the computational cost keeps increasing.
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(a) Grid current THD (one cycle sampling) (b) Required time to reach <0.5% tracking error

Fig. 3.14 Comparison of horizon length in�uence on controller performance

Performance comparison with other control approaches

The MPC control scheme is compared with traditional cascaded linear controller (PI) approach (see

Appendix A) and deadbeat controller (see Appendix B)3. The power change from� 20MW to 20MW

at 2s. Grid current, DC-link current and the capacitor voltage performance are required in the following

three �gures. In the following three performance comparison �gures (Figure 3.15, 3.16, 3.17). In each

set of �gure, different sub�gures' representation is explained as follows:

• Sub�gure (a) shows the result of MPC approach with 2-step horizon length.

• Sub�gure (b) shows the result of MPC approach with 12-step horizon length.

• Sub�gure (c) shows the result of conventional cascaded linear controller approach

(PI, PR controllers are used in the control scheme explained in Figure A.4).

• Sub�gure (d) shows the result of a set of deadbeat controller.

Figure 3.15 compares the grid current tracking performance. It takes PI control approach3=4 cycle

time to achieve good symmetric sinusoidal current waveform after the step change. The MPC with

horizon 2 and deadbeat controller shows similar faster response that after1=4 cycle, the current is welled

controlled and the result of deadbeat is observed with a bit less distortion. MPC having long horizon

(Nh = 12) exhibits the �nest result that not only the current can immediately be reversed one step after

the reference change but a well smooth sinusoidal wave is preserved even within the �rst quarter cycle

(5 ms).

As discussed in Section A.2 multi-objectives are controlled by DC side current including energy

balance between phases, energy balance between arms and circulating current suppression. Therefore,

unlike the grid current tracking4, the DC current reference is a combination of multiple control references

generated based on energy/voltage errors.

3Because controllers other than MPC cannot handle coupling effect at DC-link impedance,Rdc andLdc are ignored in the
comparison

4Grid side current references are simply three phase current which only have 50 Hz component.
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(a) MPCNh = 2 (b) MPCNh = 12

(c) Cascaded linear controller (d) Deadbeat controller

Fig. 3.15 Three phase grid current comparison

Figure 3.16 compares the DC-link current tracking performance and Figure 3.17 compares the

capacitor voltage control performance. Both the linear and deadbeat controller get big overshoot

and long settling time. This is because the DC side current reference is designed to achieve fast

capacitor voltage control. Even the DC-link current is sacri�ced for a better capacitor voltage regulation,

the maximum voltage deviation is greater than MPC results, because the capacitor energy are set as

constraints in the MPC approach. Additionally, in MPC results the energy stored in the capacitors are

well maintained as the voltage deviations in different arms are symmetric to the nominal value.

Both in long and short horizon length MPC simulations, the overshoots and responses in DC-link

current tracking are better than the other two methods. We can reduce the gain or set saturation in the

energy controller to alleviate the overshoot in the linear and deadbeat controllers however this will

also slow the capacitor voltage regulation. Because the DC current control and arm energy control are

coupled in these controllers and the exact energy dynamic is not accurately modelled. It is dif�cult to

achieve a balanced result in conventional approach.

Sensitivity analysis on MMC branch parameter variation

The result shown above is based on accurate modelling of the MMC system. In the ideal case, the model

predictive controller has the correct parameter as the actual hardware. However, parameter mismatch

can happen in the practical applications. Figure 3.18 shows current tracking error when the MMC

branch inductance and resistance vary from 0.5 to 3 times of the nominal value. Thanks to the feedback

principle of the predictive control, even large parameter mismatch exists, the controlled system is still
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(a) MPCNh = 2 (b) MPCNh = 10

(c) Cascaded linear controller (d) Deadbeat controller

Fig. 3.16 DC-link current comparison

(a) MPCNh = 2 (b) MPCNh = 10

(c) Cascaded linear controller (d) Deadbeat controller

Fig. 3.17 Arm capacitor voltage comparison
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(a) Grid current AC tracking maximum error (b) Common mode DC current tracking maximum error

Fig. 3.18 Parameter variation in�uence on steady state current tracking error

(a) Grid current tracking error (phase C) (b) Common mode dc current tracking error (phase C)

Fig. 3.19 Parameter variation in�uence on transient current tracking error

stable. It can be seen that the parameter mismatch in the inductance value affects both grid side AC

current tracking and DC side current tracking while the resistance value variation shows little in�uence

on the AC side current. In general, the greater branch line impedance varies, the greater the error exists

in the steady state. However, when the actual impedance becomes less than the nominal value, the steady

state error is actually reduced. Because this type of parameter mismatch results in a higher gain in the

feedback control loop which contribute to a smaller tracking error.

Figure 3.19 shows the comparison in the transient power reversal condition where the impedance

of each MMC branch has been scaled to 50% and 200%. When the actual impedance is larger than

the value used in the controller, the system responses slower in the power reversal change. In the 50%

scaling factor case, although the system gain is larger which contributes to less steady state errors, the

overshoot becomes greater in the transient result.
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(a) Instantaneous measurement (b) RMS value

Fig. 3.20 Traction network voltage (10 MW load change at 0.4 s)

(a) Instantaneous traction network current (b) DC-link current

Fig. 3.21 Single phase MMC current tracking (10 MW load change at 0.4 s)

3.4.4 Traction side single phase MMC

For the traction side MMC2 test, a step of resistive load of 10 MW is connected at the single phase MMC

side at 0.4 s. The single phase MMC is controlled to keep the network voltage at 25 kV. It can be seen

from Figure 3.20 that after the step load change, the RMS value of traction voltage drops to 91.2% of

the nominal value and restores to less than 5% deviation after 20 ms. The steady state error is negligible.

Figure 3.21 shows the current measured at the traction network and DC-link. There is almost no

delay in current tracking after the load is connected. The DC-link current has 17.2% overshoot and takes

10 ms to settle to less than 5% error. After another 20 ms, the DC-link has less than 2% error. Note that

this transient performance is mainly dominated by the outer loop controller rather than the MPC itself.

In the steady state, there exists a small oscillated AC component in the DC-link current — a peak to

peak value of the AC component is 0.51% of the DC reference value.

