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Abstract

Various industry sectors are now adopting high-power applications that involve
power electronics on a large scale. This increases the power level requirement of the
adjustable-speed drives utilized in such applications to scores of megawatts,
triggering the need for high-power driving at the medium-voltage (MV) level. Thus,
this thesis addresses the modular multilevel converter (MMC) as a promising
topology for MV machine drives. A special focus is given to the variable-speed
operation of MMC-fed three-phase machines, where the MMC experiences a serious
challenge when operating at low frequencies. The MMC’s unique operation
principles imply its floating submodule (SM) capacitors experience voltage
fluctuation at the fundamental operating frequency. At lower operating frequencies,
MMC capacitor voltage fluctuations can reach extreme levels, inversely proportional
to the operating frequency, where increasing the SM capacitance for voltage ripple
compensation is not viable. In this context, this thesis proposes an approach for SM
capacitor voltage ripple compensation, which employs magnetic chain links
involving dual half-bridges (DHBs) to interface the SMs, for ripple power
decoupling. The approach is able to transfer the ripple power of one SM to another in
a bidirectional fashion, countering the energy fluctuation. This allows for an even
capacitive energy distribution across MMC SMs, independent of the operating
frequency, resulting in a significant reduction in SM capacitance. A class of different

DHB modules allocations relevant to the MMC SMs is investigated.

Also, this thesis addresses MMC application for multiphase machine drives, where
reduced topological designs derived from the standard MMC are presented for six-
phase machine drives. The topologies are enhanced to realize a more-economic six-

phase machine drive without any performance compromise.

Analytical investigations are derived for the different approaches presented in this
thesis, while necessary control algorithms are analyzed. The viability of proposed
concepts and approaches are substantiated through both simulation and

experimentation.
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Chapter 1

Introduction

Over time, medium-voltage (MV) drives have found widespread applications in
various industry sectors such as ship propulsion, oil and gas, production plants, and
process industries. These applications adopt electrically-driven machines in multiple
forms of fans, compressors, pumps, extruders, and rolling mills. The machines are
fed via power electronic converters at a power level ranging from hundreds of
Kilowatts to scores of megawatts, at the MV level of 2.3-13.8 kV [1]. Table 1.1
shows various MV drive applications along with the respective power ranges, where
the power level reaches 100 MW for oil and gas applications. Nonetheless, market
description of MV drives shows that the majority of installed MV drives are in the
power range of 1-4 MW with a voltage level of 3.3-6.6 kV [2]. At such high ratings,
the MV converter topology choice plays a key role for both the feasibility and
reliability of the drive system, where many technical challenges should be

considered.

Table 1.1: Industry applications of MV drives [1]

Industry sector Application Power range

Chemical and | extruders, pumps, compressors, blowers, cement

. . 0.5—-4 MW
cement mills, fans, mixers, and presses

. ropulsion drives, booster-generators, thrusters,
Marine prop . g 2—20 MW
winders, and dredge pumps

Water pumps and blowers 0.5—-40 MW

- ore mills, mine hoists, conveyor belts, pumps,
Mining y pump 215 MW
crushers, blowers, compressors, and excavators

hot and cold rolling mill, sectional steel mill,
Metal 2—25 MW
and blast furnace converter

turbo compressors, reciprocating compressors,

Oiland gas and centrifugal pumps

1-100 MW




1.1 Overview of High-Power MV Converters

The development of MV machine drives started in the mid-1980s using the timely
prevailing 4.5 kV gate turn off (GTO) thyristors [3], while scored a technical leap in
the 1990s with the advent of high-power insulated-gate bipolar transistors (IGBTS)
and integrated gate commutated thyristors (IGCTs) [4], [5]. MV converters in
megawatt power level are not considered standard interface circuits, but part of the
drive or energy conversion system. This returns to the different performance
characteristics implied by the adopted applications, where the power converter circuit
must fit such characteristics. Further, there are technical requirements and challenges
for MV drives that differ in many aspects from those of the low-voltage (< 600 V)
drives. They are described as power quality requirements at the line-side rectifier,
challenges associated with the motor-side converter design, and switching devices
constraints. Since the scope of this thesis is directed to MV drive converters, the

focus will be given to motor-side converter challenges.

1.1.1 Motor-Side Converter Challenges

A. dv/dt and wave reflections
Depending on both the converter dc-link voltage and the switching speed of the
employed semiconductor devices, high dv/dt can arise at the rising and falling
edges of the converter output voltage. This can cause a premature failure of the
motor winding insulation due to partial discharge, in addition to shaft bearing failure
due to induced rotor shaft voltages through stray capacitances between the stator and
rotor. High dv/dt also causes electromagnetic emission in cables connecting both
the converter and motor, adversely affecting any nearby sensitive electronic
equipment. Further, high dv/dt may cause voltage doubling effect at the rising and
falling edges of the converter voltage due to wave reflections in long connection
cables exceeding a certain limit. This returns to the mismatch between the wave
impedance of the cable and the impedances at its converter and motor ends, which

can double the voltage on the motor terminals at each switching transient [2].



B. Common-mode voltage stress:
Normally, the switching action of any converter circuit generates common-mode
(CM) voltages that are described as zero-sequence voltages superimposed with
switching noise. The CM voltage appears differentially across the motor neutral
point and the grounding point, where it can increasingly affect the motor line-to-
ground voltage, leading to a premature failure of the motor winding insulation
system. The CM voltage is often ignored in low-voltage drives due to their
conservative insulation system design. However, in MV drives, the CM voltage
should be properly mitigated to avoid costly replacement of the damaged motor in

addition to the loss of production [6].

C. Motor de-rating
High-power converters often generate a large amount of current and voltage
harmonics that cause an increased power loss in the motor winding and its magnetic

core. If not mitigated, the motor is de-rated and cannot operate at its full capacity [2].

D. Use of converter output filter
For MV converters adopting capacitive filter at their output stage, there is a
possibility of creating LC resonant circuit between the filter capacitor and the motor
winding inductance. The resonant mode of the LC circuit may be excited by the
harmonic voltages or currents produced by the converter [2]. Although the motor
winding resistances may offer some damping (which implies losses), this concern

should be addressed when designing the MV converter.

1.1.2 Motor-Side Converter Configurations

Several power converter topologies have been established to fulfil the motor-side
requirements economically and efficiently. A structural overview of the main MV
drive topologies is presented in Fig. 1.1 [7]. Among them, voltage-source inverters
(VSIs) are the dominant topologies for MV drive applications due to their versatility,
simple integration in various application environments, and evolution with

continuous advancement in semiconductor technology. The two-level converter is



High-power MV converters
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Fig. 1.1 Overview of MV drive topologies.

