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Abstract

Modular multilevel converter (MMC) plays increasingly significant roles in large
scale power electronics system including high voltage direct current (HVDC) sys-
tem, static synchronous compensator (STATCOM), large scale energy storage,
motor control, and so on, thanks to its advantages including modular config-
urations, reduced dv/dt, low total harmonic distortions, and low power losses.
The classic sub-module (SM) topologies (e.g. half or full bridge types) all have in
common their single connection arrangement between each SM in their series con-
nection within a stack; i.e. a single busbar. This single busbar arrangement does
come however with some drawbacks in terms of performance, reliability and flex-
ibility. The lack of redundant switching states limits the potential optimization

for the whole MMC.

To solve the above mentioned issue, this thesis presents the control and perfor-
mance of a new topology of SMs for MMCs, which uses multiple parallel connec-
tions between SMs and is referred to as multi-busbar sub-module (MBSM). Stacks
made entirely of MBSMs can see improved functionalities such as pre-charging
capability, capacitor paralleling, lower power losses, improved reliability, and a ra-
tional bypass mechanism in the event of SM failure. The soft-parallel mechanism
is proposed to maintain voltage balancing without the requirement of additional
spike current inductors. Despite the fact that the number of semiconductors in
MBSM MMC has been doubled, semiconductor losses have been reduced to 80%
of those in its counterpart. Simulation results have verified the characteristics of

a FB MBSM MMC in an HVDC scenario.

Several advanced control schemes for the control of the MBSM MMC are

also investigated, including an algorithm to automatically generate independent



variables state space models from linear electrical circuits, a model predictive
control-based start-up controller to simplify the SM pre-charge procedure and at
the same time improve the transient performance, and a reinforcement learning-
based low-level controller to achieve low switching frequency operation of the
MBSM MMC. The control schemes are validated by detailed theoretical analysis

and simulation results.

Besides, some MBSM applications in the operation scenarios of STATCOM
are studied. Two topologies of delta-configured, partially rated energy storage
(PRES) MBSM STATCOM and their corresponding low-level controllers are pre-
sented to improve the active power output capability. The soft parallel of MBSM
is more effective in reactive power mode than active power mode due to the loca-
tion of ES, which sees their current circulation limited to their own SM capacitor.
The proposed controller for the MBSM STATCOM dynamically switches between
two operation modes to reduce the converter losses over the extended range of
active power. Simulation results confirm the earlier point, in that PRES-MBSM-
STATCOM performs better at pure reactive power set-points and marginally
better at high active power. This is explained by the fact that MBSM oper-
ates more frequently in soft-paralleling mode when the ES releases less power,
i.e. reactive power set-points. Then the MBSM concept is further extended to a
structure with more busbars, named multi-H-bridge SM, aiming at solving the
current sharing issue of paralleled discrete SiC MOSFETSs in large current appli-
cations. When compared to conventional FBSM constructed directly paralleled
SiC MOSFETSs, simulation results show that the current sharing performance
against on-state resistance mismatch is improved and the switching loss is re-

duced. The same converter rating can be achieved with fewer MHSMs compared

with Si IGBT SMs.

Finally, the designing process of a benchtop-scale, low-voltage, open-source,
and affordable hardware prototype of a MMC, the pMMC, is presented with a case
study of a three-phase inverter-mode MMC. The proposed pMMC is configured
as full bridge SMs type in the experiment, yet the flexible structure makes it
capable to be configured as other SM types, including MBSMs. The cost for a
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single uMMC could be around 50 pounds. The control framework and concrete
implementation are presented in detail. With the application of the uMMC, the
STM32Cube Hardware Abstraction Layer, and the MATLAB/Simulink hardware
support packages, it is possible to shorten the transition process from simulation
to hardware realization to several hours. The experiment setup and results of
a three-phase inverter mode MMC validate the proposed uMMC’s effectiveness,

scalability, and convenience.






Acknowledgement

I would like to express my sincere gratitude to my principal supervisor, Dr.
Michael Merlin, for his consistent support and guidance throughout my PhD.
Discussions with Michael were always motivating for both my research and my
future personal development.

I would also like to thank my assistant supervisor, Prof. Stephen Finney.
Steve saved me from the struggle at the start of my PhD and helped me pave the
way to the domain of power electronics.

I also want to thank Dr. Paul Judge for the inspiration and valuable discus-
sions on various research topics.

I’d like to thank my IES friends and teammates, including Zoe, Sebastian,
Hongye, Nan, Peizhou, Chenqi, Ning, Joy, Mason, Agatha, Hongyi, Duo, Yu,
and others, for their support. Also, I want to thank the experienced technicians,
Jimmy, Ali, Tan, and Rom.

Finally, I want to thank my wife and parents for their company and support.



10



Contents

Abstract

1 Introduction
1.1 Modern Electricity Grid . . . . ... ... ...
1.2 Power Electronics and HVDC transmission . . .
1.3 Modular Multilevel Converters . . . . . . . . ..
1.4 Contributions from the Author . . . . .. . ..
1.5 Thesis Outline . . . . . ... ... .. ... ...

2 Background on Modular Multilevel Converter
2.1 MMC Topology and Design . . . . .. ... ..
2.2 SM Topologies . . . . . . . ... ... ... ..
2.3 Modeling and Control . . . . . ... ... ...

2.3.1 Distributed Control System . . .. . ..
2.3.2  Energy Management & Power Control .
2.3.3 Current Control . . . . . . ... .. ...
2.3.4 Low-Level Control . . . ... ... ...
24 CaseStudy . ... ... ... ... ..
2.4.1 Normal Operation of a FBSM MMC . .
2.4.2 Losses Analysis . . . . . ... ... ...

2.5 Summary ... ...

3 Multi Busbar Sub-Module MMC
3.1 The Multi-Busbar Sub-Module . . . . . . . . ..
3.1.1 Topology and Basic States of the MBSM

11

15
15
16
22
23
27

29
29
31
34
34
36
38
44
45
46
47
49



3.1.2  Soft-Paralleling of MBSM Capacitors . . . . . ... .. .. 55

3.1.3 Low Level Control for MBSM Stacks . . . ... .. .. .. 60

3.2 Demonstration of MBSM through Simulation . . ... .. .. .. 63
3.2.1 Normal Operation . . . ... ... .. ... ... ..... 63
3.2.2 Power Losses Analysis . . . ... ... .. ... .. .... 65

3.3 Failure Management of MBSM . . . . . . . . ... ... ...... 67
3.3.1 Semiconductor Failure Responses . . . . . ... .. .. .. 68
3.3.2 Capacitor Failure Responses . . . . . ... ... ... ... 70
3.3.3 Management of Multiple Failures . . . . . ... ... ... 72
3.3.4 Failure Simulation . . . .. ... .. ... ... ... .. 72
3.3.5  Reliability Study . . . . . ... ... 74

3.4 Discussion . . . . . .. 7
3.5 Summary ... 78
4 Advanced Control Schemes for MBSM MMC 79
4.1 Automatic Derivation of State-Space Model . . . . . . ... ... 79
4.1.1 State Space Model of Electrical Circuit . . . . . . . . . .. 79

4.1.2  Derivation of Full Set of Equations from Linear Electrical

Circuits . . . . . . . . 81

4.1.3 State Space Model with Independent Variables . . . . . . . 84
414 CaseStudies. . . . . . . . ... 87

4.2 MPC based MBSM MMC Start Up Control . . . ... ... ... 91
4.2.1 Start Up of the MBSM MMC . . .. .. ... ... .. .. 92
4.2.2  Model Predictive Control . . . . . .. .. .. ... ... .. 93
4.2.3 Simulation Results and Analysis . . . . . . ... ... ... 96

4.3 Reinforcement Learning based low level control . . . . . . . . .. 97
4.3.1 Challenges in MBSM Low Level Control . . . ... .. .. 97
4.3.2  Principle of Reinforcement Learning . . . . . . . . ... .. 98
4.3.3 Environment and Agent . . . . ... ... ... 100
4.3.4 Results and Analysis . . . . ... ... ... ... ... .. 103

4.4 Summary ... 107



5 MBSM Applications 109

6

5.1 Modular Multilevel STATCOM . . . . .. ... .. ... ..... 109
5.1.1 STATCOM Modelling and Higher Level Control . . . . . . 110
5.1.2  Energy Storage in MBSM . . . . .. .. ... 111

5.2 The PRES MBSM STATCOM . . . . . .. ... ... .. ..... 112
5.2.1 Low Level Control System . . . . .. ... ... .. .... 113
5.2.2  Theoretical Analysis . . . . . . ... ... ... .. .... 115
5.2.3 Simulation Results and Discussion. . . . . . .. ... ... 119

5.3 STATCOM with PRES Configured in Substack . . .. ... ... 129
5.3.1 PRES Substack . . . ... ... ... .. ... ... ... 129
5.3.2  Low level Control Algorithm . . . . . ... ... ... ... 130
5.3.3 Simulation Results and Analysis . . . . . .. .. ... ... 133

5.4 Active Current Sharing of SiC Devices through Multi-H-Bridges . 134
5.4.1 Paralleling of SiC Devices . . . . . . ... ... ... ... 134
5.4.2 MHSM Configuration . . . . . . ... ... ... .. .... 137
5.4.3 Semiconductors Current Imbalance Issue . . . . . . . . .. 140
5.4.4  Active Current Sharing Low Level Control Algorithm . . . 141
5.4.5 Simulation Results . . . . ... .. ... ... ... 143

5.5 Summary ... ... 148

Design of Micro-MMC 151

6.1 Motivation . . . . .. ... 151

6.2 Hardware Design . . . . . . .. .. ... ... ... ... 154
6.2.1 Overall Layout . . .. ... ... ... ... ........ 154
6.2.2 Submodule . ... ... 157
6.2.3 Components Sizing . . . . . . . . .. ... 158
6.2.4 Cost for Hardware . . . . . ... . ... ... ... .... 159

6.3 Distributed Control System . . . . . . . ... ... ... ... .. 160
6.3.1 Control Algorithm . . . ... ... ... ... ... .... 160
6.3.2 Concrete Implementation . . . . . ... ... ... ..... 164

6.4 CaseStudy . . . .. . . . . ... 167

6.5 Summary . . ... .. 172



7 Conclusion 173

7.1 Summary of the Thesis . . . . . . . . .. ... ... ... ..... 173
7.2 Reflections on MBSMs . . . . . . . . .. ... ... ... ..... 175
7.3 Future Works . . . . . . .. 176
A Algorithms 179

14



Chapter 1

Introduction

1.1 Modern Electricity Grid

The extensive use of fossil energy and electric power promoted the second in-
dustrial revolution and made human society move towards industrial civilization.
However, the impact of human development on the earth’s climate is very crucial.
Carbon dioxide is increasing in the atmosphere and is of considerable concern in
global climate change because of its greenhouse gas warming potential [1, 2]. The
widespread use of fossil energy may lead to unprecedented changes in the climate
system. This has prompted people to discuss how to reduce the use of fossil
energy to limit the production of greenhouse gases [3].

Climate change is no doubt a serious global challenge. In response to cli-
mate change, 197 countries reached a consensus on the Paris Agreement [4] in
2015 in order to limit the global temperature rise to 2 °C higher than the pre
industrialization level, and seek measures to further limit the temperature rise
to 1.5 °C. On the one hand, energy efficiency should be greatly improved to re-
duce the total consumption of fossil energy; on the other hand, renewable energy
needs to be vigorously developed. Many countries and regions have proposed
targeted energy reform and development objectives and greenhouse gas control
goals. China proposes that by 2030, China’s new energy demand will be mainly
met by clean energy, and carbon dioxide emissions will peak around 2030 [5]. The

EU’s 2030 Climate and Energy Framework proposes the goal of reducing its net
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greenhouse gas emissions by at least 55% compared with the 1990 level by 2030,
and increasing its renewable energy consumption target to 38%-40% [6]. The US
government proposes that by 2030, greenhouse gas emissions will be reduced by
50%—52% compared with the level in 2005 [7].

Because of its extremely low cost, fossil energy continues to dominate global
electrical power production. In recent decades, renewable energy, mainly wind
power and solar energy, has become a strategic emerging industry in the world.
Scientific research and industrial development on renewable energy have been
conducted for many years [8, 9]. For a long time, the development and utilisa-
tion of energy have been mainly based on resource endowment. As distributed
renewable energy technologies, wind power and solar energy have broken through
the resource endowment limit of carriers and can be produced in any place that
meets the conditions.

To coordinate the development, allocation, and utilisation of global energy
resources, the concept of global interconnected power grids is proposed [10, 11, 12].
Global interconnected power grids can facilitate decarbonization of the electricity
system by enabling the harnessing and sharing of vast amounts of renewable
energy [13]. Technologies in the area of high voltage direct current (HVDC)
transmission [14], distributed energy resource (DER) [15] and smart grid [16] can

be used to construct the global interconnected power grids.

1.2 Power Electronics and HVDC transmission

Power electronics play significant roles in the electrical grid due to their high
controllability, fast response, and high conversion efficiency. In power genera-
tion, DER equipment such as wind turbines and photovoltaic (PV) panels can-
not be directly connected to the power grid. Power electronic converters enable
high-efficiency power conversion as well as high-power-quality DER-grid connec-
tions [18]; In the power distribution scenario and demand side, the connection of
DERs, microgrids, energy storage (ES) and flexible loads increases reactive power

and harmonics. Active power electronics equipment can ensure power quality and
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Figure 1.1: Comparative HVDC & AC transmission costs [17]

meet various power conversion requirements in complex application scenarios[19];
In power transmission, high-power power electronic equipment can significantly
improve the transmission capacity, improve the power flow distribution, enhance
the reliability of the power supply, improve the reliability of large-scale power

grid interconnection, and improve the transmission efficiency [20].

HVDC transmission has been increasingly significant nowadays, especially in
long distance electric power transmission scenarios, thanks to their superiority in
transmission efficiency, controllability, and cost management over High Voltage
Alternative Current (HVAC) transmission. Compared with HVAC transmission,
the main advantages of HVDC transmission are [22]: (1) not generating reactive
power; (2) higher power density, and (3) supporting the interconnection of asyn-
chronous AC systems. Fig. 1.1 depicts the costs of HVDC and HVAC stations
versus transmission distance. The requirements of converters and filters make
the basic cost of a HVDC station higher, yet lower operation losses make HVDC
more attractive for longer transmission distances [23]. The break even distance
is 800 km for overhead lines and 50 km for submarine lines. According to the

distribution of global HVDC projects shown in Fig. 1.2, Eurasia has obvious ad-

17



P " ~
? . Ve X7
. { vl
\\ B ;
v A
‘ o
e HVDC Back-to-Back - e

| — HVDC lines (existing or planned)

Figure 1.2: Map of HVDC projects distribution [21]

vantages in terms of project number and line length. It was followed by North
America, Africa and South America. Australia and New Zealand also have sev-
eral HVDC transmission projects. HVDC with very high voltage ratings — up to
1,100 kV — enables intercontinental transmission corridors that would otherwise

be technologically and economically unfeasible.

The first commercial HVDC transmission scheme was launched by ABB in
1954, connecting the mainland of Sweden to the Island of Gotland, and transmit-
ting 20 MW of power at 100 kV through a 96 km submarine cable. At present,
the global HVDC market is dominated by three suppliers: ABB, Siemens, and
General Electric (GE). Report [17] summarises 170 HVDC projects based on the
BNEF dataset [24], as presented in Fig. 1.3, showing the geographical distribu-
tion of the main participants in the HVDC market and their projects. In addi-
tion, Fig. 1.4 presents the statistical analysis results of 134 projects according to
different power transmission methods. The preferential transmission type is de-
termined by the transmission terrain and the required transmission distance [17].
For example, it is found that most of the HVDC projects in Asia (mainly China
and India) are mainly in type of overhead. Fig. 1.5 also summarises the av-

erage transmission length, voltage, and rated power of HVDC projects in each
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transmission type.

Fig. 1.6 presents the overview of a typical HVDC converter station from the
HVDC PLUS project [25]. Major components of an HVDC scheme include [26]:
(1) AC switchyard: The AC system connects to a HVDC converter station via a
converter bus which is simply the AC busbar to which the converter is connected;
(2) AC harmonic filters: In order to limit the influence of AC harmonic current
and absorbed reactive power, converter stations usually include parallel switch-
able AC harmonic filters; (3) Converter transformer: The converter transformers
step up the voltage of the AC supply network and inevitability produce acoustic
noise which should be considered in the siting of the converter station; (4) Con-
verter: The converter is the most important component which provides the power
conversion from AC to DC or DC to AC as required; and (5) DC switchgear:
Switchgear on the DC side of the converter is typically limited to disconnectors

and earth switches for scheme reconfiguration and safe maintenance operation.

Based on statistical results on recent HVDC projects, ratings at 1000 MW
power, 400 kV AC voltage, and +320 kV DC voltage are commonly applied.
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Figure 1.6: A converter station example from the HVDC PLUS project,
Siemens [25]

The largest HVDC project in use so far is the £1100 kV ultra HVDC (UHVDC)
project connecting Zhundong and Wannan in China. The power rating is 24,000 MW,
and the total transmission length is 3324 km. By 2020, China has also constructed
11 £800 kV UHVDC projects [27]. In addition to developing towards higher volt-
age and capacity, multi-terminal HVDC (MT-HVDC) [28] is another topic in the
field of HVDC that attracts the interest and efforts of academia and industry. The
development of MT-HVDC enables large-scale interconnection between different

countries, and DER power generation can be shared and used more efficiently [29].

Modular multilevel converters (MMC), originally proposed by Prof. Rainer
Marquardt in 2001 [30], are extensively applied in middle and high voltage ap-
plications, especially in HVDC scheme. The stack of an MMC is constructed by
a couple of series-connected sub-modules (SMs) to provide the flexibility of stack
voltage and, at the same time, extend the voltage capability [31]. By synthesising
staircase stack voltage with SM capacitor voltages, MMC allows low total har-

monic distortions (THDs) to be achieved with a low switching frequency. Hence,
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high voltage output is achieved with a large number of identical SMs constructed

by low-voltage-rating power semiconductors.

1.3 Modular Multilevel Converters

MMC serves as a inverter or rectifier in HVDC systems. The MMC reported
in the HVDC PLUS project [32] applied more than 200 SMs per converter arm
to deliver up to 400 MW at a voltage of 200 kV. The number of SMs required
should be increased to match the increase in output voltage. After years of devel-
opment, MMC has also derived other structures to adapt to different application
scenarios. The MMC featuring three-phase to single-phase direct AC/AC con-
version is a potential solution for AC power supply [33, 34, 35]. For DC/DC
conversion, the application of the MMC concept can take advantage of the dual
active bridge (DAB) principle where two cascaded DC-AC MMCs are coupled via
transformers [36, 37] Some other novel MMC based topologies include Modular
Multilevel Matrix Converter [38, 39], Alternate Arm Converter [40, 41], and so

on.

(a) Valves (SMs) (b) Converter

Figure 1.7: Pictures of a MMC station from [42]
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Fig. 1.7 shows the picture of SMs and the converter from GE’s MaxSine
scheme [42]. The SM technology has been deployed on three VSC projects in-
cluding an offshore wind grid interconnection project. GE claims that quasi-
sinusoidal voltage waveforms can be created with the MaxSine scheme and no
filter is required for connection to the grid. The principle of the MMC operation
is similar to those in Siemen’s HVDC PLUS scheme [43] and ABB’s HVDC Light
scheme [44].

This thesis aims at presenting the research conducting on a new SM topology
of MMC, named the multi-busbar SM (MBSM), to improve the performances of
the MMC. The modeling, control method, applications are investigated in details
and validated by simulation results. The design process of a benchtop-scale FBSM
MMC is also presented.

1.4 Contributions from the Author

The contributions from the author are summarised as follows:

MBSM Topology and Control: The author proposed the MBSM topol-
ogy and the distributed control framework on the basis of the series-parallel
SM [45, 46]. The soft-parallel mechanism can effectively prevent the inrush
current resulted from capacitor paralleling as well as maintain voltage balanc-
ing without the requirement of additional inductors which are commonly used in
other parallel SM structures. The performances are verified by simulation results:
(1) In-rush currents between MBSMs are eliminated thanks to the soft-parallel
mechanism without the requirement of using additional inductors, compared to
other reported SM capacitor-parallel techniques; (2) A reduction of about 17%
in semiconductor losses compared with the conventional IGBT based FB-MMC.
This work has been reported in [Paperl].

MBSM Failure Management and Reliability Study: The management
of single semiconductor failures and capacitor failures are investigated by the
author. Simulation results show (1) a MBSM stack with a similar over reliability

figure over a 20-year operational window as FBSM but while requiring only vastly
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fewer redundant SMs, and (2) MBSM is able to operate in degraded mode in case
of single semiconductor failure instead of being completely taken out of action,
leading to a similar overall MMC availability while using 6 times fewer redundant

MBSMs compared to FBSMs. This work has been reported in [Paperl].

Automatic Derivation of State-Space Model from Linear Electrical
Circuits: The increasing complexity of power electronic circuits calls for the use
of advanced control algorithms, which in turns rely on extensive and accurate
models. The author developed the rigorous mathematical framework for an el-
egant and automatable state space modelling of a linear electrical circuit based
on Dr. Michael Merlin’s initial proposal. The steps consist in extracting key
information of a netlist and deriving the state space model after identifying in-
dependent states. The netlist can either be written by the designer or a SPICE
software. The resulting MIMO state space model can then be fed into classic
control design methods, e.g. LQR or MPC, possibly coupled with robust observ-
ing methods, e.g. Kalman filter, to create performant regulators. The proposed
automatised derivation strategy is verified by a simple case of electrical circuit

and a case of MMC. This work has been reported in [Paper2].

Advanced Control Method for the MBSM MMC: The author applied
model predictive control technique to design the start-up controller of the MBSM
MMC. The structure of MBSM and internal pre-charging method ensures MBSM
capacitors are charged to nominal value smoothly without the requirement of
using bulk current-limiting resistors. This work has been reported in [Paperl].
Besides, the author proposed a reinforcement learning based low level controller

to further improve the power efficiency of the MBSM stacks.

Delta-Configured PRES MBSM STATCOM: The author proposed two
PRES MBSM STATCOM topology and the corresponding control scheme to allow
active power to be extracted from ES. ES-MBSMs are distributively configured
in a stack in the first topology, and the mixed low level control algorithm contains
an FBSM based mode (apart from the soft-parallel mode), which inspired by Dr.
Paul Judge’s idea, in order to extend the acitve power capability at the cost of

higher losses; ES-MBSMs are configured in a sub-stack in the second topology,
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the author proposed a sub-stack voltage references calculation algorithm and a
mixed PDSC modulation framework to extend the active power capability. This

work has been reported in [Paper3] and [Paper4].

Optimal Phase Angle of Additional Circulating Current for a Delta
Configured STATCOM: The author derived the analytical solution of the
optimal phase angle of the additional third harmonic circulating current that
applied to maintain voltage balancing of a delta configured Modultar Multilevel

STATCOM. This work has been reported in [Paper3].

Active Current Sharing of SiC Devices through Multi-H-bridges:
A new SM topology constructed by multiple parallel-connected SiC MOSFET
H-bridges is proposed by the author. Apart from the advantage of achieving
high voltage applications with low voltage-rated devices as in conventional SMs
in MMCs, the proposed multiple H-Bridge SM also provides the freedom of de-
gree in current rating. A modular multilevel STATCOM model constructed by
multiple H-Bridge SMs is built in MATLAB/Simulink. Simulation results show:
(1) multiple H-bridge SMs not only allow active current sharing of SiC MOSFET
devices without the requirement of auxiliary chokes or capacitors, but also allow
voltage balancing of sub-module capacitors; (2) the proposed topology allows the
same converter rating to be achieved with half the amount of SMs operating at
approximately three times of PWM frequency, compared with Si IGBT SMs con-
verter, while providing 40% power loss reduction; (3) the decoupled conduction
paths of paralleled H-bridges see approximately 14.8% switching loss reduction
compare with conventional paralleled SiC MOSFET full bridge sub-module. This

work has been reported in [Paper5].

Designing of the Micro-MMC: The pMMC developed by the author inte-
grates eight FBSMs in a 10x10-cm PCB with an embedded micro-controller (1C)
and an external master controller. The electronics is rated for a 30 V DC bus
voltage as typically found in traditional lab power supplies, providing both conve-
nience and safety. The control architecture in the uMMC follows the distributed
type: the embedded pC translates voltage commands from the master into MOS-

FET gate signals, and the master controller uses the stack energy and current
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measurements sent by the embedded pC to monitor the energy balancing and
power control of the overall structure. The electrical arrangement of the SMs
is fully configurable, allowing many different modular converter topologies to
be tested. This chapter details the setup process of the uMMC into a 3-phase
inverter, later upgraded with energy storage to demonstrate its versatility and po-
tential as a teaching and research tool. This work has been reported in [Paper6]
and [Paper7].

This PhD project led to several research outputs arranged in chrono-

logical order:

[Paperl] C. Hao, S. Finney and M. Merlin, ”Multi Busbar Sub-Module: En-
hancing the Series-Parallel Sub-Module to Improve Start-Up Procedure, Power
Efficiency, and Failure Tolerance of Modular Multilevel Converters,” IET Power
Electronics, to be submitted.

[Paper2] C. Hao and M. Merlin, ” Automatic Derivation of State-Space Model
from Linear Electrical Circuits with Dependent Variables using Modified Nodal
Analysis,” 2020 IEEE 21st Workshop on Control and Modeling for Power Elec-
tronics (COMPEL), 2020, pp. 1-6.

[Paper3] C. Hao, P. Judge, W. Ma, S. Finney and M. Merlin, ”Delta Config-
ured Multi Busbar Sub-Module Modular Multilevel STATCOM With Partially
Rated Energy Storage for Frequency Support,” in IEEE Transactions on Power
Delivery, vol. 38, no. 4, pp. 2912-2923, Aug. 2023.

[Paperd] C. Hao, W. Ma, M. Merlin, P. Judge and S. Finney, ”"Multi Busbar
Sub-Module Modular Multilevel STATCOM with Partially Rated Energy Storage
Configured in Sub-stacks,” 2022 24th European Conference on Power Electronics
and Applications (EPE’22 ECCE Europe), 2022, pp. 1-8.