The averaged arm energy has 10% deviation from the nominal value when the step change starts

(which is about 4.9% deviation in voltage perspective as shown in Figure 3.22). After two cycles' time

(0.04 s) the energy error can be reduced to less than 5% (2.5% deviation in voltage).
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Fig. 3.22 Singe phase MMC capacitor voltage (10 MW load change at 0.4 s)

(a) Three phase grid current (b) Traction network current

Fig. 3.23 B2B-MMC current performance (10 MW step change)

3.4.5 B2B MMC system

Combining the control scheme in Figure 3.9 and Figure 3.8, the two converters are connected as a

back to back converter. The three phase MMC1 is controlled to support the DC-link and single phase

MMC2 operates as an inverter to support the network as previously discussed. Note that in the proposed

control scheme, the DC current reference generated for MMC2 will be fed to MMC1 controller side as

feedforward term to improve the transient response.

The MPC controlled back to back conversion system enjoys superb DC link voltage stability even

with 10 MW step load at the traction side (at 0.4 s). There is only 0.5% dip in DC-link voltage and 0.33%

overshoot. After 0.5 s, only a tiny amount of AC component exists in DC voltage (peak to peak value is

0.0708% of the DC voltage reference).

However, in the B2B system because the current reference is updated from PI controllers, some

oscillations exist in the DC-link current after load change. In Figure 3.24b, we can observe that the MPC

successfully tracks the DC current reference well. But due to the outer controller, even after 0.1 s there

exists small oscillations of about 5% of the DC reference value. The AC component in the steady state

DC current is about 0.64% of the reference (peak to peak value).

The arm energy balancing results are almost identical to previous one side converter tests. In the

grid MMC1, the maximum energy difference is 5% ( in voltage) and can be reduced to less than 5%

within three cycles. After 0.2s, the energy error is less than 3%. The arm energy performance of MMC2

is the same as previous results. Although both MMC1 and MMC2 deliver 10 MW power, due to the
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(a) DC-link voltage (b) DC-link current

Fig. 3.24 B2B-MMC DC-link measurement

(a) Capacitor voltage of MMC1 (b) Capacitor voltage of MMC2

Fig. 3.25 Averaged submodule capacitor voltage in each arm of B2B-MMC system
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power �ow direction and terminal voltage value, MMC2 exhibits greater voltage variation range than

MMC1. It is possible to adopt different design parameters in both sides such as considering the number

of submodules, submodule capacitance and terminal voltage level for reliability and cost optimisation.

3.5 Summary

Most of MPC schemes designed for MMC only implement one-step prediction horizon. In this chapter,

a long horizon MPC which takes the internal arm energy into consideration is developed for B2B MMC

railway feeder stations.

Having the receding horizon feature, the proposed MPC for B2B MMC substation has faster transient

response, shorter settling time than cascaded PI controller and deadbeat approach. It is also shown that a

slight increase of prediction horizon reduces convergence time after step reference change. Thanks to

the external modulator, this approach also has good steady state performance. The parameter variation

result shows that this control approach can maintain good results even the branch impedance has large

variations.

In this modelling approach, the energy state is directly controlled and predicted within the MPC. An

external balancing control loop is no longer required. This provides the possibility to accurately use

most of the capacitor energy with less chance of over modulation.

As for future work, different back to back control methods can be further applied to this modelling

approach.





Chapter 4

Modular multilevel converter with

renewable energy generation integration

4.1 Overview of renewable energy generation integration in railway

power supply

The landscape change of the energy sector for embracing signi�cant renewable penetration has made the

electri�ed railway an environmentally more friendly means of transportation than on-road vehicles and

air transport. The AC power supply scheme is the most consolidated technology which enjoys popularity

in current high-speed railway applications, and the 25 kV single phase ac power supply scheme is widely

adopted in the traction power supply system (TPSS) in many countries such as Japan, China, UK and

France etc. However, most of the existing 25 kV AC supply feeder stations are realised by conventional

transformers which lead to several power quality issues such as voltage unbalance, low power factor and

harmonics issues. Various compensation schemes and balanced transformers have been researched and

implemented in railway systems to improve the power quality [13].

The successful application of power electronic converter not only improves the power quality but

also facilitates a more �exible power supply system for the future electrical railway system (ERS). In the

past decades, some pioneering work has been carried out to verify the feasibility of integrating renewable

energy source (RES) and energy storage system (ESS) into ERS. The European Union initiated the

MERLIN project [87] to achieve a more sustainable and optimised energy usage in European electric

mainline railway system in 2012. Japanese researchers demonstrated the potential of using photovoltaic

(PV) panels on platform roofs and railway premises to introduce the solar power into the ERS in

2013 [88]. Zero emission operation has been achieved in a local `Hiraizumi Station' with solar energy

generation and lithium-ion batteries [89].

To improve the energy ef�ciency, the East Japan Railway Company also studied the economic bene�t

of the dc railway regenerative energy utilisation by energy storage system [90]. In [91], PV generation

with hybrid ESS is connected to the cophase traction power system for coordinating regenerative braking
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energy and local renewable energy, and energy management strategy is optimised to achieve the lowest

daily cost. Şengör et al. also presented a mixed-integer programming model to minimise the daily

operational cost of a similar system [92] where the model considers the dynamics of train load, pricing

scheme, stochastic nature of state of energy (SOE) and uncertain PV generation. Zhu et al. [93] used

passivity-based stability criterion to assess the stability of a PV plant tied into a medium voltage dc

railway electri�cation system, and proposed a virtual impedance control scheme.

Railway power supply integrated with RESs and hybrid ESSs relies heavily on the ICT technologies

to operate reliably, effectively and ef�ciently. Therefore, researchers have considered the next generation

of ERS to be a smart railway system, where information and communication technologies are used to

improve the overall controllability. Eduardo et al. discussed key features in a smart railway system,

including `smart train operation', `smart operation of railway power supply', and `smart interaction with

other power systems' [87].

Aguado et al. proposed a methodology for optimal operation planning of railway energy systems

considering the uncertainties associated to RES through scenario tree approach [94]. Hovak et al.

presented a hierarchical coordination scheme for substation energy �ow control and the individual

traction control, and used a stationary energy storage system to minimise energy consumption [95].

Through interactions with other power systems, the ERS is transformed from a passive energy consumer

into a proactive system which has the capability to respond to various grid demands. Sun et al. evaluated

the impact of battery based railway transportation on power grid operation [96], and demonstrated that

the mobile battery storage can relieve the transmission congestion while reduce the operation costs.