the most common VSI topology that has been adopted in many diversified
applications. However, the maximum voltage blocking capability in addition to the
current capacity of the currently available MV IGBT devices practically limits the
maximum attainable power of the two-level converter to the lower end of the high-
power range. Although the nominal power of the two-level converter can be
increased by adopting series- and parallel-connected IGBTS, a lot of concerns arise
pertinent to the balance of both the voltage and current sharing between the
connected devices. Also, it is commonly preferred to increase the motor voltage
rather than the motor current, which results in enhanced drive efficiency. Higher
voltage is achieved by series connection of switching devices, which requires
snubber circuits to ensure balanced voltage sharing between the devices. The
additional balancing circuits result in power losses and subsequent power de-rating.
Thus, in high-power applications, multilevel VSIs are gaining most attraction, being
a prominent solution that delivers high-power using mature medium-power
semiconductor technology, with notable advantages compared with traditional two-
level VSIs [8]. These advantages are fundamentally focused on output voltage
quality improvements in addition to the ease of nominal power scalability. The basic
idea of multilevel converters is to connect several devices in series while clamping

the voltages between the respective devices. Depending on the voltage clamping



technique, many multilevel converter topologies have evolved. The state-of-the-art
multilevel converter topologies are the neutral-point-clamped (NPC), flying-
capacitors (FC), and cascaded H-bridge (CHB) converters [9]. These three converter
topologies have emerged as standard products for industrial MV drives, however
with some limitations pertinent to the limited number of voltage levels due to
capacitor voltage balancing issues for both the NPC and FC converters, and the
necessity of providing a large number of isolated power supplies for the CHB
converter. The restrictions of the state-of-the-art multilevel converters triggered the
need for a new multilevel converter topology that can be flexibly scaled for a wider
range of voltage and output power. Thus, the modular multilevel converter (MMC)
was developed in 2002 as a promising contender for medium- to high-voltage high-
power applications, outperforming its counterparts [10]. Being in the multilevel
category, the MMC inherits the advantages of the state-of-the-art multilevel
converter topologies, while solely enjoying the features of modularity, scalability,
redundancy, and reliability. Through extensive research during the past decade, the
MMC has been considered a proven technology where it is now utilized in high-
voltage direct current (HVDC) transmission systems as a standard commercialized
converter interface [11], while is recently drawing the research interest as the next

generation machine-drive technology [12].

1.1.3 Industrial MV Drives

Being the most convenient converter topologies matching the motor-side
requirements, multilevel VSIs have been adopted and marketed as MV drive
products by major drive manufacturers, as overviewed in Table 1.2 [2], [7]. As
itemized, the NPC converter receives most of market attention, where three-level
NPC has been widely used in several MV drive applications and is considered one of
the most commonly applied topologies being able to double the maximum attainable
output power with a doubled dc-link voltage, compared with the two-level VSI. The
NPC is characterized by a relatively small dc-link capacitance, simple power circuit
topology, low component count, and straightforward protection and modulation

schemes. Although it scores the highest converter efficiency among the available



Table 1.2: Market overview of industrial multilevel-converter-based MV drives

Topology Type Manufacturer Power Semiconductor
ACS1000 ABB 0.3—5 MVA
ACS6000 ABB 3—36 MVA IGCT
Sinamics SM150 Siemens 5-28 MVA
8LNPC | sinamics GM150 Siemens 0.6-10.1 MVA
MV7000 GE 3—21 MVA IGBT
Dura-Bilt5i MV TMEIC GE 7.5 MVA
VDM7000 Alstom 7-9.5 MVA GTO
5L-NPC ACS5000 ABB 1.7-24 MVA IGCT
4L-FC VDM6000 Alstom 0.5-9 MVA IGBT
Perfect Harmony Siemens 0.3—24 MVA
GH180
CHB HIVECOL-HVI Hitachi 0.3—16.7 MVA IGBT
PowerFlex 6000 Rockwe.-ll 2.2—-11 MVA
Automation
M2L 3000 Benshaw 0.2—-7.5 MVA IGBT
MMC Sinamics SM120 CM Siemens 4—13.3 MVA IGBT/IGCT
Perfect Harmony Siemens 4—47 MVA IGBT/IGCT
GH150

industrial solutions, it requires a large LC output filter to drive standard motors. The
five-level version of the NPC receives a little market interest due to capacitor voltage
balancing concerns associated with increasing the NPC number of voltage levels.
The FC converter was not found competitive and has been rarely developed by MV
drives manufacturers due to challenges in both balancing and pre-charging of its
employed capacitors. Also, the stored energy of the capacitors is increased by a
factor of 10 and 20 for both the three-level and four-level versions of the FC
converter compared to their NPC counterparts, respectively. The CHB converter
found market importance due to its modular cell structure, where both the voltage
and power levels can be easily scaled. The main shortcoming of the CHB converter
topology that impedes its wider market adoption is its requirement for isolated power
supplies as a dc-link for each cell. This can be realized using multi-winding phase-

shifted transformers, which increases CHB converter cost and complexity. The



absence of a common dc-link voltage is an additional concern of the CHB converter
topology. The MMC, which was originally developed for HVDC applications, is the
latest multilevel converter topology to put a toe in the MV drives market. The MMC
inherits the operating principle of the CHB converter, however without the need for
isolated dc power supplies. Instead, the MMC is directly connected to a common dc-
link voltage, employing a series connection of submodules (SMs) each clamped to a
flying dc capacitor functioning as an energy buffer. The main MMC advantage is its
unlimited extendibility to any voltage/power level. That is how Siemens developed
the Perfect Harmony GH150 MV drive rated at 47 MVA and 11 kV output voltage
[13].

1.2 Motivation and Objectives

Generally, electronically-controlled adjustable-speed operation of a machine drive
reflects on both the drive system and the power source, where it eliminates the
necessity for expensive mechanical components for speed control, increases machine
longevity, and reduces energy losses, power line disturbances, and the risk of
machine damage during both start up and stop. Only 3% of currently installed MV
machines are controlled by adjustable-speed drives [2]. Consequently, there is a
significant scope for introducing efficient adjustable-speed drives in industrial
applications.

MMC application as a controlled MV drive faces serious challenges pertinent to its
unique operating principles. Due to their floating nature, MMC SM capacitors are
directly exposed to load current circulation, resulting in voltage fluctuations at the
fundamental operating frequency. At lower frequencies, the voltage fluctuations
increase, reaching extreme levels at near zero frequencies. MMC low frequency
operation becomes even harder with constant torque loads, where SM capacitor
voltage variation further increases due to the increased load current. This precludes
the MMC from MV applications with constant Volt/Hertz control, that is, constant
torque loads; limiting its utilization to a narrow band of quadratic-torque loads such
as pumps, fans, and compressors [14]. This gives a margin for extra control effort to

limit SM capacitor voltage fluctuation at low operating frequencies. Therefore, the



main objective of this thesis is to address MMC full-load low frequency operation for
MYV adjustable-speed drive applications.

Also, the thesis focuses on MMC application in multiphase machine drives, where
a reduction in the machine per-phase current can be achieved, compared to
traditional three-phase machines. This reduces the current capacity of the employed
semiconductor devices and allows for further increase in the machine nominal power
level. Although the standard structure of the MMC phase leg can be directly
extended to synthesize any number of phases, the increased number of employed
switching devices, reactive elements, and measuring transducers complicates the
drive system and increases both size and cost. Therefore, this thesis targets
developing reduced MMC structures to power multiphase machines in an economical

way.

1.3 Thesis Contributions

Thesis contributions are summarized as follows:

e ldentifying a set of desirable features in candidate MV power electronic
converters for high-power machine drives.