[Paper5] C. Hao, P. Judge, S. Finney and M. Merlin, ”Enabling the use of
lower current-rated SiC MOSFET devices in large-current power converters by
paralleling multiple H-bridges in the sub-modules,” 19th International Conference
on AC and DC Power Transmission (ACDC 2023), Glasgow, UK, 2023, pp. 142-
147.

[Paper6] C. Hao, J. Cao, P. Xia, S. Finney, and M. Merlin, ”Meet the Micro-
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MMC,” TEEE Power Electronics Magazine, Revised version under review.
[Paper7] C. Hao, Z. Blatsi, P. Xia, S. Finney, and M. Merlin, ”Designing
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1.5 Thesis Outline

The structure of this thesis are organised as follows:

Chapter 1 starts with an overview of the modern electricity grid, where power
electronics play a significant role. The HVDC system is then introduced in detail
as its superiority in transmission efficiency, controllability, and cost management
over the HVAC system. The key equipment in HVDC system, the MMC, is briefly
presented to start the discussion.

Chapter 2 introduces the structure of MMC, commonly used SM topologies,
and distributed control systems. The control system is divided into three layers
so that MMC with new SM topologies can share the same higher-level controllers
as conventional MMC. Simulation results, including normal operation and loss
analysis of a FBSM MMC, are also presented in this chapter.

Chapter 3 presents the control and performance of the MBSM, which uses
multiple parallel connections between SMs. This chapter starts with a discussion
on the operation principle of the MBSM designs and how the MBSM approach
can eliminate in-rush current during the paralleling of MBSMs. Then, single
device failure management and the reliable study are presented. At last, the
multi-busbar equivalent of the classic full-bridge SM topology is simulated and
compared with its single-busbar counterpart.

Chapter 4 is composed of three topics that relate to the advanced con-
trol method for the MBSM MMC. Section 4.1 lays out the rigorous mathemati-
cal framework for an elegant and automatable independent-variables state space
modelling of a linear electrical circuit. The proposed automatised derivation
strategy is verified by a simple case of electrical circuit and a case of MMC. Sec-

tion 4.2 presents the MPC-based MBSM MMC start-up control scheme, where
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the precharge of capacitors is converted into a DCDC converter control problem
and solved by MPC. In Section 4.3, reinforcement learning approach is applied
for MBSM low level control. A DQN agent is designed and trained to improve
the voltage reference tracking, SM voltage balancing and switching frequency
reduction performances.

Chapter 5 investigates more applications of the MBSM in the scenario of
STATCOM. The modeling and higher control of the delta configured STATCOM,
and how ES is configured in MBSMs are provided in Section 5.1. Section 5.2 inves-
tigates a STATCOM with distributedly integrated partially-rated ES in MBSMs.
The study uses the analytical formulation of the MBSM to derive the mixed mode
low level control system and the optimal phase angle of the circulating current
required for SM balancing. The objective of the controller is to output 1 p.u.
active power with 60 % ES-MBSMs. Section 5.2 studies the structure and low
level controller to allow ES-MBSMs to be configured in a sub-stack in order to
reduce the switching frequency. Section 5.4 further extend the concept of MBSM
to structure with more busbars, named multi-H-bridge SM. The structure and the
operation principle are introduced first, and followed by a detailed low-level con-
trol algorithm aimed at solving the unequal steady-state current issue resulting
from on-state resistance mismatches of paralleled discrete SiC MOSFETS.

Chapter 6 presents the design process of a low voltage, cost efficient MMC,
the uMMC, which consists of a benchtop-scale, low-voltage, open-source, and
affordable hardware prototype of an MMC, intended for research and teaching.
The PCB layout, components sizing, cost of element, concrete implementation of
the distributed control system, and the case study of a three phase inverter mode

MMC are all presented.
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Chapter 2

Background on Modular

Multilevel Converter

2.1 MMC Topology and Design

The MMCs in HVDC stations are essentially AC/DC or DC/AC converters [47,
48, 49]. Different from conventional two level converters, strings of series-connected
SMs are controlled to construct staircase stacks voltages with capacitor volt-
ages so that MMC has low harmonic distortion and low switching loss [40, 50].
Moreover, the modular design of MMC makes it more convenient for large-scale
manufacturing and maintaining [51]. Recently, the MMC has also been gain-
ing interests in MVDC applications [52, 53], such as motor drives [54], Static
compensator (STATCOM) [55] and battery energy storage system [56].

The structure of a classic three-phase MMC is shown in Fig. 2.1 [57, 58, 59].
V. represents the voltage of the DC transmission link. In each phase, there are
two arms consisting of a stack of series connected, nominally identical SMs and a
small arm inductor (or stack inductor) Lg for suppressing high order harmonics
in the arm current. The mid-points of the two arms in each phase are connected
to three phase inductors Lp, and form the AC terminals, whose voltages are
represented by u,, up, and u. in Fig. 2.1. The reference directions of currents
indicate that the MMC operates in inverter mode. The upper and lower arms of

three phase legs are represented by subscripts "«” and ”[”, respectively, in this
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Figure 2.1: Three-phase modular multilevel converter (MMC)

thesis. Take v,, and v, as examples, the former represents the voltage of the
upper stack in phase A, and the latter represents the current of the lower stack

in phase C.

Among all of the advantages that MMC offers, the following are the most
attractive to researchers [60, 61, 62, 63]:

(1) The modular configuration of the MMC provides an ability to scale in

voltage and power ratings.

d
(2) Output voltage and current waveforms of the MMC have reduced d—: and
ripple; resulting in low total harmonic distortion (THD) thanks to the staircase

stack voltage waveforms.

(3) MMC is able to operate at a very low switching frequency for each indi-
vidual switches, yet the large number of series-connected SMs, results in a high

compounded switching frequency for the whole converter.
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(4) Fault-tolerant operation can be achieved when employing redundant SMs

in each stack.

2.2 SM Topologies

The MMC can generate large voltage waveforms thanks to its stacks of hundreds
of SMs connected in series. Extensive reviews on SM structures are provided
in [31] and [64]. Even though many novel SM structures have been proposed
for specific applications in the past decade [65], Half Bridge (HB) SM and Full
Bridge (FB) SM are still the most commonly used topologies so far.

—K S S1 S3

Is Is __T
—— ::1VC T |Ve

s S

Vsm| S, Vsm g *

(a) (b)
Figure 2.2: The most commonly used SM topologies: (a) HBSM, (b) FBSM.

Fig. 2.2 (a) shows the structure of an HBSM consisting of two semiconductors,
S1 and S, and a capacitor. S; and Sy will not be turned on simultaneously
otherwise the SM capacitor would be short-circuited. The output voltage that
an HBSM can provide is 0 and +V depending on the states of semiconductors,
as summarized in Table 2.1. If S; is on while S5 is off, the SM capacitor will be
connected into the main circuit and contribute to stack voltage; If S; is off while
S5 is on, the SM capacitor will be bypassed. An HBSM based MMC exhibits low
power losses as only one semiconductor in each HBSM conducts current in either
case. However, since HBSM is not able to output negative voltage, an HBSM
MMC doesn’t have the capability of DC fault blocking.

The FBSM is constructed by one capacitor and four semiconductors, marked
as Si, Sz, S3, and , Sy, as presented in Fig. 2.2 (b). Apart from states of Positive
Voltage and Zero Voltage, the FBSM can also output Negative Voltage when S
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Table 2.1: Semiconductor states and output voltage of the HBSM

State St | S2 | Vsu
Positive Voltage | 1 0 | +Ve
Zero Voltage 0] 1 0

Block 0] 0|N/A

and S5 are both on thanks to extra semiconductors. Similar to the situation in
HBSM, the semiconductor pairs S;-S3 and S3-S4 can not be switched on simulta-
neously in order to support the capacitor voltage. The remaining feasible states
of the FBSM and the output voltage are summarized in Table 2.2. The FBSM
can provide DC fault blocking capability, however, at the expense of significantly
higher semiconductor cost and losses compared with the HBSM, as twice the

number of semiconductors are required and conduct stack current in all states.

Table 2.2: Semiconductor states and output voltage of the FBSM

State S1 | Se | Ss | Sy | Ve
Positive Voltage | 1 | 0 | 0 | 1 | +V¢
Negative Voltage | 0 | 1 | 1 | 0 | =Vo

Zero Voltage 1 11701110 0
Zero Voltage 2 O] 101 0
Block 0O[0|0|O0|N/A

Fig. 2.3 presents some other SM topologies of interest from [31]. The clamped
double SM shown in Fig. 2.3 (a) consists of two HB SMs, two additional diodes,
and one extra semiconductors. The semiconductor losses of an MMC configured
with clamped double SMs is lower than a FBSM MMC, and higher than a HBSM
MMC that has the same voltage level, yet can still handle DC fault. The five-
level cross-connected SM presented in Fig. 2.3 (b) is a similar topology contains
two HBSMs connected back to back by two extra semiconductors. The loss
performance is also similar to that of the clamped double SM. Fig. 2.3 (c¢) and
Fig. 2.3 (d) present two three level SMs: the three level flying capacitor (FC)
SM [66, 67, 68] and the three level neutral-point-clamped (NPC) SM [69, 70, 71].
Compared to HBSM and FBSM, both FC and NPC see limited improvement in
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efficiency performances but require more complex control scheme [31], make them

less attractive to industry.

11+

[+

Figure 2.3: Other SM topologies: (a) the clamped double SM, (b) the five level
cross-connected SM, (c) the three level FC SM, and (d) the three level NPC SM.
Cited from [31]

The classic SM topologies (e.g. HBSM or FBSM types as shown in 2.2) all have
in common their single connection arrangement between each SM in their series
connection within a stack; i.e. a single busbar. This single busbar arrangement
does come however with some drawbacks in terms of performance and flexibility.
First, the pre-charging of the SM capacitors is traditionally conducted through
high-impedance pre-insertion resistors to the AC or DC grids; in essence bulky
devices which are bypassed and left unused outside the start-up periods [72].
Second, the bypass switch — employed to electrically shut across the SM terminals
in case of SM failure — contradicts the pre-charging procedure and must thus
remain open before energyzing the MMC station; failure to close the bypass
switch during operation will lead to a total system failure of the MMC. Third, the
SM capacitors will regularly experience voltage deviation outside the average SM
voltage within the stack, in spite of the best efforts from the balancing algorithm;
this means that extra voltage margin must be implemented when designing the
SM hardware. Fourth, the single busbar arrangement restricts the number of

switching states for the semiconductor devices within a SM to often only one
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combination for a given voltage output; the failure of a single device will thus
lead to the failure of the entire SM. Fifth, this lack of redundant switching states
also limits the potential optimization for the whole MMC; some research [73] have

attempted to demonstrate the benefit of parallel connections.

R
a L

(a) (b)

Figure 2.4: Series and Parallel SMs proposed in [45, 46]: (a) double full-bridge,
(b) double half-bridge.

Q, =

To tackle with the issue caused by single conduction path, many novel SM
structures allow both series and parallel module connectivity are purposed [45,
46, 74, 75, 76], as shown in Fig. 2.4. The inactive modules are still used, instead
of being bypassed, for energy storage through being parallelized. Even when the
SMs cannot contribute to the stack voltage, the current load from active modules
could be shared to reduce the total parasitic inductance and resistance [46]. The
new SM structure allows energy storage elements to be dynamically rewired in
various series—parallel configurations, thus generating a wide range of output
voltage levels [74]. The series and parallel connection allows wide frequency
range operation [75] and sensorless balancing [76], provides more possibilities for
further improvements.

The comparison of different SM topology in terms of cost, complexity, losses,

and negative voltage capability are summarized in Table 2.3

2.3 Modeling and Control

2.3.1 Distributed Control System

Widely applied in two-level or three-level converters, centralized controllers, nor-

mally Digital Signal Processor (DSP) [77, 78, 79, 80, 81], are required to realize
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Table 2.3: Comparison of different SM topology

SM topology Cost Complexity | Losses Negg;i;;b\iﬁ)tl;age
Half Bridge Low Low Low No
Full Bridge Medium | Medium High Yes
Clamped double High High High Yes
Five level cross High High High Yes
Three level NPC High High High Yes
Double Full Bridge High Medium | Medium Yes

all measurement and control tasks. Then, high frequency (up to hundreds of kHz)

gate signals for the power semiconductors are generated by Field Programmable

Gate Arrays (FPGA) [82, 83, 84]. In the control of MMC with a large number of

SMs, concentrating all tasks in one digital controller will lead to the necessity of

larger amount of input and output (I/O) pins, heavy computational burden, and

a long execution time that may exceed the control cycle. Moreover, centralized

control limits the modularity and scalability of the whole MMC system in both

hardware and software development [85, 86]. Therefore, distributed control sys-

tem [87, 88, 89| attracts increasingly attention as control tasks and computational

burden are distributed to different controllers, and the modularity of the system

is consequently improved [90].
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Figure 2.5: Distributed Control System

The distributed control system of MMC applied in this thesis is shown in
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Fig. 2.5. Layer 1 is in charge of energy management and power control. SM
voltages are used to calculate the energy stored in each stack and generate power
references that should be transmitted among stacks. Then the reference of active
power and reactive power, AC voltage and current, DC voltage, as well as balance
power references are all fed into power controller to generate current references. In
the second layer, currents are regulated by conventional Direct Quadrature (DQ)
controller [91, 92, 93] (together with circulating current controller), or state space
model based controller. Stack voltage references are obtained from Layer 2. Fi-
nally, the low level controller in Layer 3 translates stack voltage references into
SM switch commands. Many modulation framework can be applied, including
nearest level modulation (NLM) [94, 95], pulse width modulation (PWM) [96, 97],
phase shift carrier (PSC) [98, 99], phase disposition carrier (PDC) [100, 101], and
so on. NLM ensures MMC with large amount of SMs to operate in low switching
frequency. PWM, PSC, PDC are usually applied to reduce the THD of the AC
output. The demonstration of PSC is presented in Fig. 3.8. The demostration
of PDC and PSC are presented in Fig. 5.15

2.3.2 Energy Management & Power Control

Total energy management ensures energy balance between the DC side and the
AC side of the MMC. The total stack energy deviation is denoted as AFE, and
is calculated by the difference of energy stored in all SMs and the rated total
energy. In ideal operation, the energy storage in all stacks should be balance,
which means that AE,.; = 0. The block diagram of total energy management
is shown in Fig. 2.6, where kap is a real number between 0 and 1. The power
difference commands are allocated to both the AC side and the DC side. Finally,
DC current reference I;. and AC current reference in DQ framework I; are both
generated.

In addition, the energy balance of the three phases, also known as horizontal
balance, should be maintained as well. Suppose that AFE; represents the energy
deviation of phase j where j = a, b, c. Then the reference of AE; can be derived

as AL, = AE/3. The control block diagram of horizontal energy management
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Figure 2.6: Total energy management

is shown in Fig. 2.7.

AE + APy
? ( PI > X Iy
Vdc

Figure 2.7: Horizontal energy management

Vertical energy management can tackle the issue of energy imbalance between
the top and bottom stack in each phase. The control objective is to ensure that
the energy deviation of the upper stack AFE,; is equal to the energy deviation
of the lower stack AEj;. As shown in Fig. 2.8, the difference of the upper and
lower energy deviation is fed to a PI controller and finally vertical balance current

signal Iy is generated.

AE,; + . APy,
> X
A v Iy, | Phasor | Iv
AEy; de | . Rotation

Figure 2.8: Vertical energy management
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2.3.3 Current Control
DQ and Circulating Current Control

The principle of the conventional current control includes DQ and circulating
current control. AC side current and DC side current control are analyzed sep-
arately based on superposition theorem. To further simplified the analysis of
current control and the superposition of stack voltage commands, a simplified
model of MMC which consists of single phase elements is used here, as shown in
Fig. 2.9. The stack voltages v,;, v;; and stack currents i,;, 7;; are the sum of DQ

control outputs and circulate current control outputs.

Idc
vujT
Lg
J
? Vdc
C Lp
e Ly —xill I
Lg
vl]- T

Figure 2.9: Simplified model of MMC for current control analysis.

At first, the model when only AC source functions is investigated. The stack
voltages are represented as v,,;" and v;;" while stack currents are represented as iuj’
and ¢;;", as shown in Fig. 2.10 (a). The model in Fig. 2.10 (b) remains unchanged
and only the layout of the studied circuit is rearranged to simplify the analysis.
Suppose that the voltage and current responses in the two branches are the same,
and merge the inductors and controlled voltage sources in the two brunches, a

new equivalent classic model Fig. 2.10 (c) is obtained. The relationship between
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Figure 2.10: Simplified AC side equivalent model of MMC

the stack voltages and brunch currents are summarized as Eq. (2.1).

Vyj = —Vj
v’ = v,
o i (2.1)
P
\ buj. = 2
According to Fig 2.10 (c) and Kirchhoff’s law, Eq. (2.2) holds.
Lg. di;
v =+ (Le+ 57) (2.2)

Rewrite Eq. (2.2) in three phase version and introduce a new variable Ly =
L
Lp + 75, the equation becomes Eq. (2.3), which is a typical model to describe

the dynamic of a three phase inverter.

Va Uq 1q

d
(YN - Up + L() % ib (2 3)
UC uC iC

Eq. (2.4) describes the system in rotating frame after DQ transformation

from Eq. (2.3). The block diagram of classic DQ control are shown in Fig. 2.11.
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Numerous researches have been done on DQ control [102] so the derivation process

is omitted in this thesis.

v

DQ/ABC p——
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Figure 2.11: Block diagram of DQ control
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Figure 2.12: DC side equivalent model of MMC
DC source equivalent model is presented in Fig. 2.12. The stack current
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contains part of the DC current and circulate current i.;. The stack voltages are
represented by v,;” and v;;” while stack currents are represented as ,;” and 7;".
The voltage on the two series connected inductors is denoted as va;. According
to Fig. 2.12, the relationship between stack currents, DC current and circulate
current is described by Eq. (2.5). Thus, va; can be calculated by Eq. (2.6). The
block diagram of circulating current control to generate command va; is based

on Eq. (2.6), as shown in Fig. 2.13 (a).
: : 1 :
R 3 Lie + icj (2.5)

dl[dc+ic' dlc
UAj=2L5¥=2LS dt]

(2.6)

In superposition theorem, the response of elements to all the sources in elec-
trical circuit is equivalent to the sum of response in several sub circuit where
sources singly functions. Here we can derive the actual stack currents from the
AC side and DC side equivalent models in Fig. 2.10 and Fig. 2.12. Based on
Eq. (2.1) and Eq. (2.5), Eq. (2.7) holds.

1 1
Z-uj = Z-uj/ + Z-uj” = g Idc + Z.cj + 5 ij

1
2

(2.7)

iy =iy i = 5 dac +1ej = 54
Thus, Eq. (2.8) can be derived and the circulating current controller is updated

according to Eq. (2.8), as is shown Fig. 2.13 (b).

: L. . 1
lej = 5 (’Luj + le) — g Idc (28)

From Fig. 2.12 the voltages can also be derived as Eq. (2.9). Suppose that
the upper stack voltage and lower stack voltage are equal, Eq. (2.10) holds.

oo+ 0+ 05, — Vi 2.9
1 1
Vi =" = = Ve — = VA, (2.10)
J J 2 2 J
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Figure 2.13: Block diagram of circulating current controller

According to Eq. (2.1) and Eq. (2.10), voltages are synthesized to form the
stack voltage reference, as shown in Eq. (2.11), and to be fed into the low level

controller.

1 1
Vuj = qu/ + qu” - 5 ‘/;ic - 5 VA; — U5
2.11
/ " 1 1 ( )
v = vy vt = §Vdc_ 5UAj+Uj

LQR based State Feedback Control

State Space Model can not only reflect the internal states of the system, but
also reveal the relationship between the internal states and the external input
and output variables [103, 104, 105]. Multiple variable time series are converted
into vector time series, which is more suitable for solving the modeling problem
in the case of Multi-Input Multi-Output (MIMO) variables. Consequently, State
Space Model is widely used to describe the dynamics of power electronics circuits.
A quadratic state-space modeling technique, which hybridizes the advantages of
simulating circuit topology at circuit level and topology determination at device
level is presented in [106] for analysis of power electronic converters. Besides,
in [107] a new switching-cycle state-space model of the MMC is proposed. For
the modeling of grid connected voltage source converter, [108] presents a modular
state-space modeling framework that can model different control loops separately
as building blocks. Moreover, many works implement linear quadratic regulator
(LQR) into the state space model to achieve certain control objectives. Refer-

ence [109] reviews the LQR control for switching converters and presents a linear
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matrix inequalities (LMI) based LQR controller for PWM converters. Then, ap-
plying converter loss equation as cost function, the LMI based controller proposed

in [110] has effectively saved energy in boost converter.

LQR based state feedback control can take over the role of DQ and circulating
current controll as current contoller. Regarding the model shown in Fig. 2.1, the
dynamics of MMC are described by a set of loop voltage ordinary differential

equations with j = a, b, c:

di; di,, 1
uj—i_LPﬁ—i_LSL—’—vu] _V;ic_o

dt dt 2 (2.12)

di; diy; 1 '
Ut e Gy b Ty~ g Ve =0

As has been derived in the former section, AC current ¢; = ¢,; — %, and
circulating current i.; = 5 T + 5 - Stack currents (i,;, 4;), stack voltages (v,;,
v;;), AC and DC voltage sources (uj, Vi), and the current references (i}, i7;)
from high level control are identified as state x, control inputs u, disturbance uq4
and output y, respectively. The dynamics can be rewritten into standard state
space model (2.13).

i:AI—FBu—FBdUd

y=Cx+ Du+ DyU,

(2.13)

where z, u, ug and y are represented by * = [iyug 910 Tub Wb Tuc T1c)’s U = [Vua Via Vup
U Ve Vie)'s Ua = [Uua up ue Voo and y = liq ico @ icp ic ic)’, respectively. From

Eq. (2.12) the coefficient matrixes A, B, By, C, D and D, can be derived.

In steady state, state © = x5 and controller input u = wugs, the control
formula can be obtained as u = uzs — K(x — z4). The output of the current
controller is supposed to be equal to current references obtained from higher level
control. To achieve this, x,, = N, rss + Nz tgss and ugg = Ny, s + Ny tgss hold.
Consider that z, =0, yss = 7ss and combine the former mentioned equations

with Eq. (2.13), Eq. (2.14) holds:

A B|| N Ng 0 —B,
- (2.14)
C D|| N, Nau I Dy
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When LQR is applied, the block diagram of LQR based state feedback control is
presented in Fig. 2.14.

Ug

Ug

\ 4
2
(Y
]

x = Ax + Bu >
y=Cx+ Du

Figure 2.14: LQR based state feedback control

LQR is an optimal controller of linear system state feedback, which is easy to
implement in the digital controller. The performance objective function J that
should be minimized is calculated by the integral of the quadratic function of the

state variable and the control variable, as demonstrated by Eq. (2.15).
J = / (2'Qx + v'Ru + 2 2' Nu)dt (2.15)
0

where () and R are the weight matrices for states and inputs, respectively. The

cross term matrix NV is set to zero in the model applied in this thesis.

2.3.4 Low-Level Control

The objective of low level control is to keep the stack voltage output tracking the
voltage reference, and in the meantime, minimise the SM capacitor voltage dif-
ferences. In conventional MMC, the objective is realised by periodically choosing
certain SMs to be inserted into the conducting circuit. As illustrated in Fig. 2.15,
stack voltage references are divided by the average SM capacitors voltages in a
stack to calculate the modulation index, denoted as Ny. SMs are sorted by ca-
pacitor voltages, and the sorting index is ordered from low to high. Then the
direction of stack current engages and updates the sorting index into inserting

order Vs,... The switching state of each SM and the gate signals of semiconduc-
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tors can be simply acquired by comparing Vs,,» with N; and applying NLM plus
PWM [111]. This algorithm requires accurate and real-time SM voltage moni-
toring, causing the complexity of the voltage measurement and control system to
increase exponentially with the amount of SM quantity. This issue becomes more

serious when a large number of SMs are needed in MMC for HVDC applications.

Vsref o % N
— k
vV >
» Average — - Gate
NLM & Signals
V¢ R ] Vorder - PWM -
»| Sorting | Updating Veore
[ Ordered 2
| d
S >0 > Index

Figure 2.15: Low level control of a conventional MMC

2.4 Case Study

This section presents the simulation results of a FBSM MMC operating under
the above introduced control framework. The simulation model based on the
topology presented in Fig. 2.1 is built in MATLAB/Simulink. Each stack is
designed to contain 15 FBSMs in order to evaluate the performances of the MMC
with the same number of MBSMs. Some important parameters are summarized

in Table 2.4.

Table 2.4: Parameters of the Simulation Model

Parameters Value Parameters Value
Nominal Power 50 MVA DC Voltage 30 kV
AC Voltage (RMS) 15 kV Nominal V¢ 2000V
AC Frequency 50 Hz MBSM Capacitance 13.9 mF
Phase Inductance 0.15 pu Ny per Stack 15
Stack Inductance 0.1 pu PWM Frequency 1 kHz
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Figure 2.16: Performances of the FBSM MMC under normal operation

2.4.1 Normal Operation of a FBSM MMC

The characteristics reflect a typical scenario of MMC in HVDC converter station.
The overall control target is to convert 1 p.u. active power, 50 MW, from the
DC side to AC side. The waveforms generated by the FBSM MMC are shown
in Fig. 2.16. The AC current presents standard sinusoidal waveform and has the
same phase with the AC voltage. Both the power quality and the power factor are
ensured. The stack generates staircase voltage. SM capacitor voltages are well
balanced under the regulation of the low level control illustrated in Fig. 2.15.The

maximum voltage deviation is about 20% of the nomimal capacitor voltage. The
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voltage waveform is not marked with its corresponding SM here as what matters

is the convergence of all SM voltages in a stack.

2.4.2 Losses Analysis

Generally, power semiconductor devices will see: 1) Switching Losses (Ps,) when
switching between ON and OFF conditions, and 2) Conduction Losses (P.y,q) in
the ON state. These losses give rise to a temperature rise within the device which

must not exceed the permitted junction temperature.

Switching Loss

Switching Loss happens when a semiconductor is switched either on (closed cir-
cuit) or off (open circuit). Diodes see reverse recover losses when they stop con-
ducting abruptly because of reverse voltage across their junction. The switching
energy and consequently switching power loss depends on the amount of current
running through the device at the switching time and switching frequency (i.e.
the amount of switching on and switching off times per unit time). Data sheets
of semiconductors often provide values for switching energy E,, and E,ss, which
will require to be scaled when operating at voltages other than the test condition.
Real switching waveform is more complicated but as a standard approximation
switching loss is proportional to the current, voltage and switching time. The

approximated switching loss of one IGBT /diode is:

Psw - fsw : (Eon + Eoff) (216)

where f, represents switching frequency. The switching loss is proportional to

the switching frequency of semiconductors.