Most of the research works mainly focus on RES and ESS installation capacity and power �ow

optimisation. The accurate system dynamics in medium voltage ac railway supply system with RES

integration has not been fully investigated. Renewable energy such as wind and solar energy are

intermittent and cannot be accurately predicted. Similarly, the traction load has similar characteristics

due to rail condition, carrying weight, weather and other factors. Unlike the conventional transformer

based station, the power electronic converter based station needs to be controlled in real time to transfer

the energy among the grid, RES and the train. The intermittent renewable energy generation and rapid

changing train load will impose more stringent requirements on the converter performance.

The instantaneous power consumed by the single phase traction load introduces double frequency

oscillation into the supply system [97]. The existence of sudden load change, intermittent renewable

generation and oscillating single phase power challenge the stable operation of the hybrid railway power

supply system.

In this chapter, a full power modular multilevel converter solution is proposed for railway traction

power supply integrated with RES. The aforementioned problems of single phase oscillation and high

power change are addressed by utilising �oating capacitor in the MMC.
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Fig. 4.1 Different connection schemes for integrating renewable energy source into railway supply
system. (a) RES interfaced with high voltage distribution grid. (b) RES interfaced with medium voltage
25 kV overhead line. (c) RES interfaced with power grid compensator. (d) RES interfaced with railway
power conditioner. (e) RES interfaced with cophase supply conditioner. (f) RES interfaced with static
converter based station

4.2 Modelling and control of DC link coupled wind power generation

substations

4.2.1 System topology and operation

Overview of different RES connection strategies

Six different con�gurations with RES integrated into railway traction supply system are illustrated in

Fig. 4.1. Con�gurations presented in Figures 4.1a and 4.1b do not need any modi�cation in the original

stations, RES is directly connected to the power grid or traction overheadline. These two con�gurations

are typical in conventional smart grid and their design and control are studied in [98].
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Figures 4.1c and 4.1d represent the scenarios where the RES is connected to the grid side power

quality compensator or railway power conditioner so that the dc/ac converter required in Fig. 4.1a,4.1b

are cancelled. Both compensator and conditioner are responsible for addressing the power quality issues

due to traction load. The power generated by RES will be used to balance grid current or compensate

power �ow between two supply arms. RES rating is limited by the conditioner capacity which is usually

a portion of the feeder station. [99] analysed a multi-port railway power conditioner of Fig. 4.1d.

Con�gurations in Figures 4.1e,4.1f integrate the renewable generation into the station. Cophase

connection with RES complicates the system design but provides more �exible control for traction

supply because the number of neutral zone can be reduced or eliminated. Liu et al. investigated the

energy management for this connection scheme [91].

Topologies presented in Fig. 4.1a–4.1e can be used regardless of the feeder station con�guration.

Due to the distinctive bene�ts of SFC based substation [100], con�gurations illustrated in Fig. 4.1f are

investigated in this chapter, where RES are connected to the medium DC voltage link of the back to back

converter. Railway feeder stations usually have power rating from 10 MW to 80 MW, so this topology

has the capacity to accept more renewable generations than con�gurations illustrated in Fig. 4.1c–4.1e.

The proposed static converter station integrated with wind power generation

Figure 4.2 presents the equivalent diagram of a proposed supply system. MMC back to back converter is

used to convert three phase voltage power into a single phase. As illustrated in Fig. 4.3, the MMC on the

grid side is denoted asMMCG and MMC connected to the traction overhead line is denoted asMMCL .

The wind turbine generator (WTG) system brings powerPW into the DC-link, and the power �ow of

MMCG denoted asPG can be controlled in bi-direction depending on the DC-link voltage.PL denotes

traction side power and is delivered by MMCL .

The range of power �owing into or out of the grid (PG) is determined by wind power, train load and

regenerative ef�ciency. Generally regeneration power will be less than 80% of the maximum traction

power, so we can de�ne the power rating of MMCG as:

max(P+
G ) � Pmax

L

min(P�
G ) � � (0:8Pmax

L + Pmax
W )

; (4.1)

whereP+
G denotes power �owing from the grid to DC-link viaMMCG, P�

G denotes power from DC-link

back to the grid viaMMCG, Pmax
L andPmax

W denote the maximum wind power generation and traction

load power respectively. However, if extra ESS is included in this system, then more wind power can

be accepted without increaseMMCG's power rating. Different power �ow patterns and the symbol

de�nition are illustrated in Fig. 4.3. Based on the energy conservation law, the following equation

(ignoring the energy inside inductors) can be derived:

Z t2

t1
(PW + PG � PL) dt = å

Csub

h
ui

C
2(t2) � ui

C
2(t1)

i

2
; (4.2)
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Fig. 4.2 Con�guration of a wind power connection into static converter based railway substation

Fig. 4.3 Power �ow illustration for the hybrid railway supply system

whereCsub represents each capacitor's capacitance in the system andui
C(t) is the corresponding voltage

at timet. The fast and stable operation of wind power delivery and traction power supply depends on

a stable DC-link voltage. If the DC-link voltage has large deviations or large magnitude oscillations,

the system performance will be compromised and the device connected to the dc-bus may behave

unexpectedly [101].

As mentioned in Section 4.1,PL andPW by nature have adverse effects on DC voltage stabilisation.

Thus,MMCG must robustly control DC-link voltage by changingPG and internal submodule states.

Ideally, all capacitor voltages vary around their nominal values, but it is hard to achieve during transient

states. For example, ifPL changes from 0 to maximum in short time in acceleration mode (or reversely

in braking mode), the capacitor voltage will inevitably vary. It takes time to restoreuave
C back to nominal

its value and during that time DC-link voltage will be affected. Section 4.3 addresses this problem in

details.
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Fig. 4.4 Permanent magnet synchronous generator with neutral point clamped three level converter

It is preferable to build wind energy conversion system (WECS) near the location of SFC station to

reduce transmission losses. We assume the WECS are a set of WTGs and transmit the power through

HVDC line into SFC station. There are numerous research on different topology and control schemes

for connecting wind farm and DB transmission [102]. The detailed wind farm control is beyond the

scope of this chapter, and therefore only one equivalent generator unit is considered for simplicity.

4.2.2 Wind power generator modelling and control

The wind generation system is simpli�ed into a single machine unit. In this section, a single 10 MW

permanent magnet synchronous generator (PMSG) with three phase three level neutral point clamped

(NPC) converter is used to represent the WTG system Fig. 4.4. The medium voltage DC side of NPC

connects directly to the DC-link inside the SFC station

Wind power synchronous generator modelling

Figure 4.4 illustrates the circuit diagram of a typical wind energy conversion unit using a NPC converter.