¢ Reviewing state-of-the-art MMC configurations and control methods for MV
high-power adjustable-speed drive applications.

e Proposing an MMC power decoupling approach for SM capacitor voltage
ripple compensation as a comprehensive solution for MMC low-frequency
operation, independent of the operating frequency and loading condition.

e Analysing the power decoupling approach in detail and elaborates its
application to three-phase machines with both open-end and closed-end stator
windings.

e Presenting several implementations of the power decoupling approach, while
undertaking assessments to quantify the pros and cons.

e Proposing MMC configurations with topological reduction for six-phase
machine drive applications.

e Providing conclusions as well as recommendations for future extension of the

research undertaken in this thesis.



Chapter 2

General Aspects of the Modular Multilevel Converter

This chapter presents the preparation for the subsequent chapters by detailing the
MMC operating principle, modulation techniques, and control algorithms, in addition
to a brief discussion of its applications. Also, it highlights the main challenges of
MMC-fed variable-speed drives, where simulation results are provided to assess MMC

performance at different operating frequencies.

2.1 Introduction to Multilevel Converters

The wide spread of the numerous industrial applications employing high-power
apparatus implies the MV grid to be inevitably utilized as the main power source [1].
For an MV grid, it is troublesome to connect only one power semiconductor device for
direct interface. Thus, the multilevel converter structure has been introduced as a
prominent alternative for high-power and MV operating conditions. The invention of
the multilevel concept was patented in 1975 [15]. The term multilevel began with the
three-level converter [16]. Thereafter, several multilevel converter topologies have
been developed [17]-[24]. The elementary concept of a multilevel converter to achieve
higher power is to use a series of switching devices with several lower-voltage dc
sources to perform the power conversion by synthesizing a staircase voltage waveform
at the output. Capacitors, batteries, and renewable energy sources can be adopted as
the multiple dc voltage sources. Proper commutation of the switching devices
aggregates these multiple dc sources in order to achieve high voltage at the output.
Nonetheless, the nominal voltage of the switching devices depends only on the rating

of the dc voltage sources to which they are clamped.



2.1.1 Pros and Cons of Multilevel Converters

A multilevel converter has several advantages over a conventional two-level converter
that uses high switching-frequency pulse width modulation (PWM). The attractive
features of a multilevel converter can be highlighted as bulleted below.

e Staircase waveform quality: Multilevel converter is capable of producing a
staircase output voltage with minimum total harmonic distortion (THD), which
in turn contributes to substantial reduction of bulky passive filters used for
harmonic compensation in two-level converters. Also, it reduces the
dv/dt stresses, reducing the electromagnetic compatibility problems.

e CM voltage: Multilevel converter produces lower CM voltage, reducing the
stress across the bearing of multilevel converter-fed motors. CM voltage can
be further eliminated by using advanced modulation strategies [25].

e Inputcurrent: Multilevel converter draws a continuous input current with low
distortion.

e Switching frequency: Multilevel converter can support lower switching
frequencies, resulting in overall lower switching losses and higher efficiency.

e Reliability: Multilevel converter reliability is enhanced, since operation is

ensured under component failure at a reduced power level.

Notwithstanding, multilevel converters have minor shortcomings; most significantly
is the large number of required semiconductor devices. Although this does not yield a
significant capital cost increase since lower-voltage devices are used, the operational
cost is increased due to the converter cooling requirements. Additionally, an increased

number of gate drive circuits and more elaborate mechanical layout are required.

2.1.2 Review of Multilevel Converter Topologies

Various multilevel converter topologies have been intensively investigated during the
last two decades, where some of them have been proven to be beneficial contenders.
Among them, the NPC, FC, and CHB converters are the most common multilevel
converter configurations to be reported in the literature with a wide scope of

applications. They have been successfully implemented in various medium- to high-

10



voltage applications. Such applications are STATCOM [26], FACTS [27], HVDC
[28], utility interface for renewable energy systems [29], and MV machine drives [30].
However, the state-of-the-art multilevel converters are experiencing shortcomings
pertinent to their voltage level extendibility, where capacitor voltage balancing
concerns are aroused when increasing the number of voltage levels of both the NPC
and FC converters. Whereas, the prime necessity of providing isolated dc sources for
the CHB converter restricts its wide utilization. A remarkable advance in the cascaded
bridge converters design was scored in 2002 by Marquardt and Lesnicar, yielding to
the MMC topology [10]. Through the past decade, the MMC has snatched the attention
in both MV and HV market based on its outstanding merits that enable it to outperform
its counterparts. Since the focus of this thesis is given to the MMC topology, the next
section presents a detailed description of the MMC structure, operation principle, and
modulation techniques.

2.2 Modular Multilevel Converter

The MMC preserves the features of cascaded converter topologies, without the need
for isolated dc sources and complicated phase-shifting transformers. Thus, MMCs can
reach any operating voltage from the MV level (2.3-13.8 kV) to the HV level (33-400
kV) and power rating of 0.226-1000 MW [31].

2.2.1 MMC Structure

The MMC structure is based on series connection of identical SMs, where the SM is
the basic building block which lies behind the MMC modularity feature. Since three-
phase systems are the most common, a circuit diagram for a three-phase MMC feeding
an induction machine is shown in Fig. 2.1. It consists of three phase legs each
comprising two arms; namely upper and lower arms. Both arms are connected in series
between the dc terminals through arm inductors L, While the ac terminal is realized
as the intermediary node between the two arms. The arm inductor serves as a current
limiter to suppress the circulating current due to the voltage mismatch between the

total voltages of the phase legs and the dc-link voltage. Each arm is formed by

11
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Fig. 2.1 Circuit diagram of a standard MMC topology feeding a three-phase machine.

N series connected SMs, where the number N varies from less than ten up to several
hundreds, depending on the application voltage requirements. The SM is a two-
terminal circuit incorporating a local capacitor of an equivalent capacitance C and a
nominal voltage V_, acting as an energy buffer to realize the dc voltage source by which
the multilevel voltage waveform is synthesized. Each arm is designed to block the full
dc-link voltage V., yielding the nominal voltage of each SM capacitor V. = V,./N.
The SM can be implemented through several configurations, although the half-bridge
(HF) and full-bridge (FB) configurations are the most common. HB-SMs can generate
two voltage states (0 and +V.), with the commutations of two switching devices, as
shown in Fig. 2.2a. Whereas, FB-SMs, shown in Fig 2.2b, can generate three voltage
states (0, +V,, and —V.), however with a doubled number of employed switching

devices, as compared to HB-SMs.
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(@) (b)
Fig. 2.2 Configurations of MMC SMs using: (a) HB-SMs and (b) FB-SMs.

2.2.2 MMC Modulation Techniques

Depending on the switching state of each individual SM, the corresponding local
capacitor can be series inserted in the power path or bypassed. Proper insertion/bypass
of SMs is achieved by adopting a suitable modulation technique, such as the sinusoidal
pulse-width modulation (SPWM), space vector modulation (SVM), selective
harmonic elimination (SHE), and nearest-level control (NLC) [8]. Both the SVM and
SHE significantly increase the implementation complexity as the number of voltage
levels increases. Oppositely, the NLC is much easier to implement, where it generates
a staircase waveform at the output stage with a reduced switching frequency, however
with considerable harmonic content, particularly at a lower number of voltage levels.
Therefore, the discussion in this chapter will be based on utilization of carrier-based
SPWM, being the most convenient approach in terms of implementation simplicity
and reduced harmonic content in the output voltage.