Conduction Loss

If the circuit operates at a known load current then the on-state voltage and con-
duction loss can be estimated from data sheets as well. The average conduction

loss seen by the device will be determined by the instantaneous power loss and
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the device duty ratio. The voltage-current dynamics of IGBT and anti-parallel
diode are quiet similar and their equivalent power circuits are both composed of
series connected DC voltage source and resistor. For simplicity, the IGBT on-
state zero-current collector-emitter voltage and the diode on-state zero-current
forward voltage are both represented by ug. Meanwhile, the collector emitter
on-state resistance of IGBT and the on-state forward resistance of diode are both
represented as rg. Suppose the instantaneous current is i(t), the instantaneous
device voltage u(t) becomes: u(t) = ug+ro-i(t), and the instantaneous conduction

loss p(t) will be:

p(t) = u(t) - i(t) = ug - i(t) + 1o - 1*(t)

Consequently, the average conduction loss is calculated by:

1 Tsw
Pccmd = T / p(t)dt = Ug * Iaver + To - Igms (217)
sw JO

where I, is average current, I, is the rms value of current and T, represents
switching period (Ts, = 1/ fsw). Conduction losses can be reduced by reducing

the average current or RMS current of semiconductors.

Losses of the FBSM MMC

Table 2.5: Power losses of the FBSM MMC

Characteristics Values
IGBT Part Number FZ1200R33HE3

Averaged Switching Frequency 385.6 Hz
Averaged RMS Current of Semiconductors 478 A
Conduction Loss 534 kW

Switching Loss 284 kW

Total Loss 818 kW

Power Efficiency 98.35 %

The simulation for losses analysis is conducted based on the IGBT module

Infineon FZ1200R33HE3. The maximum rated collector-emitter voltage is up to
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3300V and the repetitive peak collector current is 1200A. The voltage and current
rating makes it capable for the studied scenario. The package type of the IGBT
is not considered in this thesis. The power losses and some other characteristics
are summarized in Table 2.5. The averaged switching frequency is obtained by
monitoring the total switching actions of all IGBTs in one second and divide
it by the amount of IGBTs. The results serve as a baseline for evaluating the

performance of the MBSM MMC, which will be discussed in the following chapter.

2.5 Summary

The background on MMC is extensively introduced in this chapter. The topol-
ogy and design of MMC is presented at first. Then different SM topologies are
reviewed and compared in terms of cost, complexity, losses and negative volt-
age capability. The step-by-step modeling and distributed control framework are
also summarized. Finally, simulation results of a reduced scaled FBSM MMC are

presented to validate the aforementioned control method.
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Chapter 3

Multi Busbar Sub-Module MMC

As has been introduced in Section 2.2, SM structures allow both series and parallel
module connectivity have many advantages over single busbar structures, such
as improving current capability, generating a wide range of output voltage levels,
allows wide frequency range operation and sensorless balancing. Despite the
benefit of parallel SM design, additional inductors should be connected between
two SMs to suppress the inrush current caused by capacitor paralleling [46, 73,
74]. The number of these additional inductors required is twice the number of
SMs, resulting in extra converter costs and power losses. This chapter presents
the multi-busbar sub-module (MBSM) and the corresponding control algorithm.
The detailed soft-parallel mechanism allows capacitors to be paralleled without
the requirement of additional inductors. Besides, the failure management and

reliability studies are also presented.

3.1 The Multi-Busbar Sub-Module

3.1.1 Topology and Basic States of the MBSM

The structure of HB MBSM and FB MBSM are presented in Fig. 3.1 and Fig. 3.2,
respectively. Compared with their single busbar counterparts, MBSMs consist of
twice the number of semiconductors. Stack current is divided into two parts (Ig,,
Is,) and flows through two parallel paths. The capacitors of any adjacent SMs

can be connected in series as well as in parallel due to the multi busbar structure.
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The normally closed bypass switches S7 and Sy allow better management during
the start-up procedure and in case of SM failures. An MBSM can be bypassed

even if the power semiconductors are not able to be activated.
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Figure 3.1: Half bridge MBSM topology

In HB MBSM, one of the flow-in busbars is connected directly to the posi-
tive side of the capacitor, while one of the flow-out busbars is connected to the
negative side of the capacitor. This structure characteristic prevents the former
capacitor from connecting its positive side to the latter capacitor’s negative side.
A stack consisting of HB MBSMs is not able to construct negative stack voltage
and, consequently, the HB MBSM MMC is not capable of managing DC side
fault. Apart from lacking DC fault management capability, the states, modula-

tion method, and start-up analysis of HB MBSM are quite close to FB MBSM.

./fsl

1 TVc

N S,

Figure 3.2: Full bridge MBSM topology

'S

The FB MBSM is extensively investigated in this thesis. A stack composed
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of two FB MBSMs (marked in the blue block) and most states are presented
in Fig. 3.3, in which the external bypass switches S; and S, are omitted since
they stay open during normal operation. The adjacent MBSMs are connected
together through two busbars. The stack terminal (in the green block) and inter-
connections (in the yellow block) are also marked in the figure. When a MBSM
is regarded as a controlled object of the low level controller, it can operate as a
conventional FBSM with positive voltage state, negative voltage state and zero
voltage state [112], as presented in Fig. 3.3 (al)-(a4). All FBSM oriented control
methods can thus be applied to MBSMs.

Apart from being inserted (positively or negatively) or bypassed as similar
to FBSMs, two adjacent MBSMs can be parallelized through proper actions of
the semiconductors between them. The control targets become the stack termi-
nal and interconnections of two adjacent MBSMs, as paralleling requires joint
actions of two adjacent MBSMs. States of MBSMs are consequently defined in
two categories: (1) the stack terminal states include series positive, bypass, and
series negative, as presented in Fig. 3.3 (b1)-(b4); (2) The interconnections states
include series positive, parallel and series negative. Fig. 3.3(c) lists typical in-
terconnection states proposed in previous publications [45, 46, 74]. When the
interconnection of two MBSMs is in parallel mode, the capacitors voltage will
be equal thanks to the paralleling of capacitors. Voltage balancing can thus be
achieved. Notice that additional inductors should be connected in the conduction
paths to avoid the inrush current and extra capacitor paralleling loss resulting
from the paralleling of two capacitors with a voltage difference, as presented
in Fig. 3.3(c3) and Fig. 3.3(c4). The series positive and series negative states
correspond to the situation where the desired MBSM voltage output is positive
capacitor voltage and negative capacitor voltage, respectively. When the MBSM
is desired to output zero voltage, stack terminals are switched to bypass states

and interconnections are in parallel states.
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Figure 3.3: Structure of a stack constructed by two FB MBSMs and states of
MBSMs
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Figure 3.4: Soft parallel States of the interconnection, semiconductors, and
corresponding current paths in full-bridge MBSM

3.1.2 Soft-Paralleling of MBSM Capacitors

Fig. 3.3 (¢3) and (c4) show the parallel states of two adjacent FB MBSMs. When
there are more than two MBSMs in a stack, MBSM capacitors are periodically
parallelized during normal operation to maintain voltage balancing. However,
if two capacitors with large voltage difference are paralleled directly, the inrush
charging balance current would be large. Implementing additional port induc-
tors [73, 46] in the conduction circuit can help suppress inrush current, but at
the cost of increasing system complexity, additional cost and losses, and converter
footprint.

The proposed soft-parallel mechanism makes full use of the directional con-
duction characteristics of anti parallel power diode. The current paths and semi-
conductor states in the soft-parallel state of FB MBSMs are illustrated in Fig. 3.4.
Two current paths are constructed respectively to connect the positive polar and

negative polar of capacitors C'; and C5 in two adjacent MBSMs. Stack current
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Figure 3.5: Bypass states of the interconnection, semiconductors, and corre-
sponding current paths in full-bridge MBSM

will dynamically select one path to charge the capacitor with lower voltage, or dis-
charge the capacitor with higher voltage, until achieving voltage balance. Hence
not only is inrush current limited in the envelope formed by the stack current /g,
but also the direct parallel connection of capacitors is avoided. The activation
of specific soft-parallel states is determined by the instantaneous stack current.
Thanks to the characteristics of diodes, current will automatically choose one
path to charge the capacitor with a lower voltage until achieving voltage balance
if Vo, # Vi,. In addition, a positive value I7y, is set as the current threshold to
provide the margin for states transition in order to compensate the current mea-
surement error and potential delay resulted by communications. Bypass states,
as shown in Fig. 3.5 (a) and (b), will replace soft-parallel states if the absolute
value of stack current is smaller than the current threshold (|Zs| < Irp,.). The set
of bypass states also help on avoid the diodes to prevent the arm current changing
direction — besides low current magnitude means that capacitor voltage devia-

tion would be small anyway.

In Fig. 3.4, Is > Iy, and Is < —I7y, represent stack current flows from left
to right and the opposite direction, respectively. Capacitor voltages of C and Cs
are denoted as Vi, and Vi,. Take the soft-paralleling state 1 when Ig > Iy, as
is shown in Fig. 3.4 (a), as an example, semiconductors Sy and Sy are switched
on. If Vo, > Vi, stack current will flow via Sy, D5 and charge into Cs as the
anode of Dj is positive relative to its cathode. While Vi, < Vi, D3 will be
activated and the actual current path becomes Cy — D3 — Sg. ) are charged

to reduce the voltage difference. Notice that semiconductor states in Fig. 3.4 (a)
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Figure 3.6: Equivalent circuits of the soft parallel states: (a) when Vi, < Vi, as
in Fig. 3.4 (a); (b) when V¢, > Vi, as in Fig. 3.4 (a); (¢) when Vg, < Vg, as in
Fig. 3.4 (c); (d) when V¢, > Vi, as in Fig. 3.4 (c).

and in Fig. 3.4 (b) are different yet the same effect can be achieved. Similar
performance can be found in Fig. 3.4 (c) and in Fig. 3.4 (d). By alternating
between the equivalent states, average current, losses, and junction temperature

rise are distributed to different semiconductors within a MBSM evenly.

All semiconductor states and the conditions to determine them in the soft
parallel based mode are listed in Table 3.1. In all soft-parallel states, characters
with * represent current flowing through the corresponding semiconductor, either
diode or IGBT; characters without * represent the semiconductor is activated
to form parallel path but no current is passing through. To further explain
the principle of the soft-parallel mechanism and how it suppress inrush current,
the equivalent simplified circuit of Fig. 3.4 (a) and Fig. 3.4 (c¢) in both voltage
conditions are all presented in Fig. 3.6. In Fig. 3.6 (a), stack current flows through
D3 while Ds is reverse blocked so no current is passing. The reverse voltage of
D5 can be describe by: Vi, = Vo, — Vo, — Ve, in which Vi is the diode forward

voltage. The capacitor charging current is equal to the stack current and no inrush
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current or capacitor parallel loss is generated as the capacitor voltage difference
is clamped by Ds. Similar analysis can be conducted to the circuit shown in
Fig. 3.6 (b), Fig. 3.6 (c), and Fig. 3.6 (d). Fig. 3.6 (d) shows the condition
when the stack current direction is negative and Vi, > Vi, D is reverse blocked
and stack current flows through Dg to the cathode of C}, reducing the voltage
difference by discharging the capacitor with higher voltage.

The direction of the stack current changes in an operation cycle. Whenever
the current direction or the relative magnitude of capacitor voltages is changed,
the conducting semiconductor device changes, as indicated by Table 3.1. As a
result, semiconductors in different busbars take turns conducting current whether
the relative magnitude of Vi, and Vi, changes or not in a cycle. So, the RMS
current passing through a semiconductor is half of that in a single busbar SM
when observing a whole cycle though the semiconductor should tolerate the whole
instantaneous current. The reduction of RMS current leads to a reduction in

power losses and temperature rises.

- Ig >0 Is <0 —
D, K / D3 D4 K / D; l
Sl 53 Sl 53
Cq C, Cq C,——
S2 Sq Sz Sy
D, Dy D, D,
I I I [

(a) current in positive direction (b) current in negative direction

Figure 3.7: Soft parallel states of half-bridge MBSM

As for HB MBSM, the circumstance is different because there is always a
busbar connected directly to the capacitor without passing any semiconductors
or diodes. When Ig > 0, it is impossible to construct current paths for soft-
paralleling, as shown in Fig. 3.7 (a). Only when I < 0, with all the semiconduc-
tors blocked, path via D; — C} and path via Cy — D, are applied to flattening
the voltage difference between C; and Cs, as presented in Fig. 3.7 (b). Analysis
for the HB MBSM will not be extended as the thesis focus on the FB MBSM.
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3.1.3 Low Level Control for MBSM Stacks

On-time voltage measurement is not necessary in the low level control of the
MBSM MMC as voltage balancing is maintained by periodically soft-paralleling.
Similar to the state definition, the modulation framework aims at stack terminals
and interconnections as well. Suppose each MMC stack has Ngy MBSMs, then
Ngyy triangular Phase Shift Carrier (PSC) [113] waves (C(i)) are assigned to the
stack terminal and Ngj; — 1 interconnections. The expected states are determined
by Nies (= Vs,.;/>_Ve) and the carriers C(i) where Vg, is the stack voltage

reference, and V¢ is nominal capacitor voltage.

V.
el S C(4)

1, if ——ret
/ Nsn - Ve

v
State(i) = { —1, if Ns—fv < —C(i) (3.1)
SM = VC

Vs
0,if Cli)> —2t ¢
0,05 00 2 ot > )

Semiconductor states of stack terminals are determined by Fig. 3.3 (bl),
Fig. 3.3 (b2), and Fig. 3.3 (b3) (or Fig. 3.3 (b4)). State = 1, -1, 0 represent
series positive, series negative, and bypass, respectively. For interconnections,
semiconductor states are determined by Table 3.1. State = 1, -1, 0 represent
series positive, series negative, and soft-parallel, respectively. The specific soft-
parallel state is also determined by the stack current. The PSC framework allows
adjacent capacitors to be soft-paralleled successively, and consequently SM volt-
age balancing is achieved.

Fig. 3.8 demonstrates applying PSC modulation framework to determine one
terminal state and three interconnection states of a stack contains four MBSMs.
C(1), C(2), C(3), and C(4) correspond to interconnection 1, interconnection 2,
interconnection 3, and the terminal, respectively. The equivalent capacitor states
and stack voltage outputs at t = ¢y, to, t3, t4, and T" are summarized in Table 3.2:

(1) At t = t1, N,cs is larger than all carriers. All interconnections and the
terminal are in series positive state, as presented in Fig. 3.3 (bl) and Fig. 3.3

(c1). The stack voltage is equal to +4V¢.
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Figure 3.8: Phase shift carrier modulation for a stack contains four MBSMs.

(2) At t =ty, —C(1) < N,y < C(1), =C(2) < Nyey < C(2), Nyey > C(3),
and N,.; > C(4). Interconnection 1 and interconnection 2 are in soft-parallel
state, as presented in Fig. 3.4, Interconnection 3 and the terminal are in series
positive state, as presented in Fig. 3.3 (b1) and Fig. 3.3 (c1). The stack voltage
is equal to +2 V.

(3) At t = t3, —C(1) < N,y < C(1), =C(2) < Nyey < C(2), —C(3) <
Nyey < C(3), and N,y > C(4). All interconnections are in soft-parallel state,
as presented in Fig. 3.4. The terminal is in series positive state, as presented in
Fig. 3.3 (b1). The stack voltage is equal to + V.

(4) At t = t4, Nyey < —C(1), Npey < —C(2), —C(3) < N,y < C(3), and
N,y < —C(4). Interconnection 1, interconnection 2 and the terminal are all in
series negative state, as presented in Fig. 3.3 (b2) and Fig. 3.3 (c2). Interconnec-
tion 3 is in soft-parallel state, as presented in Fig. 3.4. The stack voltage is equal
to —3V¢.

(B)Att =T, —C(1) < Nyey < C(1), =C(2) < Npey < C(2), =C(3) < Ny <
C(3), and —C'(4) < N,ef < C(4). All interconnections are in soft-parallel state,

as presented in Fig. 3.4. The terminal is in Bypass state, as presented in Fig. 3.3
(b3) or Fig. 3.3 (b4). The stack voltage is equal to 0.

This case proves that a stack with Ngy; MBSMs can output voltage from
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—Ngpy Ve to +Ngar Ve. Even though each stack contains 15 MBSMs and PWM
frequencies are much higher than the frequency of N,.s (stack voltage reference
frequency) in the simulation model of this chapter, Fig. 3.8 and Table 3.2 still

help on explaining the principle.

Table 3.2: Equivalent Capacitor States and stack voltage

) ) Equivalent Stack
Time Nt [] C(1)

Capacitor States voltage
t= tl +4 VC
t =19 +2 Ve
t= tg +1 VC

Nre S _C 2
t=t, f ( ) —3Va
—C(3) < Nyey < C(3)
Nyep < —C(4)
—C(l) < N'ref < C(l)
—C(2) < N, 2 -— = = =
o | @ <Ny <o) ;
—C(3) < Ny < C(3)
0 0 0 ()
—C(4) < N,y < C(4) 0o o 0 0
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Figure 3.9: Performances of the MBSM MMC under normal operation

3.2 Demonstration of MBSM through Simula-
tion

3.2.1 Normal Operation

The simulation model of the MBSM MMC with the same system parameters
as summarized in Table 2.4 is also built in MATLAB/Simulink. The topology
is the same as that shown in Fig. 2.1. The performances are compared with
those of the conventional FBSM MMC, as shown in Fig. 2.16 on Page 46. The
waveforms generated by the MBSM MMC are shown in Fig. 3.9. Both the AC
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voltage and AC current present standard sinusoidal waveform with the THD of
only 0.22%. The stack generates staircase voltage and the stack current shows
sinusoidal waveform with positive offset, which are both typical for MMC stacks.
The bottom part of this figure shows capacitor voltages of all MBSMs in one
stack. Thanks to the periodically soft paralleling mechanism, capacitor voltages
are well balanced among different MBSMs. The power factor of the converter is
over 99.96%.

In comparison with the SM capacitor voltages of the FBSM MMC shown
in the last figure of Fig. 2.16, MBSMs have lower capacitor voltage deviation
than that of FBSMs when the same operation parameters applied. The differ-
ence between the MBSM and the conventional FBSM in terms of the THD and
the voltage balancing are resulted by their different low level control method.
Periodically paralleling of capacitors increased the equivalent capacitance. Con-
sequently, the SM voltage deviation is reduced when the same stack current flows
into the capacitor. Less SM voltage deviation further contribute to lower THD

of AC voltage.

3 , 3 - i -
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Figure 3.10: Inrush current with and without soft-paralleling (black dashed lines
represents the envelope of the stack current;coloured lines represent capacitor
currents).
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The soft-paralleling mechanism prevents inrush current even when the capaci-
tor voltage difference AV is not negligible. Denote V. as the nominal capacitor
voltage. The inrush currents of all capacitors in one stack when AV =2% Ve,
and AV = 20% V¢, are illustrated in Fig. 3.10. Inrush current can still be
limited in the envelope formed by the stack current under the regulation of soft-
paralleling even when the voltage difference is 400V. If these capacitors are par-

alleled directly, the inrush current will see about 10 times the increase when

AV =2% Ve

nom

and more than 200 times when AV = 20% V¢ Such a large

current will cause catastrophic damage to the converter. It should be noted
that the IGBT module FZ1200R33HE3, which has been used before in the losses

simulation, is NOT used in the demonstration of soft parallel mechanism.

3.2.2 Power Losses Analysis

In addition to switching loss and conduction loss, capacitor Paralleling Losses
(Ppara) also have a great impact on the overall power efficiency of converters
where capacitors are periodically paralleled. Therefore, power losses analysis

for a IGBT based MBSM MMC are developed from the above mentioned three

aspects.

During normal operation, the states transitions of the stack terminal are:
Bypass 1 < Series Positive < Bypass 2, while interconnections states change
follows: Parallel 1 < Series Positive < Parallel 2. Each state transition results
in the switching on (or off) of four semiconductors per MBSM. In comparison
with its counterpart in conventional MMC, each state transition triggers twice
the state change of semiconductors. However, since the current passing each
semiconductor is halved, MBSM still shows better switching loss management

performance.

In the MBSM MMC, the current passing a power device is half of that in
conventional MMC. According to Eq. (2.17), the conduction loss of MBSM is less
thanks to the squared term I?

rms*
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Capacitor Paralleling Loss

The soft-paralleling mechanism proposed in this paper helps to avoid capacitors
being paralleled directly by automatically directing the stack current using the
diode natural conduction property. Consequently, no energy is lost when paral-
leling capacitors, as opposed to other SM topologies proposed in the literature.
For context, this capacitor paralleling loss can be substantial if not controlled as
the short explanation below demonstrates.

Suppose there are two capacitors with the same capacitance C' but different
initial voltage (V; and V3). After being parallelized, their equivalent capacitance

Ceq Will be equal to 2C, and the voltage becomes:

_CVi4C-Vy i+

= 2
The energy loss in this process is:
1 2 1 2 1 2 _ 1 2
Epara = (50 : Vvl + 50 : ‘/2 ) - §Oeq : ‘/eq = ZC AV (33)

where AV is the voltage difference of the two capacitors. Then capacitor paral-

leling loss will be:
1 2
Ppara = fpara : Epara = prara -C-AV (34>

where f,qrq is the paralleling frequency of MBSMs. Although it is not the same
as switching frequency, fpqrq is in positive proportion with fs,. The capacitor
paralleling loss is greatly influenced by paralleling frequency and voltage differ-
ence. The soft-paralleling method proposed in the previous section help on avoid
capacitors being paralleled directly. Thus, the capacitor paralleling loss is elimi-

nated.

Simulation Results for Semiconductor Losses

The losses analysis for the MBSM MMC is also conducted based on the IGBT
module FZ 1200R33HE3. The power losses performances of the MBSM MMC
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Table 3.3: Power losses of the MBSM MMC

Improvement over

Characteristics Values the FBSM MMC
Averaged switching frequency 350.8 Hz -9%
Averaged RMS current 247 A -48%
Conduction Loss 463 kW -13%
Switching Loss 219 kW -23%
Total Loss 682 kW -17%
Power Efficiency 98.63%

are compared with the conventional FBSM MMC, whose losses performances are
listed in Table 2.5 on Page 48. The higher level control parameters of the two
MMC are all set the same as well. Since there are more than one current paths in
the MBSM MMC, conduction losses and switching losses are both greatly reduced
though the amounts of semiconductors are doubled. The total semiconductor
loss has been reduced by approximately 17% while the average semiconductor
switching frequency (fs,) has been reduced by 9%, as is shown in Table 3.3.
Notice that the averaged RMS current of semiconductors (/,,,s) are reduced by
48% in the MBSM MMC, indicating simpler cooling design can be applied in an
MBSM based MMC.

3.3 Failure Management of MBSM

Multiple busbars provide redundant conduction paths and consequently improve
the fault tolerance capability of MBSM-MMC. Under certain failure conditions,
the whole MBSM-MMUC is still able to operate normally with the faulted MBSMs
operating in a degraded mode — requiring only minor adjustments in the low-
level control — depending on the type and location of the failures, as described
in this section. Therefore, the faulted MBSMs may not need to be deactivated
and bypassed while operating in degraded mode. In the event of a full failure
of a MBSM (e.g. multiple IGBT failures or capacitor failure), then this MBSM

can still be bypassed using the normally-closed bypass switches, as illustrated in
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Fig. 3.2, and the converter will rely on the remaining redundant MBSMs to carry
on operation. Single semiconductor failure responses and single capacitor failure

responses are investigated respectively in Sections 3.3.1 and 3.3.2.

h ﬁ
St1 Srafm ) Sn 51?} ilé} Sie (Srs St6

Staf= St4 Si3 5-15} ;15} Sig St7f= Sts

\ Terminal 1 ) \ Terminal 2 )

Figure 3.11: Semiconductors in the terminal and interconnections

3.3.1 Semiconductor Failure Responses
Short-Circuit Case

When a semiconductor device fails and becomes a short-circuit, current starts
rushing through it. The failure of switches at the terminal and within SM inter-
connections are analysed separately using the notations of semiconductors marked
in Fig. 3.11. Terminal switches (marked as Sr;, i = 1,2,...,8) operate in pairs,
e.g. Spj and Sy (J = 1,3,5,7) are always in the same state. For simplicity,
the Bypass 1 state (Fig. 3.3 (b3)) and Bypass 2 state (Fig. 3.3 (b4)) of the ter-
minal are represented by (B1) and (B2) respectively in the failure analysis. (B1)
and (B2) are redundant and can thus be substituted with each other without
affecting the stack’s voltage output.

When one of the switches in the pair [Sr1, S7s] is short-circuited, the terminal
will no longer be able to operate in (B2) state and only switch between Series
Positive (S+) and Bypass (B1) states, yet the stack can still generate all Ngp, +1
voltage levels. However, if any of the switches in the pair [Srs, St4] fails as a
short-circuit, the terminal will lose the ability to operate in (S+), which means
the stack output voltage cannot reach Ngy; - Vio. Consequently, the terminal in
which the faulty switch Sp3 or Spy are located has to switch into Bypass (B2)

state to minimize the negative impacts. Interconnections switches (marked as
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Table 3.4: MBSM states responses to semiconductors short circuit failures

Failure Switches States Responses Maximum Stack Voltage
St1, ST2 (S+) & (B1) Non-Ve
Sts, St4 (B1) (Ngp-1) Ve
Sts, Ste (B2) (Nsu-1) Ve
St7, Sts (S+) & (B2) Nsm-Ve
Sn, Siz (P2) (Nsum-1) Ve
Sr2, Srs (P1) (Nsp-1) Ve
Srs, S15 (S+) < (P1) Non-Ve
S1a, Sre (S+) < (P2) Ngn-Ve

Sri, 1 =1,2,...,8) do not work in pair — as opposed to terminals switches — yet
interconnection states Parallel (P1) and (P2) can be substituted by one other as
well, as presented in Fig. 3.3 (c3) and Fig. 3.3 (c4). Take a short-circuited Srs as
an example, the stack can still work normally since the interconnection still has
access to the Series Positive (S+) and Parallel (P1) state. The MBSM states re-
sponses to all single semiconductors short circuit failures and their corresponding

stack voltage output are listed in Table 3.4.