Table 4.1 lists the parameters of the equivalent WECS. Ignoring the effects of slotting, saturation, and

end effect, etc., the simpli�ed PMSG dynamic equations indq-frame can be written as (4.3):

8
>><

>>:

vM
d = RM

s iM
d � wM

e LM
q iM

q + LM
d

diM
d

dt

vM
q = RM

s iM
q + wM

e LM
d iM

d + LM
q

diM
q

dt
+ wM

e y m

; (4.3)

wherevM
d ;vM

q are the machine terminal voltages indq frame;wM
e is the electrical angular speed. Here it

is assumed that the generator is a surface mount magnet generator, viz.LM
d = LM

q = LM
m. The machine

parameters1 are shown in Table. 4.1.

1The parameters of the wind generator and its converter are set to represent a small wind which is able to deliver 10 MW
generation power. Thus, these parameters does not represent any speci�c single wind generator system.
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Table 4.1 System parameters of wind power generation system

PMSG machine

Rated line voltage VM
l 26.4 kV

Rated stator frequency f M
s 20 Hz

Number of pole pairs p 8
Rated rotor �ux linkage y m 21.5 Wb
Stator winding resistance RM

s 1.6W
Synchronous inductance LM

m 65.6 mH

NPC converter

Rated DC voltage Vdc 48 kV
NPC capacitors CM

1;2 500mF
Switching frequency fnpc 2000 Hz

1 Parameters do not necessarily represent a real
system

The wind turbine model is also reduced to a controlled torque source. In this simpli�ed system,

the generator is controlled in constant speed operation with fast response to external torque input. We

simulate different wind power generation by changing the value of applied torque on PMSG's shaft.

Generator controller design

To achieve fast response, a modi�ed deadbeat control is adopted as machine controller. Deadbeat control

is a model based control method which is equivalent to a simpli�ed implementation of the horizon one

model predictive controller. Discretize(4.3)using forward Euler method with controller sample time

Tsc, the prediction ofdqaxis currents can be explicitly predicted:

"
iM
d (k+ 1)

iM
q (k+ 1)

#

=

"
1� Tsc

RM
s

LM
m

TscwM
e (k)

� TscwM
e (k) 1� Tsc

RM
s

LM
m

#"
iM
d (k)

iM
q (k)

#

+

"
Tsc

1
LM

m
0

0 Tsc
1

LM
m

#"
vM

d (k)

vM
q (k)

#

+

"
0

� Tsc
wM

e (k)y m
LM

m

#

:

(4.4)

As described in Fig. 4.5, reference currentiMref
q is updated by PI controller andiMref

d is set to zero for

maximum torque per ampere control. Therefore, we can calculate the required terminal voltage to

generate the exact reference current in the next time step using (4.5).
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Fig. 4.5 Controller diagram for PMSG drive

Equation(4.5)expresses the control equations inside the deadbeat controller which calculate terminal

voltage command to controliM
d ; iM

q to track the reference signal without error. However, the sampling

time Tsc cannot be in�nitesimal, so modelling error deteriorates its current control performance. For this

reason, parallel integral controllers are added (Fig. 4.5) to improve the control robustness [103]. The

composite voltage command signals are then transformed back toabcframe and the space vector pulse

width modulation method (SVPWM) is used to decide switching states in the NPC controller.

4.3 MMC based static frequency converter station

4.3.1 Modelling and design of the back to back converter

Single phase model and control principle of MMC

Figure 4.6 shows the circuit topology of MMC-based static back to back converter. The back to

back converter has three phases (a;b;c) working as a grid connection converter and two phases (e; f )

connecting with railway traction overhead line.

Different phases have similar structure and each of them is composed of two sets of series connected

half-bridge modules with branch inductorLbr. The DC-link voltage is measured asudc, and a virtual

reference point is used to derive circuit equations.uga;ugb;ugc are three phase voltages with star

connection, and thusiga+ igb+ igc = 0. For simplicity, we consider discussing the single phase MMC

model in the following explanation.

Symbolsu ju andu j l represent the voltage of all inserted modules in upper and lower branches in

phasej respectively. By Kirchhoff's law the current and voltage in phasea follow (4.6) to (4.8).

ugj = � Rbri ju � Lbr
di ju

dt
� u ju + 0:5udc (4.6)

ugj = + Rbri j l + Lbr
di j l

dt
+ u j l � 0:5udc (4.7)

igj = � i ju + i j l (4.8)
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Fig. 4.6 Topology of the MMC back to back static converter
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Then add and subtract(4.6)and(4.7) the following expressions of terminal voltageugj and DC-link

voltageudc are obtained.

udc = u ju + u j l + 2Rbr
i ju + i j l

2
+ 2Lbr

d
dt

i ju + i j l

2
(4.9)

ugj =
� u ju + u j l

2
+ Rbr

� i ju + i j l

2
+ Lbr

d
dt

� i ju + i j l

2
(4.10)

We control MMC dynamics by switching on and off of each submodule to decide voltage ofu ju and

u j l . If the number of submodulesN ! ¥ or the switching frequency is suf�ciently high, we can use

modulation indicesmju;mj l to represent the branch voltages:

u ju = mjuNuave
C ; u j l = mj lNuave

C ; (4.11)

whereuave
C is the average capacitor voltage.

Equation(4.8)–(4.10)imply that the AC terminal side value is decided by the difference value of

upper and lower branch, and the DC side is determined by common values of two branches. Therefore, it

is easier to view MMC topology in differential and common mode model, and the differential/common

mode values are de�ned in (4.12):

x jcom = ( x ju + x j l)=2; x jdif = ( � x ju + x j l)=2; (4.12)

wherex represents modulation index, branch voltage or branch current, and the subscriptscom;dif

represent the common mode value and differential mode value respectively. For example,i jdif represents

the differential mode current of phasej which is de�ned by upper and lower branch currentsi ju andi j l .

Then the terminal voltage and current of one MMC phase can be rewritten using differential and

common mode values:

udc = mjcom2Nuave
C + i jcom2Rbr +

d
dt

(i jcom2Lbr) ; (4.13)

ugj = mjdifNuave
C + i jdifRbr +

d
dt

(iadifLbr) ; (4.14)

igj = 2i jdif : (4.15)

The MMC single phase equivalent model in(4.13)and(4.14)are illustrated in Fig. 4.7. In brief,ugj is

controlled bymjdif andudc is controlled bymjcom. In normal steady state operation, average capacitor

voltage in each branch equals to1=N of the nominal DC-link voltageVdc. Consequently, in most of the

applications,N modules are inserted in series to maintain DC-link voltage at each instance by default,

which givesmjcom = 0:5. Usuallyi jcom has to be controlled to suppress excessive AC components, then

a small sinusoidal signal will be added tomjcom to achieve this objective.