The SPWM technique uses either phase-shifted carriers (PSC) or carrier disposition
(CD) approaches. The PSC-SPWM is utilized to control each MMC SM separately,
where it employs a carrier signal for each SM, thus N carriers for each arm. The carrier
signals have the same carrier frequency f., however shifted by 2w /N to achieve
harmonic cancellation, as shown in Fig. 2.3. Nonetheless, the PSC-SPWM technique
significantly increases the switching frequency per individual SM, where the latter is
switched with the carrier frequency. Therefore, the overall switching frequency of each

MMC phase-leg is 2N f, resulting in increased switching losses.
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On the other hand, the CD-SPWM technique effectively reduces the overall
switching frequency of each MMC phase-leg by 1/N, compared to the PSC-SPWM.
The CD approach employs N carrier signals with the same carrier frequency, however
symmetrically displaced by 1/N offset. Three carrier arrangements are commonly
adopted in CD-SPWM:

e Phase disposition (PD): where all carrier signals are in phase.

e Phase opposition disposition (POD): where carriers above the zero reference
are in phase but shifted by 180° from those carriers below the zero reference.

e Alternative phase opposition disposition (APOD): where each carrier band

is shifted by 180° from the adjacent carrier.
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The main differences between the CD arrangements are graphically depicted in Fig
2.4. Among them, the PD carriers’ arrangement is recommended as it produces an
output voltage with a better harmonic distribution and reduced switching frequency
per semiconductor device. Thus, the PD-SPWM technique will be adopted in this

thesis as the basic MMC modulation technique.

2.2.3 Voltage Balancing of SM capacitors

By comparing the reference sinusoidal signal with vertically shifted carriers of the CD
approach, the number of SM capacitors to be inserted in the power pathn, is
determined. The specific n SM capacitors are decided such that a charge balance
across all SM capacitors is maintained. That is, the SM capacitors of both the upper
and lower arms are always measured and sorted in ascending or descending order.
When the arm current charges the capacitors, the switch combination that inserts SMs
with the lowest capacitor voltages while bypassing those with the highest voltages is
selected. When the arm current discharges the capacitors, the switch combination that
inserts SMs with the highest capacitor voltages while bypasses those with the lowest
voltages is selected. In this way, the voltages of MMC SM capacitors are maintained

within a limited band of voltage fluctuation around the nominal value.

2.2.4 MMC Mathematical Analysis

Referring to Fig. 2.1, the output voltage of a general MMC phase-leg is denoted by v,
where o is a virtual ground located at the dc-link mid-point. The machine current is
denoted by i;, where j € {a, b, c}. Both the output voltage and machine current are

generally expressed as:

{ vio =V, cos(wt + Gj) 2.1)

ij = I, cos(wt+6; — @)

where V, and I, are the voltage and current amplitudes, respectively, w is the output

angular frequency, 6; is the phase angle of the output voltage (6, = 0°, 8, = 120°,

and 6, = 240°), and ¢ is the machine power-factor angle. The magnitude of the ac
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phase voltage is defined by the modulation index M and the voltage of the input

source Vg, as follows.
Vo =2M Ve (2.2)

The MMC arm voltages in addition to the arm currents are given by (2.3) and (2.4),
respectively, with the subscripts ‘U "and L’ referring to the corresponding ‘upper’ and
‘lower’ arm. Both arms within the same phase-leg are controlled in a complementary
manner such that the voltage between the dc poles of the MMC is V., as elaborated
by (2.3).

1
vUj - EVdc_ vjo

" (2.3)
VLj = EVdc + Vjo
iyi = lgre i +=i
Uj = ‘teircj T 354
(2.4)
lj = leircj =35

where i j is the circulating current of the phase-leg j, passing through the dc loops

comprising the dc side and each converter leg, and is calculated as:

. 1, .
Leirc j = 5 (lyj + 1)) (2.5)

The circulating currents are mainly caused by the differences of the SM capacitor
voltages in the upper and lower arms of the three converter legs that are connected in
parallel on a common dc bus. The circulating current is fundamentally formed by a dc
component associated with the active power transfer between the converter and the dc
side, in addition to a series of low-order harmonics due to the SM capacitor voltage
fluctuations when attempting to maintain the voltage balance between the dc side and
the converter legs. For a standard MMC, the circulating current experiences only even-
order harmonics, where the odd harmonics appear anti-phase in the capacitor voltage
fluctuation of both the upper- and lower-arm SMs due to the out-of-phase modulation
of each arm. Since the circulating currents flow internally among the three converter
legs, they do not affect the waveforms of the converter output voltage nor the current.

However, they increase the conduction losses of semiconductor devices, which
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reduces the efficiency of the converter and threatens the safe-operation of both the
semiconductors and capacitors. Even-order harmonics contained by circulating current
can be suppressed through several techniques. Accordingly, the circulating current is
considered as a dc component which is calculated through a lossless power balance
between the dc input and ac output as shown in (2.6), where 1. is the MMC dc input
current.

Igc  Ml,cosg

icircj = ? 4 (26)

2.2.5 Circulating Current Control

Generally, the circulating current harmonics can be attenuated by increasing the arm
inductance, however at the expense of increased voltage drop, inductor size, and
reactive power requirement [32]. Alternatively, various control methods to entirely
eliminate circulating current harmonics can be utilized as introduced in the literature,
using proportional integral (P1) control [33], proportional resonant (PR) control [34],
and a parallel resonant filter [35]. A brief explanation for each harmonic suppression
methodology is given as follows.

A. PI controller-based suppression method
This harmonics suppression method can be only implemented for three-phase MMC
systems, where the circulating current dominantly pulsates in a negative sequence at
twice the fundamental frequency. The control method is schematically represented in
Fig. 2.5, where the circulating currents are transformed from three rotating components
in the stationary frame into two dc components (dg components) in the double line-

frequency negative-sequence rotational reference frame (i4,f and ig,f). The reference

value of both d and g components of the circulating current are set to zero, while the
error between the reference and the actual values of both orthogonal components are
fed into conventional PI controllers. With cross coupling compensation, the control
signals can be obtained from the PI controllers in the dq frame, where they are
inversely transformed to obtain the three-phase reference values of the voltage
unbalance. These reference values are utilized as correction signals for MMC
modulation. Tuning of PI controller parameters is independent of the MMC operating
frequency, where many tuning methods can be utilized as discussed in [36].

17



MMC
modulation

Fig. 2.5 Block diagram of circulating current control using PI controllers.

B. PR controller-based suppression method

This is a simple suppression method implemented in the stationary frame without any
harmonic extraction algorithm, that is, can be applied to any number of MMC phases.
The controller consists of paralleled resonant regulators, where the resonant frequency
Is ideally set at 2w, 4w, 6w, etc., since even-order harmonics exist in the circulating
current. However, not all even-order harmonic resonant controllers are essential since
the harmonic current amplitude inversely decreases as the order increases. Thus, only
the second- and fourth-order harmonic resonant controllers are necessary, as
schematically presented in Fig. 2.6, where k, and k, are tuning parameters of both PR
controllers. Since the reference circulating current is set to zero, the dc component of
the circulating current may be slightly affected especially if the bandwidth of the PR
controllers is not narrow. The reference output signal obtained from the paralleled PR
controllers is used as a correction signal for MMC modulation.