Open-Circuit Case

When open circuit failure occurs in a semiconductor device, it cannot conduct
current any more. If only one switch in terminals is open-circuited, the whole
stack can still operate normally without the requirement of adjusting the low-
level control as the duty of the failure switch is taken over by the other switch in

the same pair.

Table 3.5: MBSM states responses to semiconductors open circuit failure

Failure Switches States Responses Maximum Stack Voltage
Sri (i=1,...,8) Normal Nsyi-Ve
Sri, Sia, Ste, Srtr (S+) < (P1) Nsn-Ve
Sr2, Srs, Sts, Srs (S+) & (P2) Ngn-Ve
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For example, if S7; is open-circuited, when the terminal state is (S+) or (B2),
current that used to flow through S7; and Spo will all pass through Spo. Neither
stack voltage nor stack current is affected if no action is taken on low-level control.
But if a semiconductor in interconnection is open-circuited, the interconnection
can only switch into one parallel state, either (P1) or (P2). Adjustment should
be made in the low-level control to ensure the interconnection remains in the right
parallel state rather than switch between (P1) and (P2). Table 3.5 summarizes

states responses to all single semiconductor open circuit failures.

3.3.2 Capacitor Failure Responses

Normal|" * | Normal| * ‘| Normal
MBSM MBSM MBSM

LN ] L

4 N

Normal |"* | Normal Normal
—1 MBSM |, ..| MBSM ..| MBSM

\_ J

Figure 3.12: Stack responses when capacitor short circuit failure occurs on a:
(a) failed head or rear MBSM, (b) failed middle MBSM.

Normally if a capacitor fails, whether open circuit or short circuit, the SM
cannot contribute to the stack voltage any more. The converter however still
needs to operate with this failed capacitor, at least until the next maintenance
round. The following section proposes controllable responses with improved low-
level control, providing extra reassurance against the risks caused by capacitor
failures.

When a capacitor short-circuit failure occurs, the two poles of the capacitor
share the same electric potential. Not only does the short-circuited capacitor
lose the ability to construct staircase stack voltage output, but it also provides a

current path that connect the positive and negatives poles of parallelized normal

70



capacitors directly. Under this circumstance, the failure MBSM is seen as a single
node with all switches turned off. If the failed MBSM is located in the head or rear
of the stack with Ngpy MBSMs, as shown in Fig. 3.13 (a), the normal MBSMs will
constitute a new stack with Ngy; —1 MBSMs. If the capacitor failure happens in
a MBSM some other places in the stack, the stack will then split into two series-
connected sub-stacks as illustrated in Fig. 3.13 (b). In both cases, the updated
low-level controller uses Ngps — 1 carriers and determines the states of new stack

or sub-stacks.

""" @ ®

Figure 3.13: Capacitor open circuit failure happens when the MBSM is on: (a)
a sole current path, (b) one of multi current paths.

In case of open-circuit failure, the capacitor will no longer be able to conduct
electricity. This failure state is more likely as SM capacitors are often of the
film types. In this failure mode, the updated low-level control ensures that the
open-circuited capacitor is never again in the current path. In other words, the
states of the two interconnections — or one terminal and one interconnection if
the SM is at the head or rear of the stack — next to the failed MBSM shall not be
(S+) simultaneously. In this case, the stack is still able to generate most voltage
levels except Ngpr-Ve. The most disruptive situations happen when the capacitor
fails open-circuit while the MBSM is contributing to the stack voltage; thus the
stack current is flowing through the capacitor at the time of failure as shown in
Fig. 3.13. In the case illustrated in Fig. 3.13 (a), the neighboring MBSMs must
switch to bypass state (for terminals) or soft-parallel state (for interconnections).
In the case illustrated in Fig. 3.13 (b), the state of the stack remains the same
with only a reduced equivalent capacitance for the paralleled MBSMs.
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3.3.3 Management of Multiple Failures

HVDC converters most certainly have to survive multiple failures during their
operating lifetimes. In the case of MBSM, it can be argued that all the MBSM
failure management — explained in Sections 3.3.1 and 3.3.2 in the case of single
device failure — can be extended to multiple failures. For example, the stack
can be split into several sub-stacks in case of multiple IGBT failures in sparsely

distributed MBSMs in the stacks.
1 Sz Sis Sie
H bridge 1
| | —
3 Esm 517E S8

Figure 3.14: The interconnection of a MBSM stack.

S
Sy

The only exception consists in IGBT failures closely connected to each other,
e.g. in two neighboring MBSMs. The interconnection of a MBSM stack is actually
constructed by two parallel connected H-bridges, as shown in Fig. 3.14. At least
one of the H-bridges should be operating to ensure the basic voltage building of
the interconnection. In other words, the MBSM tolerates semiconductor failures
as long as these failures do not occur on both H-bridges. In case of a single
IGBT failure, the MBSM interconnection degrades to a single busbar FBSM
interconnection, but essentially remains operative with minor adjustments in the
low level control. In case of failures in both H-bridge interconnections, one of the

two MBSMs needs to be considered entirely failed and thus bypassed.

3.3.4 Failure Simulation

The same simulation model as in Table 2.4 is used to simulate all the single failure
cases explained in Sections 3.3.1 and 3.3.2. Fig. 3.15 and Fig. 3.16 illustrate

the capacitor voltages and stack voltage responses of eight representative failure
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Figure 3.15: Responses of single semiconductor failure in MBSM-MMC.

cases, in which failures occur at t = 0.02 s. The converted power qualities are
all guaranteed in the eight failure cases with their corresponding fault tolerant
low level control. In the case of IGBT Srj short circuit failure (Fig. 3.15 (a)),
the terminal capacitor can no longer contribute to stack voltage output yet it is
still periodically paralleled to the subsequent capacitor. SM capacitor voltages
are still balanced and have increased to another steady state after about 1.5
cycles. The asymmetrical operation of MMC is maintained thanks to stack energy
feedback as introduced before. IGBT Sj5 short circuit failure and IGBT Sp; or
St3 open circuit failure make no difference to all converter outputs performance,
as presented in Fig. 3.15 (b), (c¢) and (d).

The voltages of the failed capacitors are highlighted in red in Fig. 3.16 (a)—(d).
Short circuit capacitor voltages drop to zero while open circuit capacitor voltages
remain unchanged after failures occur. The SM voltages and stack voltage per-

formances are similar to those in the case of IGBT Sp3 short circuit failure. SM
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Figure 3.16: Responses of single capacitor failure in MBSM-MMC.

voltages increase to another steady state, and stack voltage references are well
tracked with Ngy; voltage levels (1 voltage level less than the stack voltages in

normal operation).

3.3.5 Reliability Study

The availability of a MMC is an important metric for determining its reliabil-
ity [114, 115]. The availability of a single MBSM and a stack consisting of MB-
SMs is numerically analysed and compared with that of FBSMs with a rigorous
mathematical model derived. If all semiconductors in FBSMs or MBSMs have
the same constant failure rate, \;. Then, for a single semiconductor, the reliabil-
ity function is Ry(t) = e *+*. Normally, the availability of a SM is the product of
the reliability of semiconductors, capacitor banks, and SM drive modules [114].

In this paper, the MBSM is compared with the FBSM, which has the same con-
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figurations of capacitors and drive modules. Consequently, only the effect of
semiconductors needs to be studied here.

Assuming that the condition of a single semiconductor (whether reliable or
not) is an elementary event and the condition of different semiconductors are
independent and identically distributed. The availability of the MBSM is given by
Eq. (3.5). The first term R,® represents the probability of all eight semiconductors
are reliable. The accumulation term in Eq. (3.5) represents the probability of

failure occurring in k£ semiconductors of the same H bridge, so the MBSM is still

1
available. Base on the k-out-of-n model [116], indicates selecting one out
2
of the two H bridges, and indicates selecting k failed semiconductors out of
4

four semiconductors in one H bridge. By no means is a MBSM available if more
than four semiconductors fail. In comparison, the FBSM is available only when

all four semiconductors work normally, as shown in Eq. (3.6).

t (1 k

Avpsu(t) = RE+D : "RS*. (1 - Ry (3.5)
1 \2 4

Appsu(t) = Ry(t)* (3.6)

Table 3.6: Availability of a single FBSM vs MBSM Sub-Modules

Maintenance Time Interval FBSM MBSM
1 year 99.65021% 99.99878%
5 years 98.26326% 99.96984%
10 years 96.55668% 99.88144%
20 years 93.23192% 99.54193%

Periodic preventive maintenance and redundant SMs arrangements are two
effective and commonly used approaches to improve the availability of MMC.
The operation costs can be reduced with longer maintenance intervals and fewer

redundant SMs. A target availability of 99.99% is assumed for a stack within an
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Table 3.7: Parameters of the reliability study

Parameters Value Parameters Value
Nominal Power 1,000 MVA DC Voltage + 320 kV
AC Voltage (RMS) 400 kV Ngyr per Stack 400

MMC, as the same with [115]. According to Eq. 3.5 and Eq. 3.6, the availability
of a single FBSM and a single MBSM in different maintenance time intervals are
summarized in Table 3.6 with Ag,, = 8.76 x 10™* (int/ year). The availability of
the FBSM decreases rapidly with time, while the MBSM remains operational (or

at least partly) for longer thanks to the redundant semiconductors.

Table 3.8: Different configurations of redundant SMs for case study

Configuration SM Type Level of Redundancy Target 99.99% Availability

Conf. 1 MBSM 8 extra SMs (2.0%) 19.55 years
Conf. 2 FBSM 8 extra SMs (2.0%) 1.16 years
Conf. 3 FBSM 50 extra SMs (12.5%) 19.22 years
Conf. 4 FBSM 51 extra SMs (12.75%) 19.67 years

Taking the same system parameters (listed in Table 3.7) as in the ElecLink
HVDC project [117], the higher availability of a single MBSM translates into
a lower requirement for additional redundant MBSMs in the stacks to ensure a
satisfactory overall availability of the MMC, as shown in Table 3.8 and Fig. 3.17.
The redundancy of 2.0% in a MBSM stack (e.g. just 8 extra MBSMs per stack)
is equivalent to that of 12.5% in a FBSM stack (e.g. about 50 extra FBSMs
per stack). With such a low level of required redundancy (i.e. saved capital and
running costs) and longer maintenance intervals (i.e. reduced downtime) required
for an MBSM-based MMC, the increased costs caused by doubled semiconductors

can be easily offset.
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Figure 3.17: Availability for the configurations listed in Table 3.8

3.4 Discussion

The results from Section 3.2.2 on losses and Section 3.3.5 on converter reliabil-
ity could be combined to extrapolate on the overall power efficiency of a fully-

equipped MMC based on either FBSM or MBSM technology.

Taking the figures from Table 3.3 and Table 3.8, on one hand, an MMC made
of (i) FBSM has a semiconductor power loss of 1.65% using the bare minimum of
submodules but actually would require 112.75% this number to ensure a 99.99%
reliability at about 19 years of operation. We could then extrapolate that the
power losses would scale up to 1.86%. On the other hand, an MMC made of
(ii) MBSM has a semiconductor power loss of 1.37% using the bare minimum of
submodules, but would only require 102% for a similar level of reliability, thus
scaling its power losses up to 1.40%. In summary, a fully-equipped MMC with
MBSMs has the potential to save a total of 0.46% (i.e. 1.86%-1.40%) overall
power losses compared to an MMC made solely of FBSMs.

The advantages of MBSM over FBSM are driven by the doubled number
of semiconductors, which, just like the two faces of a sword, is the principal
drawback of MBSM. For applications that can tolerate large SM capacitors and

are sensitive to the cost of semiconductors, traditional SM topologies (FBSM and
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HBSMs) are still the first choice to consider. It’s still a long way to go for MBSM

to be applied in industry.

3.5 Summary

This chapter presents the MBSM from aspects of topology, low level control,
soft paralleling mechanism, failure management, and reliability study. MBSM
shares higher level control framework with conventional MMC and has unique low
level control requirements. This new topology simplifies the capacitor balancing
strategy and at the same time increases the system failure tolerances. Although
the amount of semiconductors is doubled in MBSM MMC, the semiconductor
losses has been reduced to 80% of that in its counterpart. Simulation results

have verified the characteristics of a MBSM MMC in HVDC scenario.
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Chapter 4

Advanced Control Schemes for

MBSM MMC

Several advanced control schemes for the control of the MBSM MMC are pre-
sented in this chapter. Firstly, an algorithm to automatically generate indepen-
dent variables state space models from linear electrical circuits is introduced.
Then, a model predictive control-based start-up controller to simplify the SM
pre-charge procedure and at the same time improve the transient performance
is studied. Finally, a reinforcement learning-based low-level controller to achieve

low switching frequency operation of the MBSM MMC is investigated.

4.1 Automatic Derivation of State-Space Model

4.1.1 State Space Model of Electrical Circuit

Modeling of electrical circuit constitutes an essential skill for power electronics
engineers. Accurate and concise models provide both insights into the opera-
tion of the circuit and constitutes an essential basis for the derivation of effective
control system. In these circumstances, having access to high levels of both of
control and power electronic skills unlocks the ability to design even more perfor-
mant power converters. Furthermore, with the advent of stacks of sub-modules

and modular converters [118], power electronics circuits are becoming even more
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complex and modelling them becomes both a time-consuming and challenging
task, which requires extensive experience in analysing extensive circuit diagrams.

The toolbox of an electrical circuit engineer contains the following linear el-
ements: resistances, inductors, capacitors, current and voltage sources, as sum-

marised in Fig. 4.1. These elements can be used to create any electrical circuits.

Sources Reactive Resistance
I A A
Voltage | V V|
C \
Vv R
I I ‘
Current| V A\ L

Figure 4.1: Fundamental elements for circuit analysis

The basic relationship between voltage and current in a circuit are described
by Kirchhoff laws, including Kirchhoff Current Law (KCL) and Kirchhoff Volt-
age Law (KVL), which are the basis for analyzing and calculating complex cir-
cuits [119]. KCL determines the relationship between the branch currents at any
node in the circuit, which is also known as the Node Current Law. KCL shows
that: the sum of all the current entering a node is equal to the sum of all the
current leaving the node. KVL determines the relationship between the voltages
in any circuit, so it is also called the loop voltage law. KVL shows that the
algebraic sum of the potential differences (voltages) at both ends of all elements
along the closed loop is equal to zero.

Based on Kirchhoff’s law, many systematic circuit analysis methods have been
developed. Modified Nodal Analysis (MNA) is the most widely used among them.
Extensively explanation of MNA are provided in [120], or more recently [121],
and a didactically illustrated course is available in [122]. The use of MNA to
derive state equations was suggested in [123], later improved in [124], then reused

in [125]. Some MATLAB implementations already exist as in [122] but are limited
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to Single-Input, Single-Output transfer functions and do not provide a clear in-
dication regarding the current or voltage directions; particularly important later,
when designing the sensing of the later-controlled circuit.

This section proposes an algorithm to automatically generate dependent vari-
ables state space model from linear electrical circuits. The automatic derivation
of the state space model will require the following steps: (i) reading of the netlist,
(ii) identifying the states, (iii) deriving the full set of equations describing the cir-
cuit, (iv) reducing the number of equations, (v) identifying a base of independent
states, (vi) deducting the state space model for this base, and (vii) providing
the full state space model. The obtained state space models of two cases are
presented. Simulation results have verified the effectiveness and accuracy of the

proposed method.

4.1.2 Derivation of Full Set of Equations from Linear Elec-

trical Circuits
Electrical Circuit and Netlist

To assist in the explanation of the proposed algorithm, the circuit in Fig. 4.2
is used as an example to derive the state space model. Two capacitors C; and
Cs with different capacitance are parallelized together and then connected to a
resistor in series. The circuit is powered by a voltage source. The input voltage V'
can be seen as the output voltage of an half-bridge power electronic stage. Three

nodes and three branches construct this basic electrical circuit.

R
1 2

VAL L

| 4 \Y V| —

C1 | =T
C, C,
0

Figure 4.2: Electrical Circuit

Netlist is applied to describe the connections between circuit components.
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Generally speaking, it is a text file that follows some simple markup syntax
which can be either written by the designer or automatically generated by a
SPICE software. The text file contains a table as is shown in Table 4.1. Suppose
that there are n linear elements in the electrical circuit, include resistances, in-
ductors, capacitors, current and voltage sources. The corresponding netlist will
have n rows, each row represents the information of one element. There are four
columns in total. The first column records the name of the component, while the
second and third column show the labels of the first node and second node of the

components, respectively. The last column gives the component’s value.

Table 4.1: Netlist Format

Name of Component 1 First Node 1 Second Node 1 Value 1

Name of Component 2 First Node 2 Second Node 2 Value 2

Name of Component n First Node n Second Node n Value n

A netlist for the circuit in Fig. 4.2 is presented in Fig. 4.3. The first row shows
that the voltage source V is connected to Node 1 and Node 0, and the voltage is
50 V. The 1k € resistor R connects Node 1 and Node 2. The two capacitors C
and Cy are both connected to Node 2 and Node 0. There capacitance is 1 mF

and 500 uF' respectively.

vV 1 0 50
R 1 2 1k
Cl 2 0 1Im
C2 2 0 500u

Figure 4.3: Netlist of Circuit in Fig. 4.2

States

State refers to the ordered set of the minimum number of variables that can
determine the state of the system. An electrical circuit consists of sources, reactive

components, and resistors, as illustrated in Fig. 4.1. When no reactive element
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is present, the output component (either current or voltage) of the sources (of
either voltage or current types, respectively) is determined by a linear relationship
between the aggregated resistors and the magnitudes (voltage or current) of the
sources’ outputs. In this basic situation, there is no state as the voltages and
currents are fixed. In circuits of greater interest in the context of this paper, a
certain number of reactive elements are present. The algorithm will thus list their
individual state (i.e. voltage for capacitors and current for inductors) in the order

in which they appear in the netlist.

In the example in Fig. 4.2, the state is the voltages of the two capacitors
[ Ve, Ve, ]T. As the output voltage V' changes, the capacitors will be charged
or discharged. Their voltages have great impact on other variables in the circuit.
The capacitor voltages reflect the state of the whole system. The voltage and

current convention (i.e. direction) is illustrated in Fig. 4.1.

Full Set of Equations

MNA requires many more equations than traditional voltage loops analysis meth-
ods but is much more convenient to be implemented into an algorithm. Suppose
there are n nodes and b branches in the circuit, including b, ideal voltage source
branches or current source control branches. MNA takes n — 1 non reference
node voltage and b, voltage defined branch current as unknown circuit variables.
The order of the modified nodal voltage equations is low, and it overcomes the
shortcomings of the basic nodal analysis which can not directly deal with ideal

voltage source branches, zero impedance branches and flow control devices.

Using MNA to formulate full set of equations can be divided into two steps.
First, the currents flowing into or from each nodes except the reference Node 0
are expressed in terms of the other nodes’ voltages or states. For this example,
this results in Eq. (4.1). The currents flow into Node 1 include voltage source
current ¢y and current from the resister R. Meanwhile, three branch currents
flow into Node 2, include the resister current, the current from capacitor C; and

the current from capacitor Cs.
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R

V1 — V2
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On the other hand, the voltage sources and reactive elements are linked to the

(4.1)

— C Vg, — O3V, =0

nodes’ voltages. The voltage of Node 1 is the same as source voltage V. What’s

more, the voltage of Node 2 is equal to capacitor voltage V¢, and Vi,. This gives

Eq. (4.2).

Ul—V:O
UQ—Vcl =0 (4.2)
UQ—VCZZO

As has been introduced in the previous subsection, capacitor voltages Vi, and
Ve, are denoted as system state x. Besides, source voltage V' is denoted as system
input u. Node voltages v; and v, and voltage source current 2y, are denoted as
extra state z. Then, Eq. (4.1) and Eq. (4.2) can then be combined into a matrix
format Eq. (4.3).

1 Lo
R R 0 0 0 o0 0
% 7% 0 vt - v 0 v 0
1vVCi1 C1
va |+| O . 0 -1 [ [V]=0
0 0 ) CaVeo Voo —~
iw 0 N , -1 0 0 u
0 1 0 g v
~ 0 0 Bad 0 -1 e 0
0 1 0 N — N — ——
- A, Ay B
G
(4.3)

4.1.3 State Space Model with Independent Variables
Reduction to State Space

In Eq. (4.3), the large vector z corresponds to all the nodes’ states; several of
them are redundant variables with the state x. Therefore, Eq. (4.3) can be
downsized to make it easier to be solved and greatly reduce the time, space and

computational complexity. For this, the most effective way consists in using
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Gauss-Jordan elimination with partial pivoting to compute the Reduced Row
Echelon Form (RREF) of the combined matrices G, A;, A,, and B, in Eq. (4.3),
leading to the matrix M in Eq. (4.4).

(1 00000 0 -1 |
010000 -1 0
11
1 My My M 11
M = rref [G Az Ay B, = 12 Mz MM 00 01 000 7 =
0 Mss Moy My 1 )
000110 - ——
R R
(000001 -1 0 |
(4.4)

After the transformation, the upper left part of M becomes a 3 x 3 Identity
Matrix, which means that the node voltages v, and v, and voltage source current
1y are no longer coupled with each other and can be expressed by other variables.
The full node voltage state can still be computed back from the state x and
input « using the top part of M in Eq. (4.4) leading to Eq. (4.5).

T
z=—[My M3z Muy]| Ezi o u (4.5)

The upper left part of M becomes a 3 x 3 Zero Matrix. Consequently, the

relationship of state x and input u is derived without the influence of extra state z.

The rest of the bottom part of M in Eq. (4.4) now corresponds to the descriptor
state space, as in Eq. (4.6).

. 1 1
1 1 VC'1 0 —E V01 E
_ + V] (4.6)
0 0 VCQ -1 1 VCQ 0 u
MxE;=FE P —M;ng x —Moy=B

Base State Space Model

So far, the state space model of electrical circuit has eliminated the factors that
are not relevant, and has become a classic form with only state and input. As it is
the case in the circuit example in Fig. 4.2, reactive components may share their

dynamic, e.g. parallel capacitors sharing voltage or series-connected inductors
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sharing current. This situation can be quickly tested by calculating the rank of

the descriptor matrix £:

np Ny

If its rank n, is inferior to the number of states n,, then some of the states in
x are dependent. The final number of independent states is thus equal to n, and

will translate into lines of zeros in matrix E as shown in (4.7).

FE
Eq. (4.6) = T = T+ U (4.7)
0 A, By

The controlability of a state space model indicates its ability to bring the state
to any directions (i.e. element values) in a finite amount of time [126]. Having
dependent states in the state space will however prevent most control techniques
from being used since the controlability test will automatically fail. Given that
the states and possibly the inputs linearly combine to zero, there must be a base
of independent vectors such that [Ay By] M, = 0, i.e. M, constructs the zero
space of matrix [Ay Bs]:

Mb = null ([AQ Bg])

This base can be either suggested by the user or identified automatically by a
software, as in Eq. (4.8).

x x My, My, x
_ M, b b b b (4.8)

u Up Mb21 Mb22 Up
Wlth Eb = E1 Mbn; Ab = A1 Mbll + Bl Mb21, Bb = Al Mb12 —+ B1 Mb22 and
B, = Fy M,,,, from this base can be computed the base state space Eq. (4.9) from

which any control design techniques could use to derive a performant regulator,

e.g. LQR or MPC.

Eb .i)b = Ab Ty + Bb Up + Bb iLb (49)
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In the case shown in Fig. 4.2, the matrix of independent state and input
(ry up)T is identified as (V,, V)T. Finally, the base state space model with

independent state is:

. 1 1
(01 -+ CQ) Ty — —E Ty + E Up (410)

4.1.4 Case Studies

Simulation Results of Simple Circuit

30

Electrical Circuit Model
= = = State Space Model

Current (A)

-10 |

20 : : . .
0 0.02 0.04 0.06 0.08 0.1

Time (sec)

Figure 4.4: Simulation results for the simulated electrical circuit from Fig. 4.2
and state space model Eq. (4.9)

The electrical circuit illustrated in Fig. 4.2 has been simulated together with
its derived state space model Eq. (4.10), which is realized by the state space
equation blocks in Simulink/MATLAB. The system input is V, which is AC
voltage with frequency at 60Hz and peak amplitude at 100V. V,, is monitored as
system output to evaluate the accuracy of the state space model. The results are
extremely similar since the error is down to a few mV or about 0.01%, as shown
in Fig. 4.4. This difference is mainly down to the way the Simulink solver treats
the two different models.

In this case, the proposed automatic deviation method doesn’t show the supe-

riority in convenience and computational complexity compared with conventional
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manually deviation because the circuit has only one independent source, two
nodes, two states and one independent state. The system complexity increases

greatly as the extension of the state space.

Case of MMC
I
<2 13
Vua Vub Vuc
7 8 9
Larm Larm Larm
&) ia liua llub lluc
_@_..NW\‘;. -1
1 L 4 T
e ip
I__._CO P v,
C
2 L 5 J__
— u, —
= — lc 1
_@_.m s | T
3 L l,lza ,l,ilbﬁ lllc

© 1]

Via Vip V¢

o 14

Figure 4.5: Electrical Circuit of MMC

As an example of how versatile the algorithm explained in this paper can be,
the circuit of the MMC shown in Fig. 4.5 has also been modeled using the same
method. In this case, DC voltage V. is converted to three phase AC voltage u,,
up and u.. Each phase and arm of the converter has an inductor to regulate the
current through it. The stack voltages are obtained from the output of high level
and medium level control. Since the operation of the low level control and the
SM topologies are not of interests in this topic, the stacks of SMs are replaced
with voltage controlled voltage source and generate voltages at v,; and v;;, where

i=1,2,3.
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There are in total fourteen nodes except the reference node (n = 14), ten
voltage sources (n, = 10) and nine reactive elements (n, = 9) in the MMC case.

Consequently, the state x and input u of the state space model are:

X = [Za W e tua tub tuc Ua Ub Zlc]
(4.11)
_ [ V ]T
U = |Ug Up Ue Uyag Uyb Uyc Ulg Uiy Uic de

Besides, denote all the node voltages into an array V,,, then we have:

Vo=[Vi Vo Vs Vi Vs Vs Vi Ve Vo Vio Vix Vip Vig V"

The matrix format of extra states is: z = *
Va
Due to its large dimension, deriving the initial state space model manually
is complicated and time-consuming. The corresponding equation is shown in a
Block Matrix format, as in Eq. (4.12), where coefficient matrices G, A;, A,
B, are represented by matrices of several submatrices. In Eq. (4.12), O¢nxn)
represents a Zero Matrix with m rows and n columns, while 1,,) represents an
m-dimensional Identity Matrix. Based on MNA, submatrices G171, Ga1, G32, As
and By are derived as follows. The dynamics of all the reactive elements in the

MMC case are described with Eq. (4.12).