Because the differential mode shows that the MMC can be controlled in the same way as conventional

two level converters, most of the previous works only stabilise DC voltage by controlling average

capacitor voltages and usemjcom = 0:5 to indirectly maintain the DC voltage. However, if the load
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Fig. 4.7 Simpli�ed equivalent differential common mode model of single MMC phase

change drastically, namelyidc change greatly in very short period of time, average capacitor voltage

will no longer be the nominal value (uave
C 6= Vdc=N). Modulation signal ofmjcom = 0:5 can not guarantee

stable DC-link voltage andudc changes with average capacitor voltage synchronously.

The conventional approach does not fully take advantage of the special characteristics of MMC. In

fact the total number of inserted submodules can be modi�ed to compensate transient voltage drop. For

this reason, it is necessary to deliberately controlmjcom such that DC-link voltage has less deviation

from the nominal value in transient state.

Parameter design of MMC back to back converter

Assume right after a sudden load change, the average capacitor voltage becomes:

uave
C = a

Vdc

N
; (4.16)

wherea is the average capacitor voltage factor, and we assumea 2 [0:5;1:5]. By (4.13), ignoring the

voltage across the inductor,mcom has to be set to 0:5=a in order to stabilise the DC voltage perfectly.

Note thatmju;mjal 2 [0;1], and thereforemadif can vary from� 0:5 to 0:5 if and only if mjcom = 0:5.

Also in this case, the no load voltage output range isugj 2 [� 0:5Vdc;+ 0:5Vdc]. But under the condition

when the average capacitor voltage has large deviation from the nominal, differential modulation range

and terminal voltage are compromised if we adjustmjcom = 0:5=a to maintain DC-link voltage. Then

the achievable ranges of modulation index and output voltage with this approach can be expressed as

follows and plotted in Fig. 4.8.

mjcom = 0:5=a

jmjdif jmax =

8
<

:
1� 0:5=a; a < 1

1=(2a) ; a � 1

jugj jmax =

8
<

:
(a� 0:5)Vdc; a < 1

0:5Vdc; a � 1

( j = a;b;c) (4.17)
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Fig. 4.8 Range of modulation index and output voltage with average capacitor voltageuave
C = aVdc=N

The ac terminal voltage output capability will not be affected whena > 1 but decrease linearly when

a < 1. Apparently, system parameters have to be carefully designed to guarantee stable operation.

ConverterMMCg has to deliver power in bidirection. In no load condition, when current is small

enough, the differential modulation index (denoted bymjdif1) is:

mjdif1 =
p

2
Vgn

Vdc
; j = a;b;c (4.18)

whereVgn is the phase to ground root mean square (RMS) voltage of the grid side transformer. In the

rectifying mode, the differential modulation index for maximum load (denoted bymjdif2) is calculated

by the following equations:

mjdif2 =

p
2

aVdc

s

V2
gn+

�
PLeqp fg

Vgn

� 2

; P =
max

�
P+

G

�

3
; (4.19)

wherefg is the grid frequency,Leq is the equivalent inductance which is equal to the sum of1
2Lbr and

the transformer leakage inductance. Similarly, in the energy feedback mode, themjdif3 for maximum

load is shown in (4.20):

mjdif3 =

p
2

aVdc

s

V2
gn+

�
PLeqp fg

Vgn

� 2

; P =

�
�min

�
P�

G

� �
�

3
: (4.20)

It is easy to see thatmjdif1 < mjdif2 < mjdif3; ( j = a;b;c). In normal steady state operation, the upper

limit for differential modulation is 0.5 and in case of voltage deviation, the upper limit constraint is

expressed in (4.17).Leq andVgn have to be designed without violating these constraints.

According to [104], the series resonance angle frequencywres should be smaller than1:55w to avoid

circulating current resonance. In this chapter, consider the largest series resonance angular frequency of

one phase:

wres=
1
2

s
N=a

2LbrCsub
; a < 1; (4.21)
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Table 4.2 Parameters of SFC substation back to back converter

MMC

Transformer voltage (ph-ph) Vg 21.5 kV
Rated power Pn 26 MW
Rated DC voltage Vdc 48 kV
Numbers of submodule per branchN 24
Submodule capacitance Csub 2 mF
Branch resistance Rbr 0.5W
Branch inductor Lbr 18.5 mH
Switching frequency fmmc 500 Hz

obviouslywres has larger value when capacitor voltage is below nominal value due to a greater number

of capacitors being switched on. We can design the appropriate MMC branch inductance to satisfy these

criteria.

In addition to satisfying power delivery and suppressing circulating current oscillation, the MMC

branch inductor also has to suppress fault current rise rate during DC-link fault. To limit the magnitude

of short-circuit current, the inductance value is set to 0.1 p.u. according to [105]. Consequently, the

inductance in each MMC phase and transformer terminal voltage can be designed.

Assume the system changes its power supply linearly and reaches steady state after one cycle time

(20 ms). Then the total energy stored in all submodules' capacitor (ES
C) should satisfy (4.22):

ES
C =

3
N

CsubV2
dc �

1
2

Pmax
G

fg � j 1� a2j
: (4.22)

Equation(4.23)estimates steady state voltage ripple of the submodule capacitor in each phase. Suppose

the capacitor voltage can deviate 20% of the nominal value in the worst transient load change, viz.

0:8 � a � 1:2. The capacitance of each submoduleCsub can be designed using constraints in(4.22)and

(4.23):
�
�
�
�

DuC

Vdc=N

�
�
�
�
max

�
NP�

j

4p fgCsubV2
dc

(1� m2
jdif)

3
2

mjdif
� j 1� ajmax; (4.23)

whereP�
j is the power rating in phasej. Table 4.2 presents the MMC parameters.