It should be noted that when the PR controller suppression method is used with
variable frequency scenarios of the MMC drive, adaptive tuning for the parameters k;
and k-, should be used [37].

1. )
IUJ O kis
s? + (2w)?
icircj PR MMC
0.5 - :
- modulation
kzs
. 52 + (4w)%
ILj PR

Fig. 2.6 Block diagram of circulating current control using PR controllers.
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Fig. 2.7 An MMC phase-leg with a parallel resonant filter for circulating current control.

C. Parallel-resonant filter
Being the most dominant even-order harmonic in the circulating current, the second-
order harmonic can be entirely eliminated by employing a hardware parallel-resonant
filter in each MMC phase leg, as shown in Fig. 2.7. The resonant filter is comprised of
a capacitor connected in parallel with a split-inductor. The MMC ac terminal is

maintained from the split-inductor mid-point. Both the inductance (Lf) and

capacitance (Cr) requirement of the resonant filter are calculated according to (2.7).

, 1

A major shortcoming of this approach is that the resonant filter is not adaptive to block
the second frequency harmonic when the MMC is operating at variable frequencies.
Therefore, it is not suitable for variable-speed operation of MMC-fed machine drives.

2.2.6 MMC Applications

MMCs have been commercialized in several standard and customized products for

medium- to high-voltage high-power applications. MMC industrial applications are
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Fig. 2.8 MMC Applications.

generally itemized as power transmission systems, machine drives, and power quality
improvement, as detailed in Fig. 2.8. Since the scope of this thesis is the MMC-fed

MV machine drives, this MMC application will be investigated in the next section.

2.3 MMC Application for MV Machine Drives

MMCs have been an attractive solution for MV machine drive applications due to their
modular structure, ease of voltage scalability, single dc-link system, and operation with
standard machines without output filters. MMC-based machine drive systems are
commercially available with an operating voltage range of 2.3-11 kV [13], [38], [39].
These systems are available with either a passive or an active front-end converter (ac—
dc converter) at the grid side, and an MMC at the motor side. The typical system
configuration of the MMC-based motor drive and its control schemes are presented in

the following subsections.

2.3.1 System Configuration

In machine drive applications, power conversion is generally realized through two
cascaded stages. The first stage employs an ac—dc converter (rectifier system) which
converts both the fixed voltage and frequency of the ac grid supply into a dc voltage.
In the second stage, the dc voltage is converted into a variable-voltage and variable-
frequency ac supply at the motor terminals using a dc—ac converter (inverter system).
In MMC-based motor drives, the MMC is configured as the dc—ac converter, while the
ac—dc conversion stage can be implemented in two possible configurations. The first
configuration adopts a diode bridge converter as a rectifier, where either 12-, 18-, or

24-pulse diode bridge rectifiers can be employed using a phase-shifting transformer,
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as shown in Fig. 2.9a. Although the passive rectifier system eliminates the low-order
harmonics in the line current and also improves the power quality at the grid side, the
grid power factor cannot be controlled. The second configuration applies a back-to-
back MMC-based topology, as shown in Fig. 2.9b, where it is suitable for regenerative
applications and allows for grid power factor control. Both the transmission line and
transformer leakage inductances act as a grid filter, minimizing the switching
frequency harmonics and improving the grid current quality.

In the back-to-back configuration of MMC-based motor drive system, the grid-side
MMC is used to regulate the dc-link voltage and to improve the grid power factor
(reactive power control). These objectives can be achieved using a voltage-oriented
control (VOC) scheme [40], [41]. Whereas, the motor-side MMC is used to match the

drive requirements such as speed/torque and flux. To fulfil these objectives, several

phase-shifting diode bridge motor-side MMC

transformer + +

|9 /
aLC( g“)—/;é/—(d :) + :I — —#H— M
Osa i

:L ac-dc conversion | L dc-ac conversion |

(@
grid-side MMC motor-side MMC
+ +
ac grid  transformer
O+CD— — i m
J J

| B _ | | - . |

! ac-dc conversion I I dc-ac conversion |
(b)

Fig. 2.9 MMC-based motor drive system using: (a) a 12-pulse passive rectifier and (b) an MMC-based
active rectifier.
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control methods, such as direct field-orientated control (DFOC), indirect field-
orientated control (IFOC), and direct torque control (DTC), are discussed in the
literature [42], [43]. These control methods are well established and used in
commercial motor drive systems. In the following subsection, the VOC scheme for
grid-side MMC and the IFOC scheme for motor-side MMC are discussed.

2.3.2 Control Schemes

A. VOC of grid-side MMC
VOC is a common control scheme for grid-tied converters, which offers decoupled
control of active and reactive power. For the grid-side MMC, the VOC is
fundamentally designed to control the dc-link voltage and the grid reactive power,
generating the necessary three-phase modulation signals v* ;. that are used along with
any of the previously discussed carrier-based SPWM approaches to generate the SM
gating signals. The VOC scheme is implemented based on transformation between the
abc stationary frame and the dq synchronous frame. Thus, the grid voltage is
measured and its angle 6, is obtained using the phase-locked loop (PLL) [44]. The grid
voltage angle is used in the abc- to dg-frame transformation where three-phase time-
varying signals become dc components and easier to control using Pl regulators. Both
the three-phase grid voltages and currents (vgqpc and ig4pc) are measured and
transformed into the dq frame. The grid active and reactive powers in the dq frame

are defined as P, and Q,, respectively, and are calculated as:

Pg =1.5 (vdg idg + vqg iqg) (283.)
Qg =1.5 (Uqg idg - Udg iqg) (28b)

where v,4 and v, are d- and g-axis grid voltage components, respectively, while i4,
and i,4 are d- and g-axis grid current components, respectively. From (2.8), both the
active and reactive grid power depend on iy, and i,,4, Which increases the controller

complexity and affects converter dynamic performance. The controller design can be

simplified by aligning the grid voltage vector I along with the d axis of the

dq synchronous reference frame, which is referred to as ‘voltage orientation’.
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Accordingly, v, , becomes zero, while v,, has a constant value equal of |Vg|, where

the active and reactive grid power components are rewritten as:

Pg =1.5 Udg idg (29a)

Qp = —1.5vagigg (2.9b)

Referring to (2.9), the VOC allows for a decoupled control of P, and Q, by
controlling ig4, and iy, respectively. The control block diagram of the VOC along
with the grid-side MMC circuit diagram are shown in Fig. 2.10. The control consists
of two inner current control loops for the control of the d- and g-axis grid current

components, and a single outer voltage control loop for dc-link voltage control.

grid-side MMC
+

ac grid transformer

O E=
e Ly Vol

dg dq

Vgdq lg.dq

(@)

Vg
. " v
@B @
e &\ P> MMC
iog @» modulation

(b)
Fig. 2.10 Control of grid-side MMC; (a) circuit diagram and (b) VOC block diagram.
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From (2.9), the g-axis reference current component i*, is:

. Qg
g9 = m (2.10)
where Q" is the reference grid reactive power which is set to zero for unity power
factor operation, a negative value for leading power factor operation, or a positive
value for lagging power factor operation. The d-axis current reference i*;, represents
the active power of the system, and is obtained from the dc-link voltage PI regulator.
To decouple the d- and g-axis current controllers, the induced voltages across the
grid inductance L, due to the transformation from abc to dq frame are added to the
control loops. The induced voltages are obtained from the state-space model of the

grid-side equivalent circuit [45].