G O, xn,) 1, 0(nyxny) O(n, xn)

G21 O(nuxnx) z+ O(nanL) Exx + O(nuxnl) x+ B2 u=0 (4]‘2)

O(nxn) G32 O(nxnz) A3 O(nxnu)
o010 0 00 voo000y  [RO00OBRIINN D 0
0100 -1 0 0 0 000000 001000000000 0 0
0010 0-100 000000 00000100000 -1 0
0001 0 0-10 000000 000000010000 -1 0

G = {0000 1 0 0-1000000| Go1=000000001000-1 0
0000 0 1 0 0 -100000 000000000100 0 —1
000-10 0 0 0 010000 000000000010 0 —1
0000 -10 0 0 001000 000000000001 0 —1
L0000 0-10 0 0001004 000000000000 1 1



-r—1 0 0 000 O 0O O 0~

0 -1 00000 O O O

0 0 -1000 0 O O O

0 0 01000 O O O

B 0 0 00100 O O O

2= 10 0 00010 0 0 O

0 0 0000-10 0 O

0 0 00000 -10 O

0 0 0000O O -10

L 0 0 000OO0OO O O —14
100000000 0 7 (-1 0 0 0 0 0 0 0 07
010000000 O 0-10 0 0 O O 0 O
001000000 O 0 0-10 O O O O O
000100000 O 0O 0 0-10 O O O O
000010000 O 0 0 0O 0O-10 0 0O
000001000 O 0 0 0 0OO-10 0O
Gy — 000000100 O Aa = 0O 0 0 00O -10 0
327 | 000000010 0 3 = 00000 0 0 —10
000000001 O O 0 0 0 O 0O 0O 0 —1
000000000 O 1 0 0 -10 O 1 0 O
000000000 O 01 0 0 —-10 O 1 O
000000000 O 001 0 0-10 0 1
000111000 -1 00 000 0 00 0
000000111 -—1 L O o 00O 00O 0 0o 0

With the proposed automatic derivation method, the state space model be-
comes much more simple. Independent states are identified as z, = [iuy Guc %1a i b1c) "
and the coefficient matrices in corresponding state space model Eq. (4.9) have
been downsized from dimension up to (33 x 24) to dimension no more than
(5% 10). The coefficient matrices of independent state x, and differential of input

up become Zero Matrices:
Ay = 0(5x5) By = 05x10)

The coefficient matrices of extra elements and inputs are listed as follows.

—L —2L —L, L L+L,

10100 0 1 0-10
L -L 0 -L-LalL+tla 0110 0 0 0 1 —10
Ey= | ~La —La 2La  La Lo |By=1]000-10 0-10 01
La 0 0 ILa 0 0 000 10 0—101
o L. o o L 0 000 0 -10 0 —11

Given that the system output is y, = Cp xy + Dy up, where

—
)
o o o
|
—_
o

Ch=10 1
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and Dy, = Osx10), ¥» becomes an array of three phase currents and the upper
stack currents in phase A and phase B: y, = [i, ip ¢ ua iub]T, which are observed
to compare the results with electrical circuit model. The waveforms showed in
Fig. 4.6 are also similar to the 0.01% margin between its electrical circuit and
state space model. The accuracy of the proposed method is guaranteed while
the computational complexity has been greatly reduced, lying a solid foundation
for the application of advanced control tool. Time comparison between the de-
rived state space simulation and the inherent electrical model in Simulink is not

presented here.

300 b |[=ECyI ECy2 =—ECy3 = ECy4 = ECy5
— = g8y| = =SSy2 = “SSy3 = =SSy4 S8 y5
200 |
< 100}
=
=
5 9
"t
-100 |
2200 +
0

Time (sec)

Figure 4.6: Simulation results for the simulated electrical circuit from Fig. 4.5
and its derived state space model

4.2 MPC based MBSM MMC Start Up Control

SM capacitor voltages fluctuate around the rated value during normal operation.
Without charging SMs smoothly to nominal value in start up procedure, large
inrush current would occur and threaten the condition of MMC and the whole
HVDC system. The pre-charging of the SM capacitors in conventional MMC is
traditionally conducted through high-impedance pre-insertion resistors to the AC

or DC grids; in essence bulky devices which are bypassed and left unused outside
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the start-up periods [127, 128]. Besides, start-up strategy for conventional MMC
requires complicated current control strategy [129] to regulate charge current.
MBSM allows much easier start-up and shut down thanks to possible pre-charging

of SMs since the bypass switches connect the discharged capacitors in parallel.

4.2.1 Start Up of the MBSM MMC

During the start-up procedure of the MBSM MMC, auxiliary switches and break-
ers are used to connect or isolate different part to the main circuit. Apart from
the AC side and DC side breakers which are commonly used in conventional
MMC start up, stack breakers and internal charge breakers are integrated spe-
cially for MBSM MMC. The layout of auxiliary breakers in a stack is shown in
Fig. 4.7. The proposed pre-charging strategy for MBSM MMC takes advantages
of the unique features of the MBSM structure. To isolate the stack from external
power circuit, stack breakers stay open and internal charge breakers keep closed.
Meanwhile, all the normally closed bypass switches (S and Sy in Fig. 3.2) stay
closed (uncontrolled). Capacitors in all MBSMs are parallelized together and
form an equivalent capacitor with larger capacitance but same nominal voltage.
Internal charging has greatly simplified the start up procedure and can be realized

without using large voltage source.

Internal
Charger

8T Internal Charge Breakers Stack Breakers
? & N 4 N 4

MBSM MBSM MBSM MBSM

\ J \ J \_
Stack + Stack —

Figure 4.7: Layout of auxiliary breakers in a MBSM stack

Fig. 4.8 illustrates the equivalent internal charge circuit. The internal charger
is constructed with a DC voltage source and a buck converter. Battery energy
storage system serves as voltage source, generating DC voltage vg at constant

value. Buck converter provides controlled voltage to the subsequent LC' loop.
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Figure 4.8: Equivalent internal charging circuit

During internal charging, all the semiconductors in MBSMs stay off. The charging
current flows through reverse recovery diodes to capacitors. Since power diodes
have negligible voltage drop when anode is positive, they are omitted in the

equivalent charging circuit.

4.2.2 Model Predictive Control

MPC is an optimal controller that solves a finite-time domain constrained opti-
mization problem at each time step to determine the control action that mini-
mizes an objective function for the controlled dynamical system [130, 131, 132].
The block diagram of the MPC based controller used in this thesis is demon-
strated in Fig. 4.9. The controller uses the prediction error, which is calculated
by comparing the output y and the reference r, to correct the prediction model.
The feedback correction improves the robustness of MPC against external dis-
turbances and system uncertainty. Besides, MPC determines the future control
role through the optimization of performance objective function [133, 134]. The
optimization in MPC is different from the usual discrete optimal control algo-
rithm [135]. It does not use a fixed global optimal goal, but rather a rolling finite
time domain optimization strategy [136, 137].

MPC has several important features, including but not limited to [138, 139]:

(1) the ability to handle MIMO plants,

(2) the capability of dealing with time delays,

(3) the possibility of making use of information on future reference and dis-
turbance signals.

If the control object is a linear system with no constraints and the objective
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Figure 4.9: MPC

function is quadratic, the MPC will degrade to an LQR controller.
The MPC controller is applied in the start-up procedure of the MBSM MMC.
MPC ensures the capacitor voltage and charging current constraints are satisfied

at the same time. To the knowledge of the author, no previous work about the

start-up of MBSM has been found.

Prediction Model

The output voltage of the buck converter vg, the capacitor voltage ve, and the
charging (inductor) current i, are investigated in the derivation of the prediction
model. Suppose that a stack has Ng); MBSMs and the nominal capacitance is
Csu. Then the equivalent capacitance is: Cey = Ngar-Csar. Consider the equiva-
lent charging circuit in Fig. 4.8, state space model (4.13) holds. The pre-charging
control problem of the MBSM MMC is simplified down to a buck converter control

1ssue.

Ve 0 1/Cq \ [ ve 0
. - + UB)
i ~1/L 0 ir 1/L |~~~
~—— —~ S N —
‘ 4 ¢ b (4.13)
(Yo 10 (Yo
= + (vp)
i 01 i 0 \u/
. Y c x D

Base on the Eq.(4.13), the discrete time state space model is derived by

applying Forward Euler [140] method to approximate the differential element:

kE+1)—z(k
T = (kb + 72 il ), where T is the sampling period. The prediction model
5

becomes:
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| 1s
Uc(k? + 1) C_ ’Uc(k) 0

= “ +| 75 | (vB(K))
in(k+1) s ir (k) ===
- 7 L 1\‘,_/ — ’LL( )
=k 1) Ap =(#) Bp (4.14)
UC(/{) 10 Uc(/f> 0
= + (vs(k))
. , u(k)

\ y(k) Cp (k) Dp

The values of vo (k) and i, (k) are the measured value at the current sample time.
The corresponding values of the next sample time, vo(k + 1) and ir(k + 1), are
predicted by the selection of different values of vg(k). The selection of vg(k)
should minimize an objective function that describes the performances of the

start-up procedure.

Objective Function and Constraints

The control objective is charging the equivalent capacitor smoothly to its rated
value and at the same time suppressing large charging current. Hence, the
first term in the objective function describes the reference tracking performance,
marked as J,. Suppose that the nominal MBSM capacitor voltage is v¢,,,.,, Jy

is calculated in Eq.(4.15).

Jy = i [wi UCrated ;Cvc(/f + k)] (4.15)
i=1 rated

where p represents the prediction horizon, k represents the current control in-
terval, w; represents the tuning weight at the ith prediction horizon step, and
ve(k +i|k) represents the predicted capacitor voltage at the ith prediction hori-
zon step (in engineering unit).

The second term reflects the effect of constraint violation, marked as J.. Soft
constraints are applied here since it allows a feasible solution under the condition
where constraint violations might be unavoidable. The MPC controller employs

a dimensionless, non-negative slack variable, ¢, which quantifies the worst-case
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constraint violation. .J. is obtained implicitly from the Model Predictive Con-
trol Toolbox provided by MATLAB. The mathematical derivation process is not
investigated in this thesis.

Jo = peer” (4.16)

4.2.3 Simulation Results and Analysis

The simulation applies the same system parameters as listed in Table 2.4. When
long prediction and control horizons are used in the MPC controller, both the
dynamic performance of the system and the computational requirements of the
controller improve. The prediction horizon and the control horizon are set as 10
and 2, respectively, in this thesis. The control objective is to charge the capac-
itors to 2000V while limit the charge current under 1500A as large current will
cause damage to semiconducters and capacitors. Controller parameters are tuned
by using Model Predictive Control Toolbox to improve the system performances.
Fig. 4.10 illustrates the capacitor voltage and charging current. Start-up pro-
cedure starts at t = 0.01s. The capacitor voltage rises steadily and there is no
overshoot after reaching the target value. Besides, the current has a slight fluc-
tuation around the maximum value and then decreases to zero after the start-up

is complete.

1500 F Charging Current 2000

< Capacitor Voltage 55 B
‘OE) 1000+ 2
E {1000
5 500F =

{500 =

O . 1 1 1 Il 1 | 0
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure 4.10: Voltage and current performance during start-up procedure.

Fig. 4.11 shows capacitor voltages during the transient process from start-up
to normal operation at ¢ = 1s. The smooth transition presents the effectiveness
of the proposed start-up control strategy. The slight voltage difference at around
t = 0.4s to t = 0.8s indicates the effect of the diodes.
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Figure 4.11: Transient process from start-up to normal operation at ¢t = 1s

It should be noted that MPC relies on an accurate model of the controlled
process, which may be unavailable. The modelling of the start-up process of
MBSM is equivalent to the control of a DCDC converter. The implementation of
MPC in an on-time controller may encounter more challenges and require further

study in the future.

4.3 Reinforcement Learning based low level con-

trol

4.3.1 Challenges in MBSM Low Level Control

The fundamental objectives of the low-level controller, whether conventional
single-busbar types or MBSM types, are tracking the stack voltage reference as
well as maintaining the balance of SM capacitor voltages. Moreover, power effi-
ciency is another important factor in evaluating the performance of a controller.
The MMC industry expects low-power-loss operation, especially in high-voltage,
large-power scenarios.

Many modulation strategies for conventional single-busbar MMC have been
proposed, including low-frequency modulation (NLM, SHE;, ...) and PWM-based
modulation (PSC, PDC, ...). In a high-voltage MMC system with a large number
of SMs, NLM is the most popular, mainly because it offers a better compromise

between voltage quality and power loss. PWM-based strategies usually involve
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unnecessary complexity for high-voltage systems, in which the high-speed switch-
ing will lead to lower efficiency and limited flexibility [141]. However, since the
capacitor balancing of MBSM depends on the sequential parallel connection of
adjacent capacitors, almost all modulation methods for parallel structures are
based on PSC. In terms of efficiency, the PSC-based MBSM low-level control still
has a lot of room for improvement.

Reinforcement learning (RL) is a research branch of machine learning that has
been widely used in automatic driving [142], computer vision [143] [144], natural
language processing [145], industrial control [146], smart grid [147], and other
fields in recent years. Under the framework of RL, agents take actions based on
the environment to maximize the expected rewards. Specifically, after the agent
performs an action, the environment will switch to a new state, and the reward
signal will be given for the new state environment. The agent then performs
new actions in response to the rewards of the new state and feedback from the
environment [148].

RL can be divided into model-based RL and model-free RL. The former re-
quires explicit modeling of the environment [149]. Action planning is considered
in advance, but the disadvantage is that if the model is not consistent with the
real world, it will not perform well in actual application scenarios. The latter
doesn’t need to consider model learning, making it easier to implement and ad-
just the model to a good state. Therefore, the model-free RL is more popular,
and has been developed more widely. Consider that the explicit modeling of the
MBSM bottom-layer model is very complex, and the low-level controller involves
the performance of many aspects, model-free RL is suitable for MBSM low-level

control than model based RL.

4.3.2 Principle of Reinforcement Learning

In RL, the performance of an action (A) is evaluated by the reward (R), which
is a value received by the agent from the environment as a direct response to the
actions. In order to reflect the effect of the current action on future performance,

another concept, discounted return (U), or cumulative discounted future reward,
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is defined in Eq. (4.17).
Ut:Rt+7'Rt+1+72'Rt+2+73'Rt+3—|—... (417)

where v € (0,1) is the discount rate, and R, is the reward at time step t. Since
Ry, Riyq, Ryyo, Ryi3, ... are future rewards which are not observable, U; is a ran-

dom variable.

Another important concept is the policy function (7), which describes the de-
cision making criteria of the agent. 7 is essentially a probability density function
m(als) = P(A = a|S = s) that maps the observed state S = s to a probability
distribution over all the possible actions. Given state s; and policy 7, the quality

of the action a, is evaluated by the Action Value Function Q(s;, a;):
Qﬂ(st, a/t) = E[Ut | St = S¢, At = at] (418)

where [E represents the expectation that related to future actions and future
states. Now the Optimal Action-Value Function @ * (s, a;) can be described by
Eq.(4.19).

Q*(s,a) = max Qr(s,a) (4.19)

The optimal action-value function (4.19) is implicit and contains random
parts. So, it can not be implemented directly into digital controllers. Generally,
neural network (NN) Q(s, a;w) is applied to approximated Eq. (4.19) and con-
trol the agent, where w represents the NN parameters. Deep Q network (DQN)
trained using temporal different (TD) [150] is applied in this thesis as a proof of
concept. The parameters of the NN are updated every time step. According to

Eq. (4.17), the relationship of U; and Uyyq can be described by Eq. (4.20).
Ut = Rt + v - Ut+1 (420)
Combining Eq. (4.18) and Eq. (4.20), Qx(s¢, a;) becomes:

Qr(s,ar) = E[Ry 47 - Uppalsy, a) = B[Ry 4+ 7 - Qr(Spy1, Arg1)[se, ) (4.21)
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When using Q(s;, a;; w) to approximate the optimal action-value function (4.19),

Q(s¢, a; w) ~ max, E[Uy|sy, ay], and then Eq. (4.22) can be derived:

Qs ap;w) = 1y 4+ - Q(Ses1, g5 W) (4.22)

The expected return is ¢; = Q(sy, a; w) without the observation of Ry, while the
TD target, represented by v;, can be derived from Eq. (4.22) after observing
Rt = T%.

Yr =1+ 7 - Q(St41, Grg1; W) (4.23)

The TD error is defined base on the difference of the expected return ¢; and
the TD target y; as 6; = ¢ — v:. A good RL policy expects a small TD error.
Consequently, the loss is defined as L; in Eq. (4.24) and the gradient is derived
by Eq. (4.25) when assuming y, is not a function of w. The DQN is updated by
performing a gradient decent: w1 <— wr — « - g where « is the learning rate in

the training process [151], [152].

1 1
Lt = 5(5? = 5 [Q(St, Ay U)) — yt]Z (424)
OL 0 , Qg
g2 S0 =6, - —Q(sg);t w) (4.25)

4.3.3 Environment and Agent

The workflow of the RL based low level control is demonstrated in Fig. 4.12 where
the agent and the environment are presented in detail. The DQN agent serves
as the modulator that translates the stack voltage reference into semiconductors’
gate signals of a single phase MMC in which a stack contains eight MBSMs.
The case study investigated here aims at tracking the stack voltage reference,
maintaining SM capacitor voltage balancing, and minimizing the semiconductor
switching frequency. As a result, the observation contains 11 variables, including
the stack voltage reference Vg, ., the stack current Ig, eight SM capacitor voltages

VC(lmg), and MBSM states from the previous time step S(t—1). Stack voltages are
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Figure 4.12: Work flow of the Reinforcement Learning based low level control
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always non-negative in normal operation of the MMC, as presented in Fig. 2.16
and Fig. 3.9. The state of each MBSM is represented by 0 for soft parallel and
bypass state, or 1 for positive insert state. Therefore, the states of eight MBSMs
can be represented by one 8-bits binary number. For example, S(t — 1) = 3'd =
00000011’b is used to represent the condition in which MBSM 1-6 are soft-parallel
and MBSM 7 and 8 are positively inserted. All possible states are consequently
represented by one decimal variable in the range from 0 to 255. The purpose
is for reducing the dimension of the observation, and moreover, reducing the
computational resource required in the NN training process. Correspondingly,
the action that the DQN agent generate is also a decimal variable representing
MBSM states. S(t) is translated into semiconductor gate signals G(t) after being
fed into a look-up table similar to Table 3.1.

The reward includes all of the performances that users are interested in. Sim-
ilar to designing the objective function in MPC, the quantitative evaluation of
different aspects should be considered in the design of the reward. The reward
function R(t) contains three parts, corresponding to the evaluation of the stack
voltage tracking performance Ry (t), the SM capacitor balancing performance
Re(t), and the switching frequency reduction performance Rg(t), as described by
Eq. (4.26).

R(t) = w1 Ry (#) + ws Ro(t) + ws R(?) (4.26)
with
Ro(t) = — |Vsmf(t‘)/— Vs(t)] (4.27)
Ro(t) = —eap [ma‘x Vc(f/)c_ minVolt) _ , (4.28)
Rs<t) _ ZSA:/I |S/(t> — S/(t — 1)| (429>

Nsr

Here, t is the time index of the system, w;, wy, and ws represent the weight of
each reward. The voltage tracking performance is evaluated by the difference

of the voltage reference and the stack voltage in Eq. (4.27). The normalization
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is achieved by dividing the difference by the rated DC voltage, which is equal
to the maximum stack voltage output. The exponential in Eq. (4.28) criticizes
over-larged SM voltage difference. The maximum voltage difference should be
less than 20% of the rated SM voltage to ensure normal MMC operation[153].
In Eq. (4.29), S'(t) is obtained from S(t) after the integer-to-binary conversion.
S Nea | §/(¢) — S'(t — 1)| describes the number of MBSM states that change from

time step ¢ — 1 to time step t.

4.3.4 Results and Analysis

The DQN updates the policy based on gradient decent every time step when the
agent receives a reward in the training process. The input layer of the NN in the
DQN agent contains 11 units, corresponding to the dimension of the observation.
The output layer has 256 full-connected units which is determined by the size of
the action set. The simulation model used to investigate the proposed RL based
low level controller is a single phase MMC with a reduced number of MBSMs
in each stack in order to reduce the time and computational resources required,
especially in the training process. The MMC operates in inverter mode and
provides stable sinusoidal AC voltage to a pure resistive load, as presented in

Fig. 4.12. The model parameters are summarized in Table 4.2.

Table 4.2: Parameters of the RL based Low Level Control Simulation Model

Parameters Value Parameters Value

DC Voltage 9600 V Nominal Vg 1200 V
MBSM Capacitance 6.8 mF Ngy per Stack 8

Load Resistance 50 2 AC Voltage Reference 4.5 kV

Stack Inductance 1.2 mH AC Inductance 1.2 mH

The parameters of the DQN agent are summarized in Table 4.2. Due to the
limited performance of the CPU used for RL training, the sample time is 0.1
ms, and the episode length is set at 2000. The simulation model runs for 0.2
seconds in each episode. The discount factor is set at 0.99 in order to improve

future performance. Different numbers of hidden-layer units are investigated,
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and the results show that 64 is the minimum number of units required for good

performances.
Table 4.3: Parameters of the DQN Agent
Parameters Value Parameters Value
Sample Time 0.1 ms Learning Rate 0.005
Discount Factor 0.99 Batch Size 64
Epsilon Decay 0.003 Hidden Layer units 64
Maximum Episodes 1000 Episode Length 2000

The normalized rewards in the training process is presented in Fig. 4.13. Red
line represents the episode reward, and blue line represents the 10-episodes moving
average of the cumulative reward during training. The agent becomes stable after

about 150 episodes.
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Figure 4.13: Normalized rewards in the training process.

Fig. 4.14 presents the stack voltage with the proposed RL controller. The
waveform is an approximate staircase wave that is similar to the result from

NLM modulation. Though some oscillation happens at around t=0.156s, the
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Figure 4.14: Stack voltages with different low level controllers

stack voltage still tracks the reference (blue lines) well. In comparison, the stack
voltage with PSC based low level control, which has been introduced in Section
3.1.3, is also presented in Fig. 4.14. Several numerical simulations are carried out,
and the results show that a PSC operating at 1250 Hz has roughly the same stack
voltage THD (8.23%) as the RL controller (8.07%). The maximum frequency for
THD calculation is 20 times of the fundamental frequency, 1000 Hz, as high order

harmonics can be easily suppressed by inductors.

The maximum SM capacitor voltage deviations with the proposed RL based
controller and with a 1250 Hz PSC low level controller are both presented in
Fig. 4.15. Both of the deviations are far away from the margin, 20% of the rated
SM voltage. The capacitor balancing performance of the RL controller is slightly
better than that of the PSC controller.

Fig. 4.16 investigates the effect of different weights on the number of MBSM
stats changes. Red line represents the result when the initial linear-penalty

weights, wy; = 0.6, we = 0.3, and wy = 0.1, are applied. Yellow line repre-
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Figure 4.16: State Changes with different weights of Eq. (4.29)
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Table 4.4: State Change Frequency with Different Weights of Eq. (4.29)

Low Level Control Scheme MBSM State Change Frequency
PSC, 1250Hz 964 Hz
RL, w3 = 0.1, Linear Penalty 937 Hz
RL, w3 = 0.3, Linear Penalty 783 Hz
RL, wsz = 0.3, Exponential Penalty 521 Hz
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sents the result when w; = 0.6, wy, = 0.3, and w3 = 0.3. Blue line represents the
result when w; = 0.6, wy = 0.3, and w3 = 0.3e"s¢. Here, eVs¢ is an exponential
part to penalize large number of state changes, where Ng¢ is the number of state
changes in one sample step. Fig. 4.16 and Table 4.4 demonstrate that reason-
ably adjusting the reward design is a potential solution for further improving the
performances of the RL-based low-level controller. Lower state change frequen-
cies can be achieved without affecting the stack voltage tracking or SM voltage

balancing.

4.4 Summary

To support the development of more powerful, yet more complex power electronics
circuits, designers require the use of advanced control systems, themselves based
on extensive models of the circuits. Section 4.1 presents an algorithm which
automatically extracts the state space model of an electrical circuit using its
netlist. The algorithm also identifies the base state representation in case of
dependencies between reactive elements. The full state space model is then made
available for more extensive analysis of all the dynamics of the circuit. The
effectiveness has been verified in a simple electrical circuit case and furthermore
the case of MMC.

Section 4.2 introduces the MPC based start-up control algorithm of the MBSM
MMC. The proposed capacitor pre-charge algorithm and the structure of MB-
SMs not only allow the MMC to operate independently without grid, but also
simplify the problem down to a DCDC converter control issue. Thanks to the
characteristics of MPC, the charge current is well controlled. Voltage and current
performances during start-up procedure and the transient process from start-up
to normal operation have proved the effectiveness of the proposed controller.

The RL based MBSM low level control algorithm is presented in Section 4.3.
The DQN agent is applied as the controller, and TD algorithm is used to train
the NN. Stack voltage tracking performance, SM capacitor balancing performance

,and switching frequency reduction performance are all consider while designing
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the reward. Results show that the RL based controller can effectively reduce
the MBSM state change frequency while maintaining the stack voltage tracking
and SM balancing. The simulation is based on a single-phase model with eight
MBSMs in each stack due to computing resource constraints (CPU in personal
computer). Training larger DQN networks with commercial GPU clusters could

help to improve performance even further.
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Chapter 5

MBSM Applications

5.1 Modular Multilevel STATCOM

The continuously increasing proportion of distributed renewable energy has been
giving rise to more challenges for reliability and robustness of the power grid.
An effective solution to increase the stability of AC grid is Flexible AC Trans-
mission Systems [154], among which Static compensator (STATCOM) is widely
implemented to provide power quality management and voltage support by re-
leasing and absorbing reactive power. Enhanced frequency stabilization against
disturbance or unbalance is also offered with partially rated energy storage (ES)
system integrated as active power can be exchanged between STATCOM and the
AC grid [155, 156].