4.3.2 AC voltage control of MMC

This section presents the control scheme to realise the AC connection to three phase power grid and single

phase railway catenary. The back to back MMC generates synchronised voltage with the distribution

grid and a 50 Hz sinusoidal voltage for railway power supply.
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Fig. 4.9 Control diagram of the three phase grid AC voltage controller

Grid side converter

The equations of three phase AC side MMC dynamics are derived in (4.14) and can be rewritten as:

8
>>>>><

>>>>>:

uadif = uga�
Rbr

2
iga�

Lbr

2
d
dt

iga

ubdif = ugb �
Rbr

2
igb �

Lbr

2
d
dt

igb

ucdif = ugc �
Rbr

2
igc �

Lbr

2
d
dt

igc

: (4.24)

Use park transformation to map (4.24) intodq frame:

8
><

>:

udifd = ugd �
Rbr

2
id �

Lbr

2
d
dt

id + w
Lbr

2
iq

udifq = ugq �
Rbr

2
iq �

Lbr

2
d
dt

iq � w
Lbr

2
id

; (4.25)

wherew is the angular velocity of the grid. Equation(4.25)has similar form with two level converter

system. The classic control method is used for outer loop control shown in Fig. 4.9. Three phase AC

current are transformed into DC valuesid; iq and then PI controllers with feedforward terms compose

the reference values foruref
dif via inverse park transformation.

Traction side converter

Traction side catenary ac supply requires single phase voltage. The MMC traction side output voltageuo

is a sinusoidal voltage, and we can derive the circuit equation from the model shown in Fig. 4.10:

uo = �
�

Rbrio + Lbr
d
dt

io

�
+ ( uedif � ufdif ) : (4.26)

To maximise the difference betweenuedif andufdif , they should be opposite to each other for maximum
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Fig. 4.10 Single phase MMC railway traction network supply

Fig. 4.11 Control diagram of the single phase ac traction supply

utilisation. Then the desired terminal voltage can be calculated as (4.27):

uedif = � ufdif =
1
2

�
uo + Rbrio + Lbr

d
dt

io

�

=
�

kuo
p +

kuo
r s

s2 + w2

�
(u�

o � uo) +
1
2

�
Rbrio + Lbr

dio
dt

� : (4.27)

The control diagram of single phase voltage supply is illustrated in Fig. 4.11. Because the AC voltage is

directly controlled without being transformed into a rotating coordinate system, a proportional resonant

(PR) controller is used to follow the sinusoidal reference.

4.3.3 DC link voltage control of MMC

In ideal situations, the DC-link voltage is maintained to have as less deviations as possible. However,

load disturbance can cause voltage sag or swell in short time and the single phase traction load introduces

doubled frequency component in the DC voltage. Special control based on MMC is introduced in this

section.

Single phase power �ow oscillation suppression

Denote MMC output voltage on railway overhead line asuo, and load current asio as shown in Fig. 4.10.

The instantaneous power consumed by the traction load isPL(t):

PL(t) = Uomsinwt � Iomsin(wt � j )

=
UomIom

2
[cosj � cos(2wt � j )] :

(4.28)
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Fig. 4.12 DC voltage double frequency oscillation suppression

In Equ.(4.28), Uom; Iom are the magnitude of MMC output voltage and output current respectively andj

is the traction load angle. Clearly, the traction load power has a double frequency component which has

the comparable magnitude with its DC component. In traditional two level or multilevel NPC converters,

where a shared capacitor exists, the DC-link voltage will inevitably have a 100 Hz oscillating component.

For example in the on-board line converter of high speed train, DC voltage recti�ed from single phase

converter contains the 100 Hz component and affects the traction line side current [106].

In contrast, the MMC has �oating capacitors and does not exchange energy from a shared capacitor.

It is therefore possible to eliminate double frequency component on the DC-link voltage. Referring to

Fig. 4.6 and Fig. 4.7, we can haveidc = 2iecom= 2ifcom in steady state. Therefore, rejecting ac component

in idc is equal to controllingiecom; ifcom to become dc values. Figure 4.12 shows the control diagram of

this approach.

Here, calculation of the reference value common mode currentiref
jcom is based on real time current

measurement through a mean �lter and thus 100 Hz signal is �ltered out in calculatingiref
jcom. Then

100 Hz component ini jcom can be extracted and PR controller generates a 100 Hz control signaluref
josc as

suppresses the oscillation current formulated in (4.29).

uref
josc=

�
kuosc

p +
kuosc

r s
s2 + w2

r

�
�
iref
jcom� i jcom

�
; (4.29)

wherewr is the resonant frequency. With this approach, phasese; f of MMC at traction side will not

introduce the oscillating power effect into the DC-link at steady state. The PR controller gains are tuned

by optimising thei jcom tracking performance in response to the 10 MW traction load step change, where

the accumulated absolute tracking error is minimised. The minimisation problem is solved by sequential

quadratic programming method.

DC voltage stabilisation

In this back to back system, the submodule capacitor voltage is maintained and stabilised by grid

side converterMMCG. The capacitor voltage deviation determines the reference value ofiref
gd by a PI

controller:

iref
gd =

�
kuC

p +
kuC

i

s

� �
Vdc

N
� uave

C

�
: (4.30)

Whenever there is a sudden load change, the capacitor voltage will deviate from the nominal value,

because the PI controller in(4.30)cannot have in�nity gain and the actual system needs time to respond.

According to(4.17), we can altermcom by Duref
dc to control the number of the inserted submodules to
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Fig. 4.13 DC voltage stabilisation control

Fig. 4.14 Circulating current control diagram

reduce the DC voltage deviation, as shown in (4.31):

Duref
dc =

�
kudc

p +
kudc

i

s
+ kudc

d
Nd

1+ Nd=s

�
(Vdc � udc)

� 2
�

Rbr
idc

3
+ Lbr

d
dt

idc

3

�
;

(4.31)

whereNd = 1000is the �lter coef�cient to realise the derivative control. Figure 4.13 shows the control

diagram of DC voltage stabilisation control. Note that reference signals for all three phasesa;b;c are

controlled by the same referenceDuref
dc to avoid unnecessary circulating current between phases.

4.3.4 Inner control of MMC

Inner control of MMC involves circulating current control in each phase and capacitor voltage balancing

in each branch.

Circulating current suppression

According to Fig. 4.6,iacom+ ibcom+ iccom= � idc. Also in balanced and steady stateidc does not contain

alternating component,� idc=3 is used as common mode current reference for circulating current control.

The circulating current control diagram is shown in Fig. 4.14 and the control referenceuref
jcir is generated

for phasej of the grid side converter.