B. IFOC of motor-side MMC

The IFOC scheme is used to control both the motor speed and rotor flux, where the
scheme is implemented in the rotor flux reference frame. The field orientation concept
is similar to the voltage orientation in the control of grid connected systems. Typically,
field orientation can be classified into stator flux, air-gap flux, and rotor flux
orientations. Among them, the rotor flux orientation is simple and easy to implement
for motor drives [42].

The electromagnetic torque developed by the motor drive system is a function of

both the d- and g-axis rotor flux components 4, and s, , respectively, and is given

as:

T, = Ky (Wgr iqs - L|qu ias) (2.11)

where K is the torque constant which depends on the number of motor poles and both
the magnetizing and rotor inductances, while i;; and i, are the d- and g-axis stator
current components, respectively. Decoupled control of the rotor flux and
electromagnetic torque can be achieved by aligning the rotor flux vector s, along with
the d axis of the synchronous dq frame. The process of rotor flux vector alignment

with the d axis is referred to as ‘field orientation’. As a result, the g-axis rotor flux
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component becomes zero, while the d-axis component equals {,.. Accordingly, the

electromagnetic torque is rewritten as:
Te = Kr Yy lgs (2.12)

The stator current vector i can be resolved into two orthogonal current components.
The d-axis current component iy is the flux-producing component, whereas the g-
axis current component i, is the torque-producing one. In field orientation, the rotor
flux is maintained constant at its rated value. That is, iz, becomes constant and equal
to its rated value, while i is independently controlled to match the required torque
demand.

In field orientation, determining the rotor flux vector position 6y is a key issue, where
several methods can be adopted. If 6 is determined through the measured stator
voltages and stator currents, then the method is referred to as DFOC. If the rotor flux
vector position is indirectly obtained as a function of the measured rotor position angle

6,- and the calculated slip angle 6y; as shown in (2.13), the control is termed IFOC.
0f = 0, + O (2.13)

In this thesis, the IFOC approach is considered for the MMC-based motor drive
system with the control block diagram shown in Fig. 2.11. IFOC uses a cascaded
control structure consisting of outer rotor flux and speed control loops, and inner

current control loops. In rotor flux control, the reference rotor flux ¢ is generated

with respect to the reference rotor speed N*,. When operating below the rated speed,
the reference rotor flux is maintained at its rated value. Whereas, operating above the
rated speed implies the reference rotor flux be reduced such that the motor is operating
in flux weakening region. The reference rotor flux is compared with the estimated rotor
flux .., and their difference is minimized using a PI controller providing the reference
d-axis stator current component i*;;. The speed control loop minimizes the error
between the reference and actual speed, providing the reference electromagnetic
torque T, which is divided by the torque constant K to obtain the reference g-axis

stator current component i*,,. The feedback dq stator current components i, and
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Fig. 2.11 Control of motor-side MMC; (a) circuit diagram and (b) IFOC block diagram.

I4s are obtained by transforming the measured three-phase stator currents i ;. in abc
frame to the rotor flux synchronous dq frame. The feedback currents are compared
with their references, and corresponding errors are fed to PI controllers to generate the
reference stator voltages v*y, and v*4s in the dq frame. The dq voltages are
transformed back to the abc frame, providing the reference three-phase stator voltages

v apc that are used with the PWM to generate the MMC gating signals.

2.3.3 Challenges

Although the MMC has been already adopted in the industry as an MV machine drive,
serious challenges impede its operation at low frequencies for variable-speed drive
applications. The MMC unique operation principles imply its floating SM capacitors

experience voltage fluctuation at the fundamental operating frequency. Thus, the SM
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capacitance is designed fairly large to keep the capacitor voltage ripple within
prescribed tolerances. At lower operating frequencies, the MMC performance is not
rigid, where capacitor voltage fluctuations can reach high levels, inversely
proportional to the operating frequency, that could threaten the safety of switching
devices and adversely affect MMC reliability and normal operation. The increase of
SM capacitance for voltage ripple compensation can be a reasonable solution, however
up to some extent of reduced frequency range, although this increases both converter
size and stored energy. Nonetheless, at near zero frequency, the SM capacitor voltage
undergoes a unidirectional change with extreme voltage ripple, where increasing the
SM capacitance is no longer viable. With this significant challenge, the MMC is not
suitable to drive a machine at a constant torque while Volt/Hertz control is applied,
which precludes it from many applications with variable-frequency scenarios where
operation from standstill at rated current/torque and continuous low-speed operation
are required. Thus, MMC-fed machine drive applications are currently constrained to
a narrow range of quadratic-torque loads such as fans, pumps, and compressors [14],
[46].

2.3.4 Simulation Results

To highlight the MMC challenge at low frequency operation, this subsection provides
simulation results to investigate MMC performance at different operating frequencies
using a 10 MW MATLAB/SIMULINK model. The MMC is fed from a 25 kV dc link
voltage and is assumed to generate 13.8 kV line-to-line, that is, the modulation index
is set to 0.904 at a rated frequency of 50 Hz. The MMC feeds a three-phase star-
connected passive load comprising a resistor connected in series with an inductor (RL
load). The simulation parameters are listed in Table 2.1.

It should be noted that since the ultimate scope of the simulation study is to
investigate the steady state performance of the MMC at different operating
frequencies, passive RL load can be fairly used rather than a real machine to assess the
SM capacitor voltage variation. The reason is that simulating machines with available
simulation tools at the megawatt power level is extremely slow due to the high inertia
of the machine. However, sample simulation results for the MMC feeding real

machines will be presented in Chapter 4 to assess the MMC dynamic performance.
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A. Performance at rated frequency

Fig. 2.12 shows the fundamental waveforms at 10 MW steady-state operation of a
conventional MMC at both the rated output current and frequency. The line voltages
are shown to traverse between 17 voltage levels, while the load currents have a high
quality sinusoidal profile. The upper- and lower-arm currents are controlled to
suppress both the second- and fourth-order harmonic components, using the PR-based
regulation method, to provide a near-constant circulating current as assumed in the
mathematical analysis. The recorded peak arm current is 510 A, while the average
circulating current is 135 A. The capacitor voltage ripple alternates at the fundamental
frequency with +7.8%, while the SM capacitance is 2 mF. The input current has

switching harmonics, with an average value of 0.4 KA.