For medium and high voltage applications, e.g. large scale wind farms [157],
MMC style topologies is usually integrated into STATCOM to increase its voltage
level and meanwhile reduce harmonic distortion and switching frequency. In
each converter arm, several SMs are connected in series to generate staircase
AC voltage waveform with capacitor voltages. FEfforts and costs of periodical
preventive maintenance are also reduced thanks to the modular design of SMs,
especially in offshore converter stations [158]. Generally, FB is the first choice
for SMss in MMC-STATCOM as HB is not able to output negative SM voltages,
even though HBSMs are popular in classic MMC, in which only positive stack

voltages are constructed during normal operation.
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Figure 5.1: Topology of a delta configured modular multilevel STATCOM

5.1.1 STATCOM Modelling and Higher Level Control

Fig. 5.1 illustrates a typical MMC-STATCOM (also commonly referred to as a
Cascaded H-Bridge) with delta configured arms so that additional circulating
current can be applied to promote the SM voltage balancing. The connection

manner of FBSMs within an arm is also presented in Fig. 5.1 (a).

The standard single-bus SMs, especially in partial rated ES topology, typically
requires additional circulating current to maintain SM voltage balancing as well
as suppress ripple current [159]. Additional circulating current, on the other
hand, causes higher power losses and higher temperature rises in semiconductor
junctions. Consequently, more challenges are faced in the cooling system design
to ensure that the junction remains within its safe range. The MBSM proposed
in this thesis provides ideas to solve the above problems by distributing the stack
current to doubled conduction paths, as shown in Fig. 5.1(b). According to
Fig. 5.1, the dynamics of a delta configured STATCOM can be described by loop

voltage ordinary differential equations:
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( di, digp diy
o =t Lpgy = bs gy — v = by =0
diy dipe di,
_ Lp— — Le— _ . — Lp—C = 5.1
Up — Ue + P swqp Ve P 0 (5.1)
di, dicq dig
_ Lp—S — [ Uy — Lp—2 =
L Ue ua+ Pdt S dt Vea P dt 0

where u,, up, u. represent three phase AC voltage, Lp and Lg represent phase
inductance and stack inductance. Besides, the current relationships are decribed

by Eq. (5.2).

r
ot +1.=0
ia+iab_ica:0
(5.2)
iy + Gpe — lap = 0

\ e+ teq — Tpe = 0

The dynamics can be rearranged and reduced to a base state space model with
independent states [160] and regulated by LQR [161] based state feedback con-
troller as introducted in Chapter 2. The MBSMs investigated in the following
sections within this chapter all operate in STATCOM mode.

5.1.2 Energy Storage in MBSM

Instead of implementing the ES elements into a large scale and concentrated pack,
as has been introduced in [162], the characteristics of MMC-STATCOM allow ES
to be distributed into the SMs themselves. The management of ES conditions,
e.g. state of charge and state of health, are additionally integrated into converter
control algorithm. Many excellent works have been done on the joint regulation
of converter control and ES management. Ref. [163] analyses different operating
modes in an ES-MMC and develop control algorithms that offer the flexibility to
directly manipulate the active power components for state of charge balancing
of the batteries. The MMC with partially rated integrated ES and its control
system proposed in [164] is suitable for frequency support and ancillary service
provision such as decoupled power oscillation damping. In [165], the partially

rated energy storage (PRES)-STATCOM capable of providing both reactive and
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active power support and voltage balancing algorithm are introduced together.

- -
Is,+
Is,+

- -

Figure 5.2: MBSM with energy storage (ES-MBSM)

Fig. 5.2 depicts how ES interface is connected to SM capacitor. The interface
could be through a passive filtering network, or through an actively controlled
DC/DC converter, such as buck-boost converter or dual active bridge for isolated
applications. When the interface is disabled, the ES-SM becomes a normal SM.
The ES interface will be modelled as a controlled current source in simulation

and analysis of its specific structure is not the focus of this chapter.

5.2 The PRES MBSM STATCOM

This section presents a delta-configured, modular multilevel, STATCOM based
on MBSM topology where PRES are distributedly integrated in MBSMs to pro-
vide ancillary service, e.g. frequency support, in addition to the classic reactive
power provision. The study uses the analytical formulation of the MBSM to
derive the control system and the optimal phase angle of the circulating current
required for SM balancing. Apart from the soft-parallel based mode, the proposed
STATCOM can also operate in the FBSM based mode to extend its capability of
generating active power. A comparison of different operating modes (MBSM vs
emulated full-bridge SM) is presented and confirmed by simulation results. Anal-
ysis indicates that the MBSM improves the power efficiency (30.5% total losses
reduction at the 1 pu reactive power set-point and 3.56% reduction at 1 pu active
power set-point) compared with the conventional FBSM, at the cost of doubling
the number of semiconductor devices; but not the number of sub-modules. The

capacitor balancing is achieved without the use of additional inductors compared
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with double FBSM.

5.2.1 Low Level Control System

Thanks to the flexibility provided by the distributed control framework, as intro-
duced in Chapter 2, the MBSM STATCOM can share the same soft-parallel based
low level control scheme with the MBSM MMC. Besides, the low level control
system proposed in this section includes another mode, named the FBSM based
mode, to further extend the active power capability of the MBSM STATCOM.
Fig. 5.3 presents the flowchart of the proposed low level control system. The
initialization involves importing the stack voltage reference Vs, ., capacitor volt-
ages Vi, stack current Ig and the counter value ¢t. The first step is dynamically
selecting the operation mode of the MBSM STATCOM to maintain voltage bal-
ancing and meanwhile lower down the power losses to the greatest extent. The
mode selection follows a hysteresis manner: The conventional FBSM based mode
is selected if Vgg — Wap > Vppe until the difference decreases to zero, where Vg

represents the average voltage of ES-MBSMs, V., is the average voltage of nor-
mal MBSMs, and Vi, is the voltage threshold, to bring MBSMs back to balance
as soon as possible. Or, the MBSM STATCOM will stay in the soft-parallel
based mode operating under the control algorithm introduced in Section 3.1.3.
The counter t is used to switch states between Fig. 3.4 (a) and (b), or between
Fig. 3.4 (c) and (d), after a fixed number of controller steps (T"). Such arrange-
ment can avoid excessive switching of semiconductors at specific positions, helping
on reducing the risk of wear out failure.

In conventional FBSM based mode, the MBSM is regarded as a whole to
define states Positive Voltage (1), Zero Voltage (0) and Negative Voltage (—1),
as presented in Fig. 3.3 (al), (a2), (a3), and (ad). At first the sorted index R
is obtained by ranking all MBSMs by their absolute deviation from the average
capacitor voltage V. The initial value of iterations are set as V. (1) =Vs, ; and
Vavair (1) = > Voo Eq. (5.3) summarizes the criteria of preferential states, where
the MBSM whose voltage > Vg is discharged and those whose voltage< Vg is

charged with Ig.
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Figure 5.3: The proposed low level control system for the PRES STATCOM

Spref(.]) = - (53>

The feasibility of the most preferential state, determined by Eq. (5.4), will be
certificated if no potential voltage limit violation is found. Or the state will be
discarded and the subsequent remaining state in the array is tested. The param-
eters Vier, Vaver and j are then updated and processed to the next iteration until
states of all MBSMs are assigned. The semiconductor states are consequently

obtained based on the MBSM state and state shown in Fig. 3.3 (al), (a2), (a3),
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and (ad).

1, if [Vies — Vo(R(G))| < Vawair — Ve(R(5))/2
0, if Viesl < Vavair — Vo (R(5))/2 (5.4)

—1, Zf |‘/ref + VC(R(]>)| S Vavail - VC(‘R(j))/Q

5.2.2 Theoretical Analysis
Optimal Phase Angle of the Additional Circulating Current

Generally, MBSMs can operate in either soft-parallel based mode or conventional
FBSM based mode. When injecting active power from the ES-STATCOM to the
external grid, the ES interfaces always charge the capacitor in ES-MBSMs. It
should be ensured that the ES-SM outputs the same amount of active power as
it received from the ES interface at the end of each cycle to maintain voltage
balancing. Additional third harmonic circulating current (I3,4) is injected in
the delta-configured loop to improve the capability of MBSMs for active power
exchanging. [3.4 will not change the AC current or cause any interference to the
overall energy balance of the converter as it does not contain any fundamental

component.

Figure 5.4: Equivalent circuit for current analysis

Fig. 5.4 illustrates the equivalent circuit for current analysis. The overall stack
current reference involves: (1) Phase current I, (iab, ibe, ica) that contribute to

the AC output; (2) Zero sequence circulating current Iy for balancing the energy
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stored in each stack; and (3) Additional 3rd harmonic circulating current 3,4
for maintaining voltage balancing between ES-MBSMs and normal MBSMs. The

stack current reference is:

[Sref = [ph + IO + I37”d (55)

Assuming the STATCOM operates in steady state where energy is distributed
evenly among three stacks and I, becomes negligible. Define the phase of I,;, and
the phase of I,4 as ¢y, and ¢, ,, respectively. The overall stack current reference

becomes:

Ig Ipn - sin (Wt + ¢r, ) + Isq - Sin (3wt + ¢r,,,) (5.6)

ref =

Apply 0 = wt + ¢1,, and Ap = % — ¢1,,» Eq. (5.6) becomes:

Is,., = Lo - 500 + Isq - sin3(0 + Ap) (5.7)

Capacitors in ES-MBSMs are charged by ES current. The higher active power
the STATCOM output, the larger the ES current will be. It should be ensured
that the capacitor voltage at the start of each cycle is equal to the capacitor
voltage at the end of the same cycle to maintain voltage balancing, which means
the voltage deviation caused by ES current should be offset by voltage deviation
caused by stack current. As a result, the optimal phase angle should maximize the
capability of the phase current to offset the voltage deviation caused by ES current
in a whole cycle. Besides, according to Eq. (5.7), stack current is composed of
a sine wave in fundamental frequency and a sine wave in the 3rd harmonics.
The positive half cycle of the stack current is symmetrical to the negative half
cycle. Consequently, the optimal phase angle of I3,4 should maximize the voltage
deviation caused by the total stack current in a half cycle. The variation of

capacitor voltage caused by stack current in the positive half cycle is:
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1 (™ . N
AVc:—/ Ly, - sin @+ I3,q - sin3(6 + Ayp) df
0

(27 , (5.8)
:5~Ih+@'13rd'005<3Ag0)
AV is maximized when cos (3Ap) = 1, as a result:
R (59)

3

The STATCOM operating point describes how much active power and reactive
power are released by the converter, represented by p.u. value P..; and Qey,
respectively. Denote the phase angle of stack voltage as ¢y, , the operating point

is described as:

Pref = CoS (¢Uph - ¢Iph)

(5.10)
Qref = sin (¢Uph - gblph)
So, ¢r,, can be represented with converter operating point and ¢y, :
Qref
o1, = du,, — arctan(Pref) (5.11)

The derivation of ¢y, can be found in ref. [166]. Notice that the reference

direction of stack voltage applied in this paper, as shown in Fig. 5.1 and Fig. 5.4,

is opposite to that in the literature. So we have:
2 (m — 1)

U, = — 7 —

™
- 5.12
3 5 (5.12)

where m = 1, 2, 3 representing the sequence of three phase. Combine Eq. (5.9),
Eq. (5.11), and Eq. (5.12), the optimal phase angle of I3,4 is:

Qre f
ref

3
G134 = 3+ @1, mod 2T = 57? — 3arctan ( ) (5.13)
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Comparison of Different Operation Modes

Depending on the MBSM states, ES-MBSM capacitor charging current has three
cases: (1) Igs + |Is| when Ig flow into the anode of the capacitor, (2) Igs — |Is]
when g flow into the cathode of the capacitor and (3) Igg when the capacitor
is bypassed. In comparison, the charge current of capacitor in normal MBSMs
is |Is|, —|Ig| or 0. Soft-parallel mode enables Ig to flow into the capacitors with
lower voltage than their neighbours. The energy management controller keeps the
total energy stored in the stack balanced during operation, so in most cases the
voltage of ES-MBSM tends to be greater than the rated value, while voltage of
capacitor in normal MBSM deviates to a lower value. Igg and Ig flowing through
a ES-MBSM and a normal MBSM next to it in soft-parallel mode are shown in
Fig. 5.5 (a). Igg is all injected to C; because of the diodes and consequently
Ve, > Vi, resulting in Ig flowing in C5. Then the voltage difference decreasing
speed is:

dAu 1

& Conr (Ies — |1sl) (5.14)

The absolute value of the stack current needs to be larger than Igg to reduce

the voltage difference.

D _
Igg ES
|
....... D' s

(a) (b)

Figure 5.5: ES current and stack current flowing through a ES-MBSM and a
normal MBSM in (a) Soft-paralleling based mode, (b) FBSM based mode.

When the MBSMs operate in conventional FBSM based mode, Ig tends to
charge the capacitor whose voltage is higher than average value, while discharge
those whose voltage is lower, to accelerate the SM voltage balancing. The current

state is shown in Fig. 5.5 (b). The voltage difference can be reduced as long
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as |Is| > Igg/2 according to the voltage difference decreasing speed calculated

in (5.14):

dAu 1
—— = —— (Igg — 2|1 1
= g es —21is) (5.15)

Less stack current is required for voltage balancing than the former mode.
Consequently, the conventional FBSM based mode is more powerful than the
soft-parallel based mode in terms of reducing the voltage deviation while the

same amount of circulating current is injected.

While operating in the soft-parallel based mode, the interconnection states
of the MBSMs are obtained by compare the modulation index with PWM car-
riers. Based on the semiconductor states summarized in Table 3.1, at most four
semiconductors (out of eight semiconductors in an interconnection) change their
states in each SM state transition, so the average semiconductors switching fre-
quency is less than the PWM frequency. In contrast, in the FBSM based mode
the gate signals are updated after every controller step. The switching loss when
operating at the soft-parallel based mode is consequently lower than that in the

FBSM based mode.

5.2.3 Simulation Results and Discussion

Simulation models of partially rated ES STATCOMs in 4 different configurations
are built in MATLAB/Simulink to evaluate the converter performances and the
proposed control system. The system parameters are summarized in Table 5.1.
The quantity ratio of ES-MBSMs to total MBSMs in a stack is 9/15 (60%). ES-
MBSMs are distributed evenly in the stack. Vi, is set at 2.5% of the nominal
capacitor voltage (50V) to determine the operation mode. I7y, is determined by
the current measurement resolution and communication bandwidth, and is set as
50A in simulation. In all simulations, the STATCOM output 1 p.u. apparent
power while only the power factor (PF) changes.
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Table 5.1: System Parameters

Parameters Value Parameters Value
Nominal Power 30 MVA N, per Stack 15
AC Voltage (RMS) 18 kV Nominal V,, 2000V

AC Frequency 50 Hz MBSM Capacitance 2.5 mF
Phase Inductance 0.1 pu Sampling Time 5 s
Stack Inductance 0.1 pu PWM Frequency 1 kHz
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Figure 5.6: Instantaneous capacitor currents with different parallel mechanism:
(a) Soft parallel; (b) Direct parallel; (c) Parallel through 1 mH inductors; (d) Par-
allel through 10 mH inductors. Capacitor currents are represented in coloured
lines; Red lines represent the envelop of stack current.

Table 5.2: AVgy and Ig,, in MMSPC versus L,qq when Power Factor = 0

Laaq (H) 108 | 1077 | 100 | 10° | 107* | 107°
AV (V) 137 142 222 338 480 671
Lap (A) 3775 | 3296 | 2337 | 1936 | 1241 835
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Table 5.3: AVgy; in MBSM and in MMSPC versus Power Factors

Power Factor 0 0.1 0.2 0.3
AV MBSM, Soft parallel 159 172 276 402
(V) MMSPC[74], Lagqq = 1mH 671 692 745 890

Effectiveness of the Soft-parallel mechanism in STATCOM

The fundamental benefit of the soft-parallel over MMSPC [74, 46] is to suppress
the inrush current resulted by capacitor parallel without the requirement of us-
ing additional inductors. Instantaneous capacitor currents (I.,,) with different
parallel mechanism when the STATCOM operating at PF = 0 output are investi-
gated. As has been explained in Section II, with soft-parallel /., is restricted by
the envelop of stack current as the capacitor voltage difference is clamped by the
reverse blocked diodes, as is shown in Fig. 5.6 (a). Direct parallel leads to large
inrush current, the amplitude of which is about four times of the stack current, as
in Fig. 5.6 (b). Fig. 5.6 (¢) and (d) demonstrate the effect of different inductance
to inrush current in MMSPC. Similar .., suppression performance as the soft-
parallel mechanism can be achieved with L,;; = 1 mH. However, large harmonics
occurs in the stack current when L4 = 10 mH. SM voltage deviation (AVsy,) is
also of great interest and is suggested to be keep lower than 20% of the rated SM
voltage [153] as it determines the AC output quality as well as the volume and
cost of SM capacitors. AVsys and I.,, in MMSPC versus different L,q4q are listed
in Table 5.2. It can be summarised that as the applied inductance increases, so
does AVgys, while I, decreases. L,q4q < 1 mH can’t effectively suppress I.,,. In
the simulation of MMSPC, L,4sq = 1 mH to fairly compare AVg), versus different
power factors with the soft-parallel method, as listed in Table 5.3. The result
indicates MMSPC may not capable enough for a PRES STATCOM as the AVgy,
is already larger than 20% of the rated SM voltage when PF = 0.3.

Normal Operation

The converter ability of reactive power compensating as well as providing active

power for frequency support, are verified by simulation results. Three different
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operating points are investigated: (1) PF = 0 as in Fig. 5.7; (2) PF = 0.5 as
in Fig. 5.8; (3) PF = 1 as in Fig. 5.9. Results show the power outputs are
well tracked, and the AC currents have low total harmonic distortion (THD) in
different set-points. Capacitor voltages stay balanced and the upper bound of
the deviation stays in the safe margin (20% of the rates SM voltage). Voltages
of SMs with ES deviated from voltages of SMs without ES as the effect of ES
current is different. I3,4 with the optimal phase angle derived by Eq. (5.13) and
an amplitude of 300A is injected to maintain the voltage balancing when PF =
1, so third harmonics current exists in the stack current in Fig. 5.9. The ratio
of soft-paralleling based mode decreases as the increase of power factors. The
PRES MBSM STATCOM is verified to be capable to output 1 p.u. active power

with the proposed low level controller applied.

Optimal Phase Angel of Additional Circulating Current

w2
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3ml4 PF =/2/2 4
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Figure 5.10: Normalized maximum SM voltage deviation versus phase angle of
circulating current at three different set-points. Dashed lines are optimal value
from Eq. (5.13).

Fig. 5.10 illustrates the effect of circulating current phase angles to the nor-
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Table 5.4: Different STATCOM Configurations to compare active power capabil-
ity and losses

Label SM Type Low level Control Scheme
Conf. 1 MBSM The controller as is shown in Fig.5.3
Conf. 2 FBSM Conventional SM sorting controller [163]

Conf. 3 FBSM Voltage balancing Algorithm (VBA) proposed in [165]

malized maximum AVgs,, within a stack at three different operation points with
the same circulating current amplitude. The presented data is obtained through
dividing the measured AVg,, by the maximum deviation versus phase angle in
each operation point (195V for PF = 0, 815V for PF = v/2/2, and 900V for PF
= 1). When PF = 0 the minimum deviation is obtained when ¢;, , = 0. The
optimum ¢y, , becomes 3/4m when the active power output is equal to reactive
power (PF = v/2/2), while it is 3/27 at PF = 1. The performances verify the
analytical result from Eq. (5.13). It could also be concluded from Fig. 5.10 that
the more active power released from the converter, the larger deviation is seen by
the SM voltages. The system becomes unstable when the converter generating

full active power if ¢, , & [5/4m, 7/4m] as AVgy is too large.

Active power capability and losses

The power capability and efficiency of the MBSM STATCOM are further investi-
gated and compared with its single bus FBSM counterparts, as listed in Table 5.4.
The PWM frequencies of Conf. 1 and Conf. 2 are both 1000 Hz, while the sorting
frequency in the iteration based controller of Conf. 3 is set as 10kHz as a trade-off
between tracking accuracy and power efficiency. In Fig. 5.11, the solid lines show
the results with no I3,4, whereas the dashed lines represent results under I3,.4
with the optimal phase angle and an amplitude of 300A. Higher PF represents
larger Ipg charges capacitors in ES-MBSM. Hence, capacitor voltages are more
likely to deviate from each other. Overall, the maximum AVjg), increases in all
STATCOMs as the PF increasing. Conf. 1 has the best performances in all set-

points whether the additional circulating current is injected or not. Conf. 2 has
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lower AVg), than Conf. 3 when PF < 0.4, however will become unstable if PF >
0.5. The active power capability of Conf. 1 and Conf. 3 are both up to 0.8 p.u. if
there’s no I3,4. While comparing the solid and dashed lines, it can be concluded
that not only will the maximum AVg,; be reduced but also the active power ca-
pability can be further pushed to 1 p.u. with I5,4 applied. Moreover, the average
RMS currents of all semiconductors in a stack in the Conf. 1 is approximately

halved in all set-points, as in Fig. 5.11 (b).
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Figure 5.11: (a) Maximum AVsy,, and (b) Average RMS currents of all semi-
conductors in a stack versus power factor.

The losses analysis are conducted based on the IGBT module FZ1200R33HE3
produced by Infineon from which the losses curves have been extracted to compute
the energy lost through conduction and switching at every simulation time step
(5us). The power losses of three different STATCOMs are summarized in Fig. 5.12
and Fig. 5.13. When the active power output is greater than a certain value, the
SM voltages will be imbalanced and the whole converter cannot normally operate
any more. Losses for an unstable STATCOM are not applicable and are presented

as grey columns. Fig. 5.12 presents losses of all three configurations when no I3,4
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Figure 5.12: Semiconductor losses of different STATCOMs versus power factor
without circulating current.
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Figure 5.13: Semiconductor losses of different STATCOMs versus power factor
with circulating current.

is applied. Conf. 1 has the lowest conduction losses in all set-points. With the
increase of PF, the switching losses are also increasing as Conf. 1 operates less
frequently in the soft-paralleling based mode. Notice that even though Conf. 2 has
lower total losses when PF € [0.4,0.5], it has much larger SM voltage deviation
and distortions compared with Conf. 1. Additional I5,4 is inserted to output 1
p.u. active power as introduced before. The amplitude of I5,4 should also ensure
that the peak stack current does not exceed 1 p.u., as suggested in [165, 167].
With the system parameters listed in Table II, the maximum amplitude of total
stack current is 962A, and the maximum amplitude of I3,4 can be injected is

394A. Different circulating current amplitudes are investigated in the simulation
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model, and the results show 300A is the minimum circulating current amplitude
that ensure the studied STATCOM (Conf. 1, 60% ES-MBSMs) can output 1p.u.
active power while the maximum SM voltage deviation is still within the normal
range (20% of the nominal SM voltage). Fig. 5.13 presents the power losses of
Conf. 1 and Conf. 3 when the same I3,4 with the optimal phase angle and
an amplitude of 300A applied. Even when the maximum circulating current
amplitude (394A) is applied in Conf. 2, the maximum power factor is 0.5, the
same as when no circulating current is injected, as in Fig. 5.12. The active power
output capability of Conf. 2 does not perform as well as Conf. 1 and Conf. 3. So,
the results of Conf. 2 is excluded in Fig. 5.13. Conf. 1 almost fully operates in
conventional FBSM based mode, as illustrated in the last figure of Fig. 5.9, and
its losses are very close to that of the Conf. 3. The PRS MBSM STATCOM is a
potential solution for fast frequency response in the first few seconds of a major
grid disturbance. As part of the ancillary service, fully active power operation
mode takes up a comparatively small portion of a STATCOM’s lifetime compared
to its major job, reactive power support. Consequently, the proposed MBSM
STATCOM and the corresponding control system is able to effectively improve

the power efficiency, especially in long term operation.

5.3 STATCOM with PRES Configured in Sub-

stack

5.3.1 PRES Substack

This section investigates another PRES MBSM STATCOM structure where PRES
MBSMs are configured in a sub-stack. Fig. 5.14 shows the detail of how different
type of MBSMs are placed. ES-MBSMs and normal MBSMs are placed into two
groups, forming an ES sub-stack and a normal sub-stack. The two sub-stacks can
output voltage in opposite polarities so that SM voltage balancing is promoted.
The MBSM STATCOM is different from the FBSM STATCOM in structure only
inside the stacks. So the same higher level control method can be applied to both
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Figure 5.14: Energy storage configured in sub-stacks

topology while their low level controller should be designed separately.

5.3.2 Low level Control Algorithm
Sub-stack Voltage References

The first step of the soft-paralleling based controller is calculating the voltage
references of the whole stack or the sub-stacks. Voltage references for two sub-
stacks will be generated when the required voltage output of the whole stack is
not exceed the voltage capability of sub-stacks, as presented in Algorithm 1 (See
Appendix). As ES currents are all charged to SM capacitors in the ES sub-stack,
their voltages are more likely to be higher than the rated value. Therefore, the
ES sub-stack will be discharged by stack current while the normal sub-stack will

be charged to reduce the average voltage differences.

Mixed Modulation Framework

The second step of the soft-paralleling based controller is illustrated in Algo-
rithm 2 (See Appendix). Overall, the principle is to generate gate signals with
the voltage references and the carriers. If Flag = 1, the stack will be controlled
as a whole part to track the voltage reference. If Flag = 0, the reference voltages
of two sub-stacks will be applied to allow the sub-stacks generate different voltage

outputs, as long as the sum voltage is equal to the total voltage reference.
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Figure 5.15: Modulation frameworks: (a) Phase Disposition Carrier (PDC),
(b) Phase Shift Carrier (PSC), (c¢) the proposed Phase Disposition and Shift
Carrier (PDSC).

Table 5.5: Simulation Model Parameters

Parameters Value Parameters Value

STATCOM nominal power 30 MVA AC side line voltage (RMS) 18 kV

Nominal frequency 50 Hz  Simulation sampling time 5 us
Branch inductance 0.1 pu Phase inductance 0.1 pu
Nominal cell voltage 2000 V MBSM capacitance 2.5 mF
MBSMs per stack 15 ES-MBSMs per stack 9
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Figure 5.16: Converter outputs when operating at: (a) Py = 0.6, Qe = 0.8

without circulating current, (b) P..; = 0.6, @y = 0.8 with constant ampli-
tude (300A) third harmonic circulating current.