Capacitor voltage balancing

Figure 4.15 illustrates the control scheme of capacitor voltage balancing in each branch where individual

submodule capacitor voltage is compared with the average value. The voltage deviation will be

compensated by adjusting each switching duration according to common current direction by control

referenceDui
Cju andDui

Cjl for theith submodule in phasej.
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Fig. 4.15 Capacitor balance control diagram

Fig. 4.16 MMC control reference calculation and modulation

4.3.5 MMC modulation

Modulation indices for each phase can be calculated from the voltage control references:

mju =
uref

jcom� uref
jdif

Nuave
C

; mj l =
uref

jcom+ uref
jdif

Nuave
C

: (4.32)

where j = a;b;c;e; f, anduref
jdif is the corresponding value in Fig. 4.9. In the grid side converter,uref

jcom

is composed of the feedforward value0:5Vdc, DC voltage stabilising termDuref
dc and circulating current

control termuref
jcir. While in the traction side converter,uref

jcom is composed of the feedforward value

0:5Vdc, and oscillation suppression control termuref
josc. Finally, the capacitor voltage balancing terms

Dui
Cju andDui

Cjl are added in each submodule. Fig. 4.16a and Fig. 4.16b illustrate the control reference

calculation and the modulation diagram for grid side MMC and traction side MMC respectively.

4.4 Simulation results and discussion

The control parameters for the MMC back to back converter are listed in Table 4.3. The measurements

in the control system are converted into per-unit system using grid side MMC's power rating as the

base value. Three sets of simulation tasks are designed to test the proposed control scheme. The
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Table 4.3 Simulation and control parameters setting

MMC control parameters

Grid side current controller [k
idq
p ;k

idq
i ] [1.5,30]

Traction side voltage controller [kuo
p ;kuo

r ] [1.09,84.6]
Double frequency oscillation controller[kuosc

p ;kuosc
r ] [1.92,170]

Capacitor average voltage controller [kuC
p ;kuC

i ] [1.2,20]
DC voltage stabilisation controller [kudc

p ;kudc
i ;kudc

d ] [4,40,0.004]
Simulation model time step Ts 5 ms
Controller sampling time Tsc 0.1 ms

effectiveness of voltage stabilisation control and voltage oscillation suppression are examined in both

steady and transient states. In the conventional MMC recti�er control the DC-link voltage is maintained

by controlling the submodule capacitors' average voltage which is equivalent to settingDuref
dc to 0 in the

proposed scheme. So in this section, we useDuref
dc = 0 to represent the conventional control method.

4.4.1 Train load pro�le and wind power pro�le

CaseA is used to analyse the steady state performance of power delivery on each terminal and the DC

voltage quality.CaseB1;2 consider one side step change and test the negative consequences on the other

side.CaseC1� 4 investigates several worst scenarios that both sides are subject to rated power magnitude

step change simultaneously, imposing the severest control challenges onMMCG. These simulation tasks

are summarised as follows:

• Case A PW is set to 10 MW;PL is set to 0, 5 MW, 10 MW, 20 MW respectively.

• Case B1 PW is set to 10 MW;PL changes from 10 MW to 20 MW then returns to 10 MW.

• Case B2 PW changes from 0 MW to 10 MW then to 0 MW;PL is set to 10 MW.

• Case C1 PW changes from 10 MW to 0 MW;PL changes from 0 MW to 20 MW at the same time.

• Case C2 PW changes from 0 to 10 MW;PL changes from 20 to 0 MW at the same time.

• Case C3 PW changes from 0 MW to 10 MW;PL changes from 10 MW to� 10MW at the same time.

• Case C4 PW changes from 10 MW to 0 MW;PL changes from -10 MW to+ 10MW at the same time.

4.4.2 Steady state performance analysis

The power �ows across four coupling nodes are measured: three phase ac grid powerpgrid, grid

connection MMC DC side powerpmmc, PMSG converter DC side powerppmsgand power consumed

by traction loadptrain. These four power �ow data are plotted in Fig. 4.17. In steady states, both AC

side powerpgrid andptrain have very stable values. However,ppmsghas noisy instantaneous power with

ripples at the level of 3.91%–5.38%. As the load power increases, both generation power and MMC

power present larger power �uctuations. Because in higher power operation, the MMC has heavier

burden to suppress circulating current and maintain DC voltage, and also has larger voltage oscillations

in each module.
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Fig. 4.17 Steady state power �ow (Case A)

Figure 4.18 compares the DC-link voltage pro�les using the proposed method and the conventional

method by settingDuref
dc = 0 (Fig. 4.16). Considering the simulation time during 4.6 s to 4.7 s in

the largest traction load condition, the proposed method shows fewer �uctuations (0.068%) than the

conventional approach (0.176%). Moreover, when ignoring the DC voltage stabilisation control action,

there exists steady state error due to branch inductor voltage drop. The steady state error is reduced from

0.216% to 0.0037% with the proposed control method.

The effects of the proposed control on DC-link voltage oscillation suppression is shown in Fig. 4.19

where the Fig. 4.19a shows the result of ignoring the oscillation control termuref
osc and Fig. 4.19b shows

the pro�le without both proposed control terms. It is evident that Fig. 4.19b has the greatest voltage

ripple caused by single phase traction load. During 4.6 s to 4.7 s, there is large magnitude of steady low

frequency oscillation component which contributes to 6.26% voltage ripple. With the help of voltage

stabilisation control, the ripple is reduced to 1.23% even we do not control the oscillating current in the

traction side MMC. Nevertheless, none of these two cases is acceptable because the existence of 100 Hz

oscillation voltage on the DC-link is detrimental to stable energy exchange through DC interface. This

con�rms the necessity of adding the two proposed control loops shown in Fig. 4.12 and Fig. 4.13.
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Fig. 4.18 Steady state DC-link voltage comparison 1 (Case A)

Fig. 4.19 Steady state DC-link voltage comparison 2 (Case A)
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Fig. 4.20 Instantaneous power �ow inCase B1 simulation

4.4.3 Transient performance analysis

Case B

CaseB1 examines the traction side in�uence on the PMSG power delivery due to the load change which

is �rst stepped up and then stepped down at 1.0 s and 1.5 s respectively. The improvement brought by the

proposed DC voltage controller is plotted in Fig. 4.20. In both control approaches, these instantaneous

power plots all have short time oscillation after load change. Bothppmsgandpmmc experienced fewer

�uctuations and less settling time under the extra voltage stabilisation control. The renewable generation

will be less affected by the traction load change. The price paid is a greater power overshoot on the grid

side.

The greater power oscillations in the wind generation side was caused by deviations in the DC-link

voltage. As shown in Fig. 4.21, ifDuref
dc is ignored, the voltage deviation can be as big as 12% in this case

study. This problem is greatly alleviated using the proposed control method that only 2.93% voltage dip

remains, and the similar results were also observed at 1.5 s. The deviation reduction is above 75%.