Table 2.1: Parameters for conventional MMC simulation

Number of SMs per arm (N) 10
Rated active power 10 MW
Input dc voltage (V4.) 25 kV
Nominal SM capacitor voltage (1) 2.5kV
Rated line voltage 13.8 kV
Rated current magnitude (1,) 655 A
Fundamental output frequency (f;,) 50 Hz
Carrier frequency (f;) 2 kHz
Arm inductance (Lgrm) 2mH
SM capacitance (C) 2 mF
Load resistance 15.5><5f—((’) Q
Load inductance 24 mH
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Fig. 2.12 Simulation waveforms for a steady-state operation of a conventional MMC at 50 Hz.
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B. Performance at reduced frequencies

Figs. 2.13-2.15 assess the performance of the conventional MMC when operating at
low frequencies, according to a Volt/Hertz control scheme, where the results are
obtained for continuous operation at 10, 5, and 1 Hz, respectively. In this simulation
study, the output voltage is reduced in accordance with the operating frequency
reduction, while the load resistance is varied linearly with the operating frequency to
maintain the output current constant at the rated value, at all frequencies, to emulate
the constant torque characteristic of variable-speed motors. To compensate the
increased SM capacitor voltage ripple, the SM capacitance is increased to 10 mF. Also,
the arm inductance is set to 5 mH to limit the inrush current at the reduced frequencies.
Although the number of voltage levels is reduced as a consequence of the operating
frequency reduction, the output currents are high-quality sinusoidal waveforms at rated
value, at all different frequencies. The arm currents are controlled to suppress the
dominant even harmonics. The SM capacitor voltage ripple is £8.24% at 10 Hz (see
Fig. 2.13), while it is almost doubled to £15.82% when the frequency is halved (see
Fig. 2.14). At 1 Hz, the SM capacitors experience a significant increase in voltage
fluctuation, where the voltage ripple is extreme as £79.11% (see Fig. 2.15), adversely
affecting the arm current control, where clear distortion appears in both the upper- and

lower-arm currents.
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Fig. 2.14 Simulation waveforms for a steady-state operation of a conventional MMC at 5 Hz.
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Fig. 2.15 Simulation waveforms for a steady-state operation of a conventional MMC at 1 Hz.
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2.4 Summary

In this chapter, an overview of MMC fundamentals has been presented, and its
applications have been highlighted with focus on MV machine drives application. The
MMC is a proven technology for medium- to high-voltage high-power applications,
where it has been adopted in various industry sectors. MMC application for MV
machine drives has been standardized for constant-speed applications, however, the
variable-speed application experiences serious challenge pertinent to SM capacitor
voltage fluctuation at low operating frequencies. At reduced frequencies, the positive
and negative periods of arm currents are extensively long, yielding an excessive SM
capacitor voltage ripple. Increasing the SM capacitance to mitigate this voltage ripple
is not a practical solution due to the associated cost and size of the MMC system.
Several approaches have been introduced in the literature to extend MMC operation to
reduced frequency range, while preserving its reliability and efficiency. These
approaches will be discussed in Chapter 3.
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Chapter 3

Literature Review of MMC-Based Machine Drives

This chapter reviews the main approaches in the literature for variable-speed operation
of MMC-based machine drives. The approaches are fundamentally proposed to
enhance the SM capacitor voltage ripple profile when the MMC is operating at low
frequencies. The state-of-the-art approaches for MMC low-frequency operation are
classified and discussed, while their pros and cons are enumerated.

3.1 Overview of MMC Approaches for Low Frequency Operation

Several approaches have been proposed in the literature to restrain the inherent
problem of wide voltage fluctuations across the MMC floating capacitors at low
operating frequencies. The approaches can be categorized according to their operating
principle into:

1) Creating a new high-frequency (HF) ripple power to cancel the fundamental-
frequency ripple power by injecting HF voltage and current into the MMC
arms.

2) Changing the MMC operation mode to alleviate the sources of ripple power.
Under these two categories, various solutions have been introduced based on
proposing software algorithms and applying modifications to the basic MMC
structure. Most of the reported approaches are able to satisfactorily suppress SM
capacitor voltage-ripple at low operating frequencies, however with unavoidable
limitations or compromises. These approaches are qualitatively investigated in the next
sections to quantify their gains and shortcomings.
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3.2 High-Frequency Injection Methods

According to the ripple power analysis established in Section 3.1, the DM ripple power
component lies behind the excessive SM capacitor voltage ripple. Thus, if HF voltage
and current signals coexist in an MMC arm, they create HF ripple power that can be
used to counterbalance the main pulsating power [14]. Although the established HF
power stands as a new power component introduced to the MMC system, its associated
voltage ripple is negligible since corresponding SM capacitor impedance is small at
the injection frequency. With MMC operation enjoying two degrees of freedom,
represented in the CM phase voltage v,,, and the circulating current i.;., the HF
signals can be deliberately injected into the MMC arms by controlling the waveform
of both v,,,, and i.;,., without affecting neither the output voltage nor current. That is,
an HF voltage, vy, is added to the converter output phase voltage and an HF CM
current, iy, is added to the circulating current, yielding new arm voltages and currents
as shown in (3.1) and (3.2), respectively. A control block diagram elaborating the HF
injection scheme is presented in Fig. 3.1, while the idealized waveforms for both the

injected HF CM current and the resultant arm current are shown in Fig. 3.2,

1
Vyj = EVdc — Vjo — Up
2 3.1)
vLj = EVdC + Ujo + U

. . 1. .
lyj = leirej T34 1
‘U] ‘ClTC] i ] .h (3.2)
lyj = leircj — Elj +ip
Multiplying (3.1) and (3.2) yields the arm power comprised of a new CM and DM

components generally written as:

1 . 1.
Pem = 5Vacin —50ni; (3.31)
Vacii 200\ 2 . . .
Pam = % (1 - (V_djc) ) — Vplp = Vjo lp — Vplj (33b)

where both terms in the CM power are HF components, resulting in negligible SM
capacitor voltage ripple. Whereas, the third and fourth terms of the DM power are HF

components, while the second term is the product of the HF injected signals, and is
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used to counterbalance the first term which represents the fundamental-frequency

ripple power.
Vio
2N MMC
2.Vs, 0.2 modulation
Vhj

Fig. 3.1 Control block diagram of HF injection method.
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+
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_ NIN NN

resultant arm
current

J1) U U UL

Fig. 3.2 Idealized waveforms of HF injection method using quasi-square CM current waveform.
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3.2.1 Sinusoidal HF Injection

In this method, the injected voltage and current are defined as sinusoidal signals, as:

{vh = Vj sin(wpt) (3.4)

ih = Ih Sin((l)ht)

where V,, and I, are the magnitudes of the injected HF voltage and current,
respectively, and are defined according to (3.4), while w, is the angular frequency of

the injected signals.

i N2
Vplp = dec 2 (1 - (2 U]O) ) (3.5)

Vac

Substituting (3.4) and (3.5) in (3.3b) yields the DM power as:

Vacii 2150\ 2 . .
Dam = % (1 - (V_d]c) )cos(tht) — Vjo ip — Vpij (3.6)

where the DM arm power is entirely comprised of HF components. That is, the HF
injection approach exploits MMC degrees of freedom to redistribute the power
between the upper and lower arms, where injected signals produce HF power exchange
between the arms. This allows the SM capacitors to be charged and discharged more
frequently such that their voltage ripple is attenuated [12], [14], [47]-[50].

It should be noted that larger injected current results in higher power loss across
MMC switching devices. Referring to (3.5), reducing the injected CM current
magnitude necessitates increasing the injected voltage. Nonetheless, the injected
voltage is bounded by MMC modulation index, where to avoid over-modulation, the
peak injected voltage is:

1-M
2Kp

Vo = (5) Vae (37)

where K, is a coefficient representing the modulation margin utilization, and is usually
assigned between 1.05 and 1.2. Setting K}, to unity means the MMC is at the verge of
over-modulation after inserting an HF voltage into the arm voltages. Accordingly, the
peak injected CM current is:
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I, =23 (1 - M cos?(wt + 6;)) (3.8)

1-M

Although the HF voltage injection is directly realized through MMC modulation,

CM current injection implies tracking control (as shown in Fig. 3.1), imposing

limitations on the bandwidth of the current control loop. To achieve good

controllability of the injected current, the choice of w;, must be less than 1/10 the

MMC switching frequency. Whereas, to satisfactorily mitigate the SM capacitor

voltage ripple at low-operating frequencies, w;, is recommended to be at least 4-10

times the mid-range operating frequency [51]. That is, for a 50 Hz rated frequency, the

injected signals are maintained at 100—250 Hz.