The computational complexity of the soft-paralleling based controller is greatly
reduced. Besides, the average semiconductor switching frequency is also lim-
ited by the carrier frequency. The phase disposition and shift carrier (PDSC)
modulation framework is proposed here to enhance the voltage balancing of two
sub-stacks while the carriers are assigned to the whole stack. PDSC is a mixed
framework of phase disposition carrier modulation (PDC) [168] and phase shift
carrier modulation (PSC) [169]. The carrier with the largest average value is
assigned to the interconnection between two sub-stacks to make it operate longer

time at soft-paralleling mode, as illustrated by the red line in Fig. 5.15 (c).
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Figure 5.17: Conduction losses and switching losses versus varying power factors
with 1 p.u. apparent power. Grey columns represent data when the converter is
not stable.

5.3.3 Simulation Results and Analysis

The performances of the proposed converter are verified by a MBSM STATCOM
model built in MATLAB/ Simulink and the parameters are listed in Table 5.5.
The controller step is set as 5 us and the PDSC frequency is 500 Hz. The losses
curves of the IGBT module FZ1200R33HES3 produced by Infineon are applied for

losses analysis.

Fig. 5.16 illustrates the converter outputs at different set-points. When real-
ising 100% reactive power, as is shown in Fig. 4 (a), the AC current and stack
current are both of high quality with low THD at 0.1%. In addition, the max-
imum capacitor voltages deviation is approximately 9.1%. At the set-point of
Py = 0.6 and Q,.y = 0.8 (Fig. 4 (b)), where the apparent power is equal to
the former set-point, active power generated by ES-MBSMs results in voltage
unbalance of different sub-stacks. Due to the effect of ES current in ES-MBSMs,
voltages of SMs in different types are not balanced. The maximum SM voltage
deviation increases to approximately 22.8% and consequently the output cur-
rent has larger distortion. Fig. 4(c) presents the results when P,.; = 0.6 and
Qrey = 0.8 with constant amplitude (300A) third harmonic circulating current
applied. The maximum voltage deviation is reduced to 19.4 %, verifying that

additional circulating current is able to promote the SM voltage balancing.

The performances of the proposed MBSM STATCOM together with its low
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Figure 5.18: Maximum SM voltage deviation versus varying power factors with
1 p.u. apparent power. Grey columns represent data when the converter is not
stable.

level controller are compared with a conventional FBSM STATCOM controlled by
classic SM sorting low level controller [168]. The system parameters are the same
as those listed in Table I. The power losses and maximum SM voltage deviation
versus varying active powers with constant apparent power are illustrated in
Fig. 5.17 and Fig. 5.18. The grey columns represent data when the converter is
not stable. The MBSM STATCOM is able to release 0.7 pu active power while
the conventional FBSM STATCOM becomes unstable when @,y > 0.5. The
MBSM STATCOM performs better on conduction losses, switching losses and

the maximum voltage deviation than its FBSM counterpart.

5.4 Active Current Sharing of SiC Devices through
Multi-H-Bridges

5.4.1 Paralleling of SiC Devices

High voltage SiC MOSFETSs have been attracting increasing attention due to their
promising performances in low on-state resistance, high breakdown voltage, fast
switching speed, and high power efficiencies over Si IGBTs [170], which are the
basis of SMs in most of the current MMC projects. Specifically, in the design of
the MMC, adopting SiC MOSFET as the substitution of Si IGBT could increase
the rating voltage of a single SM. In addition, thanks to their higher switching
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frequency and much lower switching loss, SiC MOSFETs make it possible to
build an equivalent-scale MMC with fewer SMs, while maintaining high efficiency
and low THDs. SiC MOSFETSs are usually connected in parallel for high power
applications due to the low current rating of discrete devices. Fig. 5.19 illustrates

a FB SM constructed by four integrated power modules consisting of paralleled

SiC MOSFETs.

PR | B
AR | SRR

Figure 5.19: Structure of SiC MOSFET based FBSM with paralleled devices.

In spite of the above mentioned superior performances, paralleled SiC MOS-
FETSs need to face current unbalance issues resulting from device parameter mis-
matches, which may cause unequal power losses and higher current overshoot.
Much research has been conducted to analyse and suppress the effects of un-
balanced current. An active current balancing scheme is proposed in [171] in
which the unbalanced current is sensed and eliminated by actively controlling the
gate drive signal to each device. In [172], the influence of circuit mismatch is
investigated and experimentally evaluated, and a power module layout with an
auxiliary source connection is developed to reduce the coupling effect among the
paralleled dies. Ref. [173] presents a paralleled half-bridge unit characterised by
a distributed arrangement of dc capacitors to improve the transient current shar-
ing performance. Moreover, an approach with the incorporation of a differential
mode choke is proposed in [174] to suppress the imbalance current among parallel
SiC MOSFETs.

Considering the large number of SMs configured in a MMC, higher costs and

more sophisticated control algorithms are expected if the current balancing meth-
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ods require auxiliary capacitors, chokes, inductors, or on-time sensors for each
discrete MOSFET. The multi-busbar SM (MBSM) [175] and the corresponding
soft-paralleling mechanism are proposed initially for capacitor voltage balancing.
Doubled current paths are constructed and consequently the SM current rat-
ing is increased thanks the intrinsic characteristic of the MBSM structure. The
semiconductors in different busbars cooperate to connect the adjacent capacitors
either in series or in parallel. The extra degree of freedom in multiple current
paths inspires the idea of extending the MBSM to a new structure with more
than two busbars, allowing actively parallel of not only SM capacitors but also

SiC MOSFETSs for better current sharing and power efficiency.

The Multi-H-bridges Submodule (MHSM) proposed in this section parallelizes
multiple H-bridges. The goal of MHSM is to deal with the unequal steady-state
current caused by on-state resistance (R,,) mismatches in discrete SiC MOS-

FETs. The contribution of this section can be summarised as follows:

(1) The MHSM structure, basic elements, and basic states are introduced in

detail, to help in explaining the low-level control algorithm.

(2) Active current sharing is achieved by sorting and feedback-ing the average

H-bridge current since H-bridges in a MHSM is decoupled from each other.

(3) When instantaneous current is low, fewer H-bridges are actively switched

into conduction paths rather than all of them for improved power efficiency.

(4) Four modular multilevel STATCOM models with different SM configu-
rations are built for simulation. Apart from verifying the normal operation of
the proposed topology and control algorithm, results also show MHSM allows
the same converter rating to be achieved with fewer submodules; MHSM STAT-
COM has the best power efficiency among all investigated configurations; and

the current sharing performance versus R,, mismatch is assuring.

136



5.4.2 MHSM Configuration
The Paralleled H-bridges

The structure of a MHSM consists of 4 paralleled H-bridges and how MHSMs
are connected in a stack is demonstrated in Fig. 5.20. Similar to the series and
parallel SM and the MBSM, the states are defined for stack terminals. The stack
terminals shown in the dashed blocks in Fig. 5.20 apply the same structure and
operation principles as those introduced in [74] and [176]. This paper focuses on
the interconnection and defin-es it as MHSM, as presented in the solid block in
Fig. 5.20. All paralleled H-bridges are connected to two adjacent capacitors. The
MHSM requires the cooperation of all H-bridges to output the desired SM state:

Positive, Zero Voltage, or Negative.

B AR

E JE'}Z Jﬁ}“JE:}JEi} ]

Figure 5.20: The structure of a MHSM constructed by 4 paralleled H-bridges.

Notice that different H-bridges in the MHSM in Fig. 5.20 are marked with
different colours and labelled with Arabic numerals (1, 2, 3, 4). In the basic
element of a MHSM, the H-bridge, shown in Fig. 5.21 (a), SiC MOSFETs in
different positions are labelled by lowercase letters (a, b, ¢, d). Similar label rules
are also applied in Fig. 5.19(a) to define the positions of semiconductors in the
FBSM with paralleled SiC MOSFET devices.

Fig. 5.21 (b), Fig. 5.21 (c), and Fig. 5.21 (d) present the block state, the
series+ state, and the series- state of the H-bridge. The SM state will be Positive
when there is at least one H-bridge in the series+ state while the rest of the
H-bridges are in the block state. Similarly, if there is at least one H-bridge in the
series- state and the rest of the H-bridges are in the block state, the SM state

becomes Negative.
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(b) The Block state

(c) The Series+ state (d) The Series- state
Figure 5.21: The proposed MHSM states.

Soft-parallel States

The soft-parallel states of the H-bridge are co-determined by the direction of
stack current and the voltages of the two capacitors connected to the H-bridge
(Ver and Vig). Power diodes play an important role in conducting current. All
soft-parallel states are listed in Fig. 5.22. Stack current flowing from left to right
is defined as a positive direction, while current flowing from right to left is defined
as a negative direction.

The soft-parallel states when the stack current is positive are presented in
Fig. 5.22 (al) and Fig. 5.22 (a2). For simplicity, SP-5.22-al and SP-5.22-a2 are
applied to represent the corresponding soft-parallel states in the following content.
If the desired SM state is Zero Voltage, there should be at least one H-bridge in
the SP-5.22-al state, and at least one H-bridge in the SP-5.22-a2 state, in order to
parallel the adjacent capacitors for voltage balancing. The rest of the H-bridges
in the MHSM are in the block state. Fig. 5.22 (a3) and Fig. 5.22 (a4) present
the equivalent conduction paths of the whole MHSM when V1§ Vo, Because of
the voltage difference, only the H-bridge(s) in the SP-3-al state is conducting
current while the H-bridge(s) in the SP-5.22-a2 state is not. In this instance,
we define the SP-5.22-al state as active soft-parallel, and the SP-5.22-a2 state

as inactive soft-parallel. In the equivalent conduction paths when Vi1iVee, as
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Figure 5.22: Soft-parallel states and equivalent conduction paths.
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Table 5.6: SiC MOSFET States in a H-bridge of the MHSM.

MHSM H-bridge State Semiconductor Position
a b C d
Block 0 0 0 0
Series + 0 1 1 0
Series - 1 0 0 .
SP-5.22-al 1 0 0 0
SP-5.22-a2 0 0 0 )
SP-5.22-b1 0 0 1 i
SP-5.22-b2 0 1 0 0

presented in Fig. 5.22 (ab) and Fig. 5.22 (a6), the SP-5.22-al state becomes

inactive soft-parallel, and the SP-5.22-a2 state becomes active soft-parallel.
Soft-parallel states when the stack current is negative can be found in Fig. 5.22 (b1)

and Fig. 5.22 (b2), and are marked as SP-5.22-bl and SP-5.22-b2. Equiva-

lent conduction paths in different capacitor voltage circumstances are listed in

Fig. 5.22 (b3), Fig. 5.22 (b4), Fig. 5.22 (b5), and Fig. 5.22 (b6). The definitions

of active and inactive soft-parallel are similar to those when the stack current is

positive. The analysis will not be repeated here to save space.

5.4.3 Semiconductors Current Imbalance Issue

Based on the label system introduced in the previous section, the combination of
lowercase letters (a, b, ¢, d) and Arabic numerals (1, 2, 3, 4) can be applied to
specify a SiC MOSFET, either in the MHSM or in the FBSM. For example, c4
represents the SiC MOSFET on the top right of the 4th H-bridge in a MHSM.
While in a FBSM, c4 represents the 4th paralleled SiC MOSFET in the top right
power module.

Semiconductors current imbalance issue among different positions is caused
by operation points. In the MHSM, semiconductor states are determined by the
SM state, the stack current direction, and the relative magnitude of capacitor

voltages, as listed in Table 5.6. The semiconductor states in FBSM are similar.
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When the SM state is Positive, position a and position d conduct current; when
the SM state is Negative, position b and position ¢ become the new conduction
path; When the SM state is Zero Voltage, either position a + ¢ or position b +
d is the conduction path. In the typical operation point of a STATCOM when
generating reactive power, both the stack voltage and stack current are sine waves
without offset, which means SMs have an equal time ratio in the Positive state
and in the Negative state during a cycle, and meanwhile, the MHSM is able
to operate evenly in four soft-parallel states to output zero voltage. With the
control scheme proposed in [177] applied, the current imbalance among different

semiconductor positions can be suppressed.

As for the current imbalance issue of MOSFETSs among different paralleled H-
bridges in the same position, the solution is based on decoupling the conduction
of each H-bridge. The average semiconductor current in each H-bridge is fed into
the controller. The H-bridge with the lowest average current will be allocated the

highest priority to conduct current for paralleled SiC MOSFET current balancing.

5.4.4 Active Current Sharing Low Level Control Algo-

rithm

The MHSM STATCOM studied in this paper applies distributed control frame-
work, in which energy management, power control, current control, and low level
control are decoupled and allocated to controllers in different layers. The higher
level algorithm is the same as that applied in conventional STATCOM [165]. The
active current sharing low level control algorithm takes the desired MHSM state,
capacitor voltages, current rating of a discrete SiC MOSFET and the average
current of all MOSFETSs in each H-bridge as inputs and outputs gate signals for
all SiC MOSFETs.

As detailed and presented in Algorithm 3, at first, the controller calculates
the number of H-bridges to be actively switched in, denoted by N4, based on the

instantaneous stack current and the current rating of discrete SiC MOSFET:
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Algorithm 3 Active Current Sharing Low Level Control.

Input:
S: Desired state of the MHSM;
V¢1: Voltage of the capacitor on the left;
V¢z: Voltage of the capacitor on the right;
Itack: Stack current;
I -qteq: Rated current of the discrete SiC MOSFET applied,;
Iy: Average current array (Ny by 1) of all MOSFETs in each H-bridge.
(Ny denotes the number of H-bridges in a MHSM)
Output:
G: Gate signals array (4Ny by 1) of all SiC MOSFETs.
Start algorithm
1: Calculate the number of H-bridges to be actively switched in based on Eq. (1).
2: Sort Iy ascendingly, assign 0 to the minimum element in the sorted array Iggorted -
3: Calculate H-bridge state array Sy based on Eq. (2).
4:if(§==1)
5: fori=1- Ngydo
6: if (S (i) > 0): Assign corresponding state = Series+;
7: else: Assign corresponding state = Block;
8: else if (§ == 0)
9 if Ustacr > 0)
10: it (Ve > Ve2))

11: fori =1- Ny do

12: if (§y (i) > 0): Assign corresponding state = SP-5.22-al;

13: else if (S (i) == 0): Assign corresponding state = SP-5.22-a2;
14: else: Assign corresponding state = Block;

15: else

16: fori =1- Ny do

17: if (Sy (i) > 0): Assign corresponding state = SP-5.22-a?2,

18: else if (S (i) == 0): Assign corresponding state = SP-5.22-al,
19: else: Assign corresponding state = Block;

20:  else

21: it (Ver > Ve2)

22: fori=1—- Ny do

23: if (S§y (i) > 0): Assign corresponding state = SP-5.22-b1;

24: else if (S (i) == 0): Assign corresponding state = SP-5.22-h2;
25: else: Assign corresponding state = Block;

26: else

27: fori=1—- Ny do

28: if (Sy (@) > 0): Assign corresponding state = SP-5.22-h2,

29: else if (S5 (i) == 0): Assign corresponding state = SP-5.22-h1,
30: else: Assign corresponding state = Block;

31: else

32: fori=1- Ngydo

33: if (55 (i) > 0): Assign corresponding state = Series-;

34: else: Assign corresponding state = Block;

End algorithm

Figure 5.23: Active Current Sharing Low Level Control Algorithm.
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IS ac.
Ny = cez’ling(M) (5.16)

rated

Not all MOSFETSs are required to conduct current in a full cycle. Conse-
quently, switching losses can be reduced by dynamically determining the mini-
mum conduction paths, especially when the stack current is low. The average
current of each H-bridge are sorted and H-bridge states are determined by N4
and the sorted array [ggoreq based on Eq. 5.17.

SH - Sgn(NA - ]Hsorted) (517)

For each element in the array Sy, “1” represents the corresponding H-bridge
should be actively switched in; “0” represents the H-bridge should be inactively
switched in; “-1” represents the H-bridge should be blocked. Then the specific
state of each SiC MOSFET is obtained based on the capacitor voltages, desired
MHSM state, and stack current direction, as illustrated by Step 1 to Step 34 in
Fig. 5.23.

5.4.5 Simulation Results

Table 5.7: MHSM System Parameters

Parameters Value Parameters Value
Nominal Power 30 MVA Phase Inductance 0.1 pu
Line Voltage (RMS) 15 kV Stack Inductance 0.1 pu
Nominal Frequency 50 Hz Sampling Time D s
Stack Energy 300kJ Control Frequency 10 kHz

The proposed MHSM is investigated in typical modular multilevel STATCOM
scenario, generating certain reactive power. The parameters of the system are
summarised in Table 5.7. Four STATCOM models with stacks constructed by
different SM configurations are built in MATLAB/Simulink to compare the per-
formance of the proposed SiC MOSFET MHSM (Conf. 1) [178] with directly
paralleled SiC MOSFET FBSM in the same voltage rating (Conf. 2), Si IGBT
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Table 5.8: SM Configuration Parameters

Label Type Semiconductor N Viated Nyated
Conf. 1 MHSM ?}1{%\1\;[_ ?S[f‘%il; 8 3300V 400A
Conf. 2 FBSM SIC(%?/S_S)ET 8 3300V 400A
Conf. 3 FBSM (FZlS()’l(){)(E{];?THE 4 8 3300V 1600A
Conf. 4 FBSM (FZlSGI()éCP;{If;I‘HP 4) 8 1700V 1600A
20 | T T | |
— Stack A
0 — Suekc |

Voltage (kV)
]

-10F
_20| 1 | 1 1
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2.1 .
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Figure 5.24: Performances of the MHSM STATCOM and the proposed controller:
(a) Stack voltages in three stacks, (b) Capacitor voltages of all MHSMs in the
Stack A;
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FBSM in the same voltage rating (Conf. 3), and Si IGBT FBSM in half the
voltage rating (Conf. 4). The parameters of four different SM configurations are
summarised in Table 5.8. The current rating of the SiC MOSFET is 400A while
the current rating of the Si IGBT is 1600A. Consequently, both the MHSM in
Conf. 1 and the FBSM in Conf. 1 connect four SiC MOSFETSs in parallel for
fair comparison. The stacks in Conf. 1, Conf. 2 and Conf. 3 are constructed
by eight SMs with a 3300V semiconductor rated voltage and a 2000V capacitor
rated voltage. The stack in Conf. 4 has sixteen SMs. The semiconductor rated
voltage and the capacitor rated voltage are 1700V and 1000V, respectively. The

SM capacitance ensures different configurations have equal stack energy.

The stack voltage and SM voltage of the model in Conf. 1 are presented in
Fig. 5.24 (a) and Fig. 5.24 (b). During normal operation, the STATCOM is set to
push 1 p.u., 30 MVar, reactive power to the AC side. The stack generates staircase
voltage tracking the reference obtained from the higher level current controller.
Because of the periodically paralleling mechanism of adjacent capacitors, the
maximum SM voltage difference is regulated to less than 6.3% of the nominal SM

voltage.

The current sharing performances are then investigated under a 5% R,,, mis-
match, and the steady state currents of all SiC MOSFETs in a MHSM and a
FBSM are shown in Fig. 5.25 (a) and Fig. 5.25 (b), respectively. In each controller
step, the H-bridge with the lower average current is allocated higher priority to
conduct current and compensate for the imbalances. Evenly distributed currents
are found among different SiC MOSFETSs in the MHSM, which also indicates
better thermal performance than that of the FBSM.

The modulation framework applied by the MHSM in Conf. 1 is PSC modu-
lation. The FBSMs in the other three configurations all apply NLM with PWM
on the last voltage level (NL-PWM). The THDs of different SM configurations
versus different PWM frequencies are presented in Fig. 5.26. THDs are dropping
with the increase of PWM frequencies in all SM configurations. Conf. 1, Conf. 2,
and Conf. 3 have similar THDs at the same PWM frequency, though different

modulation frameworks are applied. Since Conf. 4 has twice the number of SMs
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Figure 5.26: THDs of different STATCOM configurations versus PWM frequen-
cies.

in each stack, the same THD can be achieved with a lower PWM frequency com-
pared with the other configurations. The baseline (red dotted line) indicates that
a stack with eight SMs modulated by a 3000 Hz PWM has a similar THD to a
stack with sixteen SMs modulated by a 1000 Hz PWM. The conclusion is used

to compare the power losses of different configurations.
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Figure 5.27: Conduction losses and switching losses of STATCOMs in four dif-
ferent SM configurations versus reactive power output.

Conduction losses and switching losses of STATCOMs in four different SM
configurations versus reactive power output are illustrated in Fig. 5.27. The
PWM of STATCOMs in Conf. 1, Conf. 2, and Conf. 3 are 3000 Hz, while the
converter in Conf. 4 operates at 1000 Hz, as all STATCOMs have AC output in the
same THD. Results show: 1) SMs constructed by SiC MOSFETs can reduce both
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conduction loss and switching loss even modulated by a higher PWM frequency
compared with Si IGBT based MOSFET. 2) Conf. 1 has approximately the same
conduction loss compared with Conf. 2, but the MHSM (Conf. 1) is able to reduce
the switching loss, especially at lower current operating points. The switching
loss is reduced by about 14.8 % when generating full rate reactive power and by

38.4 % when generating 0.2 p.u. reactive power.

5.5 Summary

This chapter investigates MBSM applications in STATCOM where MBSMs op-
erate in four quadrants. Section 5.1 provides the STATCOM modelling and the
corresponding higher level control, and introduces how ES is configured in MB-
SMs.

Section 5.2 presents a delta-configured, modular multilevel, STATCOM based
on MBSM topology where PRES are distributedly integrated in MBSMs to pro-
vide both active power and reactive power. The soft parallel of MBSM is more
effective in reactive power mode than active power mode due to the location of
ES, which see their current circulation limited to their own SM capacitor. The
proposed controller for the MBSM STATCOM dynamically switches between two
operation modes to reduce the converter losses over the extended range of active
power, in line with the state-of-the-art papers. Simulation results confirm the
earlier point, in that PRES-MBSM-STATCOM performs better at pure reactive
power set-points and marginally better at high active power. This is explained
by the fact that MBSM operates more frequently in soft-paralleling mode when
the ES are released less power, i.e. reactive power set-points.

Section 5.3 proposes a new type of PRES STATCOM configured in ES-MBSM
sub-stacks. The mixed control system and modulation framework are also pre-
sented. Compared with the conventional FB counterpart, the active power capa-
bility is increased from power factor = 0.5 to power factor = 0.7, while the power
losses and the maximum SM voltage deviation are reduced by 14.9% and 35.2%

respectively when operating at pure reactive power output. Moreover, the active
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power capability can be further improved with larger circulating current applied.

Section 5.4 presents the MHSM constructed by multiple parallel-connected
SiC MOSFET H-bridges to provide the freedom of degree in the current rating.
Simulation results have verified that the current sharing performance against on-
state resistance mismatch is improved, and the switching loss is reduced compared
with conventional FBSM constructed directly paralleled SiC MOSFETs. The
same converter rating can be achieved with less MHSMs compared with Si IGBT

SMs.
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Chapter 6

Design of Micro-MMC

The extensive applications make the MMC a key topology within the power elec-
tronics community, requiring further research and, crucially, education of the
next generation of power electronics engineers. It remains impractical to build an
MMC at industrial-scale (typically in the hundreds of megawatts) within a tra-
ditional experimental lab. The micro-MMC (uMMC, p for its rating at one mil-
lionth of usual transmission-scale MMCs) aims to provide a solution to break the
barrier from theory to practice. It should be noted that the demonstration of the
uMMC in this chapter is based on the FBSM MMC rather than the MBSM MMC
introduced in the previous chapters. Thanks to the distributed control framework,
the uMMC shares the same higher level control algorithm as the MBSM MMC.
Besides, the scalability characteristics of the uMMC allow an MBSM MMC to

be constructed with specific inter-connections of the reserved ports.

6.1 Motivation

In industrial projects, the MMC usually has extremely large footprint. Building
an industrial-scale MMC is high cost and time-consuming, make it unapplica-
ble for research and education. Building reduced-scale MMCs based on specific
research objectives becomes a widely accepted option, especially for university
laboratories [179, 180, 181, 182]. Generally speaking, the specification for the

reduced-scale MMC can be roughly divided into five types of studies according to
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their intended purpose [183, 184], including: (A) Power system and multi-terminal
network studies; (B) Power and control system studies; (C) Communications and
control architecture studies; (D) Future converter topology and SM configuration
studies and (E) Fault and protection studies [185]. In the case of the lab-scale
MMC focusing on type (B) and type (D) studies in Imperial College London,
three researchers spent two years’ efforts in the designing and constructing stage
of two full design iterations, not to mention the time and cost spent on carrying

out the follow-up research and teaching tasks.

Even a reduced-scale MMC could contain dozens or even hundreds of SMs
in total, which means the control system should handle the interaction of large
amounts of sensors, communication units and control targets, i.e. power semi-
conductors [186]. Instead of centralized control, hierarchical control structure
consisting of multi layers distributed controllers, is proved to be convincing in
many projects developed by industry and academia. In a typical control struc-
ture, the upper level controller accepts output voltage and power reference orders
to generate stack voltage references for the lower level controller. Lower level
controller is in charge of SM balancing and output the gate signals of power
semiconductors. Detailed summary of the distributed control system of MMC

can be found in [187].

The popularity of integrated development boards and their corresponding
open source community have profoundly simplified the barriers from analyti-
cal and simulation models to hardware realization. A large number of mature
projects are open to researchers and engineers for reference to accelerate the devel-
opment process. In addition, MATLAB/Simulink provides comprehensive hard-
ware support packages for popular development boards, such as Arduino [188],
Raspberry Pi [189], Texas Instruments LaunchPad [190], STMicroelectronics Nu-
cleo Boards [191], NVIDIA Jetson Nanos [192], etc. It is practical to transform
power electronics from simulations to experiments in hours with versatile inte-

grated controllers and experiment tools.