CaseB2 tests the in�uence of wind generation �uctuation on the traction side. Similar to the previous

results, the proposed control approach reduces power oscillation in all converters except the grid power

as shown in Fig. 4.22. The proposed control again limits the voltage variation within 2.1% of the nominal

value which is more than 76% reduction than the conventional approach. It can be seen that, although
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Fig. 4.21 DC link voltage comparison (Case B1)

power change is equal to 10 MW in both caseB1 andB2, the negative effect brought by wind generation

unit is less than traction change, because the generator is a balanced three phase source.

Case C

The last four scenarios are deliberately designed to test the limit of the system capacity. In these worst

cases, although addingDuref
dc improves DC voltage stability for more than 50%, the largest voltage

deviation is still above 14.2%. Fortunately, these situations however rarely occur in real applications,

and we can improve the system capacity by increasing the size of submodule capacitor or the converter

current rating to withstand these cases if necessary.

Modulation

Figure 4.25 shows the voltage control references for upper branch of phasea in CaseB1. The voltage

reference signals for DC voltage stabilisation, circulating current suppression and AC voltage control are

plotted. As explained in Section 4.3.1, the differential mode modulation signal varies within[� 0:5;0:5].

And with the voltage stabilisation control, more submodules are switched on to support DC-link. As

indicated byDuref
dc line, at 1.18 s, about 9% more modules are inserted in each branch.

The referenceuref
cir also controls the number of inserted modules, but the signals for each phase

are symmetric. However, theDuref
dc term allows all three phase to shift uniformly to reject voltage

�uctuations.

By synthesising all control references based on the method shown in Fig. 4.16, the �nal modulation

signal is shown in Fig. 4.26. The result in Fig. 4.26b is consistent with previous analysis that the

composite modulation has an extra degree of freedom brought by the proposed method. This extra

degree of freedom improves the transient response and steady state performance of DC voltage control.
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Fig. 4.22 Instantaneous power �ow inCase B2 simulation

Fig. 4.23 DC link voltage comparison (Case B2)


	Table of contents
	List of figures
	List of tables
	Nomenclature
	1 Introduction
	1.1 Overview of railway electrification
	1.1.1 AC electrified railway systems
	1.1.2 Railway electrification in the UK

	1.2 Power converter application in high-speed rail power supply
	1.2.1 Converter topology
	1.2.2 SFC applications in railway networks

	1.3 Motivation and thesis structure
	1.3.1 Motivation of the work
	1.3.2 Thesis structure


	2 Modular multilevel converter for cophase scheme
	2.1 Overview of cophase technology for power conditioning
	2.2 Design of partial compensation cophase power conditioning for V/v transformer
	2.2.1 V/v transformer feeder station and the inherent power quality issues
	2.2.2 Compensation strategy design for cophase power supply system
	2.2.3 Modelling and control of the MMC-based power conditioner

	2.3 Simulation and discussion
	2.3.1 System control scheme and simulation setup
	2.3.2 Cophase supply for static load
	2.3.3 Cophase compensation for variable loads

	2.4 Summary

	3 Model predictive control for modular multilevel converters
	3.1 Overview of MPC method for multilevel back to back converter control
	3.1.1 MPC for AC/DC power electronic converters
	3.1.2 MPC for MMC
	3.1.3 MPC for B2B converters

	3.2 Modelling of MMC substation for MPC design
	3.2.1 MMC AC side equivalent circuit modelling
	3.2.2 MMC DC side equivalent circuit modelling
	3.2.3 MMC arm energy modelling
	3.2.4 System model for predictive control

	3.3 Model predictive controller design
	3.3.1 Reference design
	3.3.2 Controller constraints design
	3.3.3 Cost function design

	3.4 Simulation and discussion
	3.4.1 MPC model setup for simulation
	3.4.2 Control scheme for back to back converter
	3.4.3 Grid side three phase MMC
	3.4.4 Traction side single phase MMC
	3.4.5 B2B MMC system

	3.5 Summary

	4 Modular multilevel converter with renewable energy generation integration
	4.1 Overview of renewable energy generation integration in railway power supply
	4.2 Modelling and control of DC link coupled wind power generation substations
	4.2.1 System topology and operation
	4.2.2 Wind power generator modelling and control

	4.3 MMC based static frequency converter station
	4.3.1 Modelling and design of the back to back converter
	4.3.2 AC voltage control of MMC
	4.3.3 DC link voltage control of MMC
	4.3.4 Inner control of MMC
	4.3.5 MMC modulation

	4.4 Simulation results and discussion
	4.4.1 Train load profile and wind power profile
	4.4.2 Steady state performance analysis
	4.4.3 Transient performance analysis

	4.5 Summary

	5 Modular multilevel converter with energy storage integration
	5.1 Review of energy storage system integration in railway power supply
	5.1.1 Energy storage research and application in railway
	5.1.2 MMC integration with energy storage system

	5.2 Model predictive controller for ESS integrated MMC substation
	5.2.1 MMC-ESS topology
	5.2.2 Analysis of MMC arm energy dynamics
	5.2.3 MMC-ESS control scheme

	5.3 Simulation and discussion
	5.3.1 Simulation settings
	5.3.2 Simulation result

	5.4 Summary

	6 Control of parallel SFC substations for continuous traction AC power supply
	6.1 Overview of SFC applications for continuous railway power supply
	6.2 Modelling of a single track railway power supply network
	6.2.1 Substation and transformer model
	6.2.2 Conductor line model
	6.2.3 Traction load model
	6.2.4 Simulation setup

	6.3 Adaptive droop controller for optimal power sharing of dual-end SFCs
	6.3.1 Power sharing strategy for single train
	6.3.2 Power sharing strategy for three trains
	6.3.3 Droop control design
	6.3.4 Droop controller parameter design

	6.4 Simulation results and discussion
	6.4.1 Simulation results
	6.4.2 Comparison of power supply schemes - single traction load
	6.4.3 Comparison of power supply schemes - three train scenario

	6.5 Summary

	7 Conclusion and future work
	7.1 Summary of the research work
	7.2 Discussion and prospect

	References
	Appendix A Modelling and control of modular multilevel converters
	A.1 MMC modelling
	A.1.1 MMC basic topology
	A.1.2 Single phase MMC analysis

	A.2 MMC control and operation
	A.2.1 Current control
	A.2.2 Internal energy control
	A.2.3 Modulation


	Appendix B Deadbeat controller implementation for MMC