This chapter presents a time-efficient, economical and integrated choice for

MMC researchers, the upMMC. From the perspective of the power circuit, the
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Figure 6.1: Three phase MMC with 4 SMs in each stack and the primary circuit
of the micro-MMC

uMMC can be seen as a single phase of the classic three phase MMC, as shown
in the shaded area in Fig. 6.1. Eight re-configurable FBSMs, an embedded uC,
current sensors, and components for the primary circuit are integrated into a
10x 10 ecm PCB. The DC bus operating voltage is designed to be lower than 30
volts, the same as the typical output of the traditional laboratory power supply.
Users can access the open-sourced design files directly for PCB manufacturing
and get it in weeks with cost around 50 pounds. The control architecture follows
the distributed type. Both Serial Peripheral Interface (SPI) and Universal Serial
Bus (USB) communication ports are reserved, making it is possible for pMMC to
either operate independently, or act as lower layer system and controlled by most
of the popular integrated development boards. Users can benefit from various of
features of the uMMC, including but not limited to:

(1) Safe: The uMMC is capable to operate in low voltage/power scenario so
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users are free to use it either in a lab or at home.

(2) Economical: The low-cost of the pMMC make it suitable for education
and training.

(3) Open-source: All hardware design files and software project files are pro-
vided. Users can simply download, order, test and transform their ideas from
simulation to practise in days.

(4) Scalability: Apart from operating as a single board power electronics
system, the multi-layer control framework, together with the power ports and
communication ports reserved in the uMMC allows more complicated system to
be constructed and demonstrated.

The uMMC is essentially an ultra reduced-scale MMC. To reduce the total
cost of the system, the accuracy of measurement elements are not as good as those
used in industry. Besides, the bandwidth of communication is narrow, making it

harder to design controller parameters.

6.2 Hardware Design

6.2.1 Overall Layout

The uMMC is essentially a 10 cm x 10 cm PCB, as presented in Fig. 6.2 and
Fig. 6.3, which integrates a single phase MMC with the primary circuit, eight re-
configurable SMs, and related sensors and controllers. The overall layout of the
uMMC is illustrated in Fig. 6.4, where the black solid lines represent the internal
electrical connection within the PCB, while the red dashed lines demonstrate the
user-defined connections. The primary circuit, located at the top of the PCB,
includes two stack inductors for the sake of compensating high order harmonics.
Stack currents are measured by two hall effect current sensors rather than current
transformers because the former requires less space on the PCB. The output pins
of the current sensors are connected to the stack controller. A Double Pole Double
Throw (DPDT) relay is also included in the design, allowing two resisters to be
switched into the primary circuit when demonstrating the start-up procedure.

The resisters aim to limit the pre-charge current injected to SM capacitors.
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Figure 6.3: The bottom view of the uMMC
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The layout of signal tracks, represented by the blue dashed lines in Fig. 6.4,
is centered on the stack controller, an embedded STM32 micro-controller (1C).
In the pC, two analogue to digital converter (ADC) pins are connected to the
output pins of current sensors to read the voltages corresponding to stack currents;
a general-purpose input/output (GPIO) pin is connected to the relay to control
the switching status of the resistors. Besides, the pC also interacts with eight
SMs through GPIO pins and timer modules (TIM) to measure SM voltages and
control the switching of semiconductors. Universal serial bus (USB) Interface
and Serial Peripheral Interface (SPI) are both reserved so that the uC is able to

communicate with higher-level controller to realize sophisticated control schemes.
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Figure 6.4: Overall layout of the uMMC.

6.2.2 Submodule

The design of the SM has taken supporting both HB and FB topologies into
consideration. As shown in Fig. 6.5, two integrated HBs and a power capacitor
are connected in parallel to construct the power circuit of the SM. Ports connected
to the anode of the capacitor, the switch node of the first HB, the switch node
of the second HB, and the cathode of the capacitor are all reserved, denoted as

Venr, OUT,, OUTy and GN D respectively in Fig. 6.5. The SM will operate as
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an HB-SM when one of the OUT ports and GN D are connected to the primary
circuit, while if both OUT; and OUT5 are connected to the primary circuit the
SM becomes a FB type. The power capacitor can either be soldered in the PCB
or be connected externally via Vsy, and GN D, making it is flexibility to change
the capacitance as required for different applications.

Each HB is realized by a high-efficiency synchronous buck power stage module
consisting of two asymmetrical MOSFETSs and integrated drivers. The switching
states of the SM are controlled by an enable signal and two-channel PWM signals
from the stack controller. A tiny pC is configured in the SM to measure the
capacitor voltage and convert the voltage into a digital signal, denoted as fy,
of which the frequency is proportional to the SM voltage. Thus, voltages are
transformed to digital signals and are transmitted through a digital isolator, and
finally to the stack controller. Besides, the tiny pC is also used to light on a
local LED (omitted in Fig. 6.5) when the measured voltage is in a safe range.
Consequently, the state of the SM is demonstrated explicitly, as a reference for

users to take corresponding actions.
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Figure 6.5: SM design in the yMMC.

6.2.3 Components Sizing

Capacitors sizing issue has been extensively investigated in [153], which proposes

a mathematical model that estimates the energy deviation for the stacks of the

158



MMC during steady-state operation under any power factor and for AC voltage
magnitude fluctuation of up to +£10%. The analysis is used to calculate the
minimum size for the cell capacitors in order to keep their voltage fluctuation
within set boundaries. The results show that the MMC requires 39 kJ/MV A
of capacitive energy storage under sinusoidal modulation. The corresponding

function for the uMMC is:

3-2- Ngp - Conr - Ve (J)
S,uMMC (VA)

30 kJ/MVA =39 % (6.1)

The rated power of the pMMC is set at S, pmc = 90 VA. Then the minimum
SM capacitance required is 5.2 mF. Take the operation margin and the commonly

found size in the component market into consideration, the final value is 6800 uF.

The sizing for phase inductors is based on Eq.(6.2) to suppress second order

harmonic current [193]. The selected value for inductors is 1.2 mH.

5 Nsar

Ls-C —_—
S SM>48w2

(6.2)

6.2.4 Cost for Hardware

Aiming at developing an economical experiment bench-top that is suitable for
education and research, much effort has been spent on the cost management of
the uMMC. According to the market situation of electronic devices in July 2022,
the total cost of a puMMC can be controlled at £62.79. With an order for more
than 1000 pieces, the unit cost can be further reduced to around £50. Most
of the MMC-related experimental research can be carried out on uMMC even
with a small project budget. The cost of elements is summarized in Table 6.1
and extensively presented in Table 6.2. The detailed PCB design files and bill of
materials (BOM) are provided on GitHub [194] for users’ interest.
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Table 6.1: Cost of Elements (July 2022)

[tems Price (1 piece) Price (Mass Production)
Electronics Components £58.56 £47.43
PCB Manufacturing £1.22 £0.69
SMT Service £3.01 £1.96
Total Price of a uMMC £62.73 £50.08

6.3 Distributed Control System

The pMMC adopts a distributed control structure. The embedded stack con-
troller and SM controllers within the PCB take into account both performance
and cost. The pMMC can operate independently to realize the control algorithm
that does not require strict computing resource, such as traditional Proportional
Integral (PI) control, open-loop motor control, etc. With the communication
interfaces reserved, the embedded controllers can also coordinate with external
master controllers while they are decoupled physically. Advanced control algo-
rithms that require high computational power can be realized with the master
controller, while the controllers embedded in the uMMC undertake part of the
control tasks, such as running MPC and Deep learning based higher level algo-
rithm with Raspberry Pi or Jetson Nano, and leave the low-level control on the
embedded controllers. In addition, the external controller can also coordinate
multiple uMMCs to construct a more complex power electronic system. This
section introduces the implementation of a three phase inverter mode MMCs
based on one master controller and three uMMCs. The MMC control framework
and related peripherals of the controllers are illustrated in Fig. 6.6. The overall
control tasks are distributed to the master controller and the embedded stack

controller.

6.3.1 Control Algorithm

The Master Controller undertakes energy management, power control and current

control. As the output voltage of the MMC is constructed by SM voltages, SM
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capacitor voltage balancing, determined by the energy stored in the capacitors,
is the prerequisite of normal operation. The objective of energy management in
the master controller is to ensure that energy stored in each stack is converge
to the rated value. The difference of the measured stack energy and the rated
value is fed into PI controllers to generate the power correction command. Then
power control takes the command, together with the set-points of active power
and reactive power, and the measured DC and AC voltage, to calculate the AC
current references and the circulating current references. Regarding the model
and the variables presented in Fig. 6.1, the dynamics of phase A can be described
by a set of loop voltage ordinary differential Eq. (6.3). Popular current controllers
including DQ controller, LQR and MPC are all based on Eq. (6.3). The outputs of
the current controller, stack voltage references (Vg; and Vgs), are finally calculated
from the stack currents (Ig; and Igz), the AC and DC side voltage (U4 and Vpe)

and the current references.

d(lgy — 1 dl 1
wp 4 LM Is2) g odls 0 Ly
dt dt 2 (6.3)
d(Is1 — Is2) dIs; 1 .
L .y — Vpe =
uag + i S o Vo + 2VDC 0

The Stack Controller is embedded in the uMMC. SM voltages and stack cur-
rents are measured and applied for selecting the operation mode. During normal
operation, the fundamental task of the stack controller is to generate PWM sig-
nals to control the switching states of semiconductors so that the stack voltage
formed by SM voltages tracks the stack voltage references transmitted by the
master controller. Meanwhile, the voltage balancing of different SMs within one
stack is realized by periodically choosing certain SMs to be inserted into the
conducting circuit. The SM are sorted by their capacitor voltages. If the stack
current is in the direction of charging the stacks, the SM with the lowest voltage
will be allocated the highest priority to be inserted, and vice versa. When the
average SM voltage is lower than a certain threshold, the stack controller will
operate in start-up mode and charge the capacitors until their voltage reach the
rated value. The third mode is error response when the SM voltage or stack up

exceeds the safety value. The stack resister will be switched in the primary circuit
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and all SMs will be blocked to protect the components from damaged.

6.3.2 Concrete Implementation

Generally in power electronics design, voltages are measured by ADC peripherals
of controller or specially-designed voltage sensing Integrated Circuit (IC). How-
ever, the SM voltages in MMC are floating rather than grounded to the primary
circuit, making it’s impossible to measure multiple SM voltages directly with
ADC peripherals on a single controller. Besides, analog signals are more likely
to be interfered by noises than digital signals. Compared to voltage sensing IC,
the solution in the uMMC converts voltages into digital signals in a much more
economical way. As is illustrated in the left bottom of Fig. 6.6, the SM controller
reads the voltage from a potentiometer on ADC, and then uses it to set the com-
pare match register of TIM, to generate a square wave whose frequency is linear
proportional to the input voltage.

The square waves generated by SMs are decoded by the stack controller with
TIM modules operation in input capture mode. Whenever a specified signal edge
occurs on the input capture channel pin, the current value of the TIM counter is
captured and saved to the input capture register (CCR). The time period of the
input signal is calculated by the difference between the CCR values of two adja-
cent rising or falling edges and the clock frequency of the TIM module. Together
with the linear Frequency /Voltage function obtained from the SM controller, the
SM voltages can be inversely derivated in the stack controller. The current ver-
sion pMMC applied a STM32 pC as stack controller. The puC offers three 12-bit
ADCs, sixteen general-purpose TIMs, sufficient GPIOs and standard and ad-
vanced communication interfaces. So, it is capable to handle low level control
of two stacks, eight SMs. In addition, the STM32Cube Hardware Abstraction
Layer (HAL) [195] used for programming the stack controller offers high-level
and feature-oriented Application Programming Interface (API), and help accel-
erating the development process. With the high-portable HAL, the low level
control framework illustrated in Fig. 4 can be easily implemented in the upMMC

by students or engineers.
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1: DC+ Connector 7: Sub-Module 13: Debugger Connector

2: Current Sensor 8: Digital Isolator 14: Micro-USB Ports

3: AC Output Connector 9: SM Capacitor(Bottom) 15: SPI/Power Connector
4: Arm Inductor 10: SM Controller 16: Phase B

5: DC- Connector 11: Half Bridge Modules 17: Phase C

6: DPDT Relay(Bottom)  12: Stack Controller 18: Master Controller

Figure 6.7: Experiment Setup of a three phase inverter mode MMC.
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The communication between the uMMC and the external master controller are
conducted by USB [196] or SPI [197, 198] interfaces. The USB provides the most
successful serial interface having the characteristics of simplicity and flexibility
(plug-and-play), bi-directionality, increasing speeds, and low cost. The intelligent
mechanism allows USB system to detect the device attachment and detachment at
any time. SPIis a synchronous communication scheme with a separate clock wire,
apart from the signal wires and chip select wire, so it can work up to faster speed
than what Universal asynchronous receiver-transmitter (UART) [199] and Inter-
Integrated Circuit (I2C) [200] can provide. The uMMC operates in USB device
mode or SPI slave mode, so technically multiple pkMMCs can be controlled by

a single master controller to demonstrate a more sophisticated power electronics

system.
Table 6.3: Micro-MMC Operation Parameters

Parameters Values Parameters Values

Active Power 90 W Load Resistance 20 2

Number of SMs (per stack) 4 Nominal SM Voltage 4V
AC Line Voltage (Amplitude) TV DC Voltage 16 V
AC Frequency 50 Hz PWM Frequency 10 kHz

Master Controller Execution Frequency 1 kHz

MATALB/Simulink provides comprehensive support packages [201] for hard-
ware development boards (e.g. Raspberry Pi, TT LaunchPad, Arduino, STM32
Nucleo...), allowing the transition from simulation models to hardware programs
in hours to be practical. After creating the Simulink model, users can simulate
the model and download the completed algorithm for standalone execution on the
development boards. MATALB/Simulink has also offered a particularly useful
capability to tune parameters live from the Simulink model while the algorithm
runs on the hardware. Both the communication interfaces on the master con-
troller and the control algorithms can be configured through graphical interfaces,

greatly shortening the process from theory to practice.
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6.4 Case Study

To verify the performance of the proposed uMMC and the control framework,
this section demonstrates a three phase inverter mode MMC constructed by three
uMMCs and a Raspberry Pi serving as the master controller. The experiment
setup is presented in Fig. 6.7 and all key components are listed. Each uMMC
operates as one phase of the MMC, configured by red, yellow and blue wires and
USB cables representing Phase A, Phase B and Phase C respectively for the sake
of distinguishing. The MMC converts 16V DC voltage from the power supply,
to 7V three phase AC voltage output on three 20 ) star-configured resistive
loads. The Raspberry Pi communicates with the uMMCs through USB interfaces.
Energy management and voltage and current double closed-loop control models
are built in Matlab/simulink and downloaded to the Raspberry Pi. The control
objective is to track the sine waves output voltage references, whose frequency is
50Hz and amplitude is 7V, and meanwhile maintain the voltage balancing of all
SMs. The system parameters are summarized in Table 6.3. The number of SMs
per stack is restricted by the PWM pins of the pC and the size of the PCB. Eight
PWM channels are occupied for singe phase MMC with two stacks. To ensure a

low THD of the output voltage, the PWM frequency is set at 10 kHz.
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Figure 6.8: Three phase AC output voltage.
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Figure 6.9: Stack voltages of Phase A.

Two cycles of the three phase output voltages are shown in Fig. 6.8. The
output voltages are in standard sine wave and track the frequency and amplitude
of the references accurately. The master controller frequency is set at 1 kHz,
which means the voltage references are updated at every 1 ms. The outputs of
the uMMCs are connected to the resistive loads directly without filters. Conse-
quently, high order harmonics resulted by the controller intervals can be seen on
the voltage outputs. Such harmonics can be simply removed with conventional

inductive filters.

Fig. 6.9 presents the stack voltages of Phase A. Both the upper stack voltage
and the lower stack voltage are in typical staircases and complementary in am-
plitude, showing that the stack controller and the semiconductors in the uMMCs
operate normally. It should be noticed that the stack voltages are floated from
each other and measured with differential probes. The voltage scale matters

rather than the specific values of the labels in the vertical axis.

The capacitor voltages of four SMs in the upper stack of the phase A are
shown in Fig. 6.10. The SM voltages balancing are ensured in a long time scale,
indicating the effectiveness of the SM balancing algorithm implemented in the

stack controller. In addition, Fig. 6.11 presents four SM voltages in four different
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Figure 6.10: SM voltages in a single stack.
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Figure 6.11: SM voltages in four different stacks.
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Figure 6.12: The Overall Experimental Setup for a Three-phase, Inverter-mode,
Resistive-load MMC.

stacks. All voltages are balanced and converged to the nominal SM voltage, 4V.
As has been introduced in Section III, SM voltages are measured by the SM con-
troller and decoded by the stack controller, then transmitted to the Raspberry Pi
through USB interface for energy management. The results presented in Fig. 6.10
and Fig. 6.11 have proved the coordination between controllers in different layers

can achieve expected results.

Fig. 6.12 presents the overall experimantal setup where three rheostats serve
as resistive loads, and three uMMCs operate together as a three phase inverter
mode MMC. The master control algorithm is simulated and compiled in Simulink,
as shown in Fig. 6.13, and then downloaded to the Raspberry Pi controller via
the Simulink Hardware Support Package. The whole procedure doesn’t require
line-by-line programming and coding. Besides, the 12C signals representing volt-
age measurement results are illustrated in Fig. 6.14. Fig. 6.15 presents details
of the communication ports, which are distinguished by different colored wires

representing three different phases.

170



Figure 6.13: The Master Control Algorithm implemented via the Simulink Hard-
ware Support Package.
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Figure 6.14: I2C Signals for Transmitting Voltage Measurement Information.
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Figure 6.15: Details of the Communication Ports.

6.5 Summary

This chapter introduces the hardware design of the uMMC, which integrates eight
FBSMs in a 10x10 cm PCB with an embedded pC and communication interfaces
to interact with an external master controller. The cost for a single uMMC could
be around 50 pounds for mass production. Then the control framework and con-
crete implementation are presented in detail. With the application of the uMMC,
the STM32Cube Hardware Abstraction Layer, and the MATLAB/Simulink hard-
ware support packages, it is possible to shorten the transition process from simu-
lation to hardware realization to several hours. The experiment setup and results
of a three phase inverter mode MMC verify the effectiveness, scalability and con-

venience of the proposed puMMC.
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Chapter 7

Conclusion

7.1 Summary of the Thesis

This thesis presents the MBSM MMC and the distributed control system for
HVDC applications. The topology, basic states, soft-parallel mechanism, single
device failure management, and reliability study are introduced first. The opera-
tion principle of the MBSM designs and how the MBSM approach can eliminate
in-rush current during the paralleling of MBSMs are introduced. Then, single
device failure management and the reliable study are presented. In the end, the
multi-busbar equivalent of the classic full-bridge SM topology is simulated and
compared with its single-busbar counterpart. MBSM improves performance at
the cost of doubling the number of semiconductors compared to conventional
FBSM. For applications that are sensitive to cost, it’s hard for the MBSM to be
considered before the price of semiconductors goes further down.

The rigorous mathematical framework for an elegant and automatable inde-
pendent variables state space modelling of a linear electrical circuit is presented.
The proposed automatised derivation strategy is verified by a simple case of elec-
trical circuit and a case of MMC. Besides, the MPC-based MBSM MMC start-up
control scheme is proposed, where the precharge of capacitors is converted into a
DCDC converter control problem and solved by MPC, which has greatly simpli-
fied the precharge of capacitors in MMC. Then, a reinforcement learning approach

is applied for MBSM low level control. A DQN agent is designed and trained to
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improve the voltage reference tracking, SM voltage balancing and switching fre-

quency reduction performances.

More applications of the MBSM in the scenario of STATCOM are investi-
gated in Chapter 5. The modeling and higher control of the delta configured
STATCOM, and how ES is configured in MBSMs are provided first, and then a
STATCOM with distributedly integrated partially-rated ES in MBSMs is inves-
tigated. The study uses the analytical formulation of the MBSM to derive the
mixed mode low level control system and the optimal phase angle of the circu-
lating current required for SM balancing. The objective of the controller is to
output 1 p.u. active power with 60 % ES-MBSMs. What’s more, the structure
and low level controller to allow ES-MBSMs to be configured in a sub-stack in
order to reduce the switching frequency are studied. The concept of MBSM is
further extended to structure with more busbars, named multi-H-bridge SM. The
new structure and the operation principle of multi-H-bridges are introduced first,
and followed by a detailed low-level control algorithm aimed at solving the un-

equal steady-state current issue resulting from on-state resistance mismatches of

paralleled discrete SiC MOSFETs.

The micro-MMC consisting of a benchtop-scale, low-voltage, open-source, and
affordable hardware prototype of a MMC, intended for research and teaching
applications, is finally introduced in this thesis. The micro-MMC aims to provide
a solution to break the barrier from theory to practice, thanks to its all-integrated
8 full-bridge sub-modules in a 10x10cm PCB with a local microcontroller able
to communicate with an external master controller. The electronics is rated for a
30V DC bus voltage as typically found in traditional lab power supplies, providing
both convenience and safety. This structure allows a lot of flexibility in terms
of testing converter topology and control architectures. The setup process of
the tMMC into a 3-phase inverter is detailed to demonstrate its versatility and

potential as a teaching and research tool.

The concept of MBSMs and the distributed control framework are proved by
rigorous theoretical analysis, modeling and simulation, and experimental verifi-

cation presented in this thesis.

174



7.2 Reflections on MBSMs

The price for discrete MOSFETS and IGBTs is expected to remain steady despite
growing demand. Besides, wide band-gap semiconductors are playing increasingly
significant roles in the power electronics industry. Power semiconductors are
paralleled for larger current applications, while are connected in series in high
voltage scenarios.

In the same voltage level applications, the MBSM is built with twice the
number of semiconductors as its IGBT-based FBSM counterpart, as introduced
in Chapter 3. However, it should be noted that the MBSM has the same num-
ber of discrete SiC MOSFETSs as conventionally integrated SiC MOSFET power
modules in the same current-level applications, as shown in Section 5.4. MBSM
and its corresponding low-level control method provide a new solution for the
integration of discrete semiconductors. MBSM'’s scalability in both series and
parallel connections provide extra flexibility in both voltage rating and current
rating of power converters. Even though a more complex low-level control algo-
rithm is necessary for the MBSM, the better performance it exhibits makes this
new SM topology attractive for further research.

The advantages of the MBSM are recalled and summarized as follows:

(1) The MBSM allows for easier start-up and shut-down since the bypass
switches connect the capacitors in parallel.

(2) Paralleling of SM capacitors results in a lower individual SM capacitor
voltage deviation; hence, smaller capacitors could be applied.

(3) Redundant SMs can stay in bypass mode while still charged, thus minimiz-
ing power losses and switch-in time. Better management of the bypass switches
in case of SM failure.

(4) Some switching combinations offer multiple current paths, thus lowering
the overall conduction losses of the stack of MBSMs.

(5) The MBSM can have any sets of positive and negative voltage levels to
minimize the number of semiconductor devices in the conduction path while re-
taining the above features.

(6) The MBSM is still a modular design for easy design and manufacturing.
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(7) More switching combinations of the MBSM provide potentially better

temperature and wear-out distribution.

7.3 Future Works

Many aspects of the topic presented in this thesis remain subject to further in-

vestigation, including but not limited to:

Investigating MBSM with even more Busbars:

More busbars provide more freedom of degrees for semiconductor state combina-
tions. In addition to improving power efficiency, the management of semiconduc-
tor states can also improve temperature and wear-out distribution. Future work
could focus on developing the corresponding low-level controller for MBSMs with

more busbars.

Building Experimental Platform to Validate the MBSM Concept:

The results related to the MBSM MMC provided in this thesis are from simulation
models. Subsequent research could focus on the development of an MBSM MMC
prototype to further validate the concept of MBSM. Since the MBSM makes full
use of the characteristics of power diodes, IGBTs and anti-parallel diodes are

preferable to power MOSFETS in the design of the prototype.

Training large Neutral Network for Improved Performances:

There is still much room for improvement in the performance of the RL based
low level control. The results is based on a single-phase model with only eight
MBSMs in each stack due to computing resource constraints (CPU in personal
computer). Training larger DQN networks with commercial GPU clusters could
help to improve performance even further. Besides, other performances can also
be considered in the design of the reward. Potentially, the effect of different NN

types or NN layers can also be investigated in future work.
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Building the open-source community of the micro-MMC:

Related files developed by the author have been uploaded on GitHub [194], in-
cluding PCB files, bill-of-material forms, controller algorithm files, user manuals,
photos of demonstrations, and so on. Many other interesting ideas could also
be tried on the micro-MMC prototype. All users are welcome to download the
related files, order the PCBs, explore new ideas, provide comments and feedback,

and contribute to the open-source community of the micro-MMC.
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Appendix A

Algorithms

Algorithm 1 Soft-paralleling based sub-stack voltage reference creation algo-
rithm

Input: V,.: Stack voltage reference;

Ve: MBSM capacitor voltages;
Lgqer: Stack current;

Ngg: Number of ES MBSMs;
N¢ap: Number of Normal MBSMs;

Output: Vgg: ES sub-stack voltage reference;

10:
11:

Veap: Normal sub-stack voltage reference;

Flag: Flag indicating whether control the whole stack (= 1) or two
sub-stacks (= 0);
Calculate average MBSM voltage V..., average ES-MBSM voltage Vesaver
and average normal MBSM voltage Vigper, calculate the sign of stack current
Sgn(]stack);
if (sgn(Lstack) - Vitack/Vaver = Neap) V (5910 (Lstack) * Vitack/Vaver < —Nps) V
(VESaver < VCaver) then

Flag = 1;
else
Flag = 0;

if (sgn(jstack) : ‘/stack/vaver Z NCap - NES) then
VES = Vstack‘/‘/;wer - Sgn(lstack) ' NC’ap7 VCap = Sgn(jstack’) ’ NCGP;
else
VES’ = _Sgn(lstack) : NE5'7 VCap = ‘/stack/‘/;wer + Sgn([stack) : NE37
end if
end if
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Algorithm 2 Soft-paralleling based gate signals generation algorithm

Input: V,.;: Voltage reference of the stack (or sub-stack);
Vem: MBSM voltages of the stack (or sub-stack);
Carrier: Carriers for all MBSMs in the stack (or sub-stack);
Ngp: Number of MBSMs in the stack (or sub-stack);
Lacr: Stack current;
Output: Gate signals

1: fori=1— N, do
2: Assign Carrier(i) to the corresponding terminal or interconnections;

3: Compare Vief/ > Vim, Get states: (1) State(i) = 1, if N, > Carrier(i),
(2) State(i) = 0, if Carrier(i) > Nyey > —C(i), (3) State(i) = -1, if N,y <
—Carrier(i);

4: end for

5. Translate states to gate signals.
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