Although the HF injection method is theoretically able to entirely suppress MMC

arm ripple power, it experiences the following significant shortcomings:

The CM voltage introduced at the motor terminals results in insulation and
bearing current problems that harm the motor and shorten its lifetime [52].
The injected CM current remarkably increases the MMC arm currents. This
increases the current stress of the switching devices, and consequently the
power loss, which necessitates oversizing the current capacity of the switching
devices with higher cooling requirements.

The injected CM current can be unacceptably high in the intermediate-speed
range (when the modulation index is high), where it can be as high as three
times the nominal current [12]. Therefore, full ripple power suppression is
usually adopted only in the low-speed range, while it has to be either dropped
or tapered off at higher speeds.

HF injection method is more convenient with quadratic-torque loads, where
both the load torque and current are relatively small at low to medium speeds,
that is, necessary injected current peak can be bearable. In contrast, constant-
torque loads imply constant current within the whole speed range, where the
injection approach will not be so effective.

A conflict in coordinating the intentionally injected signals control and the
basic MMC control loops (such as output current control and capacitor voltage
balancing control) may arise, causing stability problems during transient

conditions.
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Several improved injection approaches have been adopted to ultimately alleviate
both the introduced CM voltage and current stress of the switching devices. These

approaches are subsequently discussed.

3.2.2 Improved Injection Methods with Reduced Current Stress

To reduce the injected CM current peak, the HF injected waveforms are reshaped from
a sinusoidal waveform into third-order harmonic injected sinusoidal waveform [53]
and both square and quasi-square waveforms [46], [54]-[56]. Common to all modified
waveforms, the fundamental component of the injected voltage is attempted to be
boosted, without causing over-modulation. Equations describing the injected HF
voltage using third-harmonic injected sinusoidal and square waveform are given by
(3.9) and (3.10), respectively.

vy = (%) Vae (sin(wpt) + %sin(Bwht)) (3.9)

1-M 1
(m) Vace o<t E)

1-M 1 1
— (== —_— < —
(ZKh)VdC (th<t_fh)

vy, = (3.10)

In [53] and [57], several combinations of injected waveforms were adopted for
assessment. Compared to the sinusoidal injection method, injecting a square-wave
voltage and a sinusoidal CM current associated with third harmonic achieves a 33.8%
reduction in the peak injected current. A further improvement to reduce the peak
injected current up to 50% is achieved by adopting a square waveform for both the
injected voltage and current signals. However, square-wave signals are not applicable
in practical implementation, where a square-wave circulating current induces a large
voltage across the arm inductors at the rising and falling transitions, which imposes
serious control disturbances. Moreover, the square-wave HF voltage results in high
dv/dt CM voltage at the motor terminals, threatening the lifespan of motor bearing.

Thus, the quasi-square (trapezoidal) wave injection is a more practical alternative.

40



3.2.3 Improved Injection Methods for Full Speed Range

Since traditional HF injection methods are not practically suitable for a medium- to
high-speed range of constant-torque loads, a flexible control scheme to reduce the
average SM capacitor voltage at the intermediate speed range has been proposed in
[12], [58], and [59]. At motor speeds in the range of 0.3-1 p.u., the HF injection
scheme is dropped, while the SM capacitor voltage is varied in accordance to the motor
speed by regulating both the dc and ac components of the PWM reference signal. This
allows increasing the SM capacitor voltage-ripple as the motor speed decreases, where
a larger capacitor-voltage ripple can be tolerated without exceeding maximum
capacitor voltage limits. At speeds lower than 0.3 p.u., the traditional HF injection
method is adopted to suppress the low frequency ripple power. One shortcoming of
this modified HF injection approach is the high computational burden required to
determine the optimal average SM capacitor voltage.

Another approach for a constant-ripple range of SM capacitor voltage for the entire
speed range is suggested in [60]. In this approach, an improved circulating current
injection method is proposed, which does not completely eliminate the capacitor
voltage ripple, but maintains it bounded within reasonable definable values. Unlike the
traditional injection method (where the injected current magnitude increases with
operating frequency increase for full ripple-power compensation), the improved
injection method finds a more appropriate way to utilize the injected HF current
component by allowing the SM capacitors to buffer a portion of the power variation.
As aresult, the injected current magnitude can be reduced, yielding lower MMC power

losses and reduced semiconductor current rating.

3.2.4 Improved Injection Methods with Reduced CM Voltage

To alleviate the CM voltage associated with the HF injection method, a family of
modified MMC structures have been proposed in [61]-[64], employing physical power
transfer channels between the MMC arms for power redistribution.

A. Vertical power transfer channels

In [61] and [62], each MMC arm is divided into two sub-arms while their conjunction
nodes are drawn out to connect the middle taps of each pair of upper and lower arms
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through a cross-connected branch. The branch has been realized through either N HB-
SMs or a flying capacitor, yielding an active cross-connected MMC (ACC-MMC) and
a flying capacitor MMC (FC-MMC), as shown in Figs. 3.3a and 3.3b, respectively.

(b)
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Fig. 3.3 Modified MMC configurations with vertical power transfer channel; (a) ACC-MMC and (b)



The modified MMC configurations are operated under the HF injection method,
where an HF voltage is intentionally introduced into the sub-arms to create one degree
of freedom to redistribute the power between the upper and lower arms. The injected
voltage amplitude is complementary to the output phase-voltage magnitude for full
voltage margin utilization. In each arm, the HF voltages across the sub-arms are
inversely arranged to cancel their effect on the dc and ac sides and to avoid a CM
voltage at the machine terminals. This is elaborated in the equivalent circuit of one
phase-leg of the modified configurations, as in Fig. 3.4a and 3.4b for the ACC-MMC
and FC-MMC, respectively. An HF current i, is excited by the differential voltage
component in the cross-connected branch to interact with the HF voltage in the arms
to redistribute the power between the upper and lower arms. When the MMC is
required to operate in a low-frequency condition, each pair of MMC arms experiences
unbalanced power. If the power in the upper arm is higher than that of the lower arm,
an HF current flows through the cross-connected branch to maintain the upper-arm
capacitors charged and the lower-arm capacitors discharged. In contrast, when the
upper arm power is less than that of the lower arm, the HF current flows in a reverse
direction. Referring to Fig. 3.4, the pulsating power can be transferred between U; and
L, and between U, and L;. Since the CM voltage at the ac terminals does not contain
the HF component, the injected HF voltage is shaped as a square wave to reduce the
current stress.

Both the ACC-MMC and FC-MMC inherit the same ripple power suppression
performance as the traditional HF injection methods, however without inducing
additional CM voltage at the machine terminals. Notwithstanding, both modified
MMC configurations employ additional hardware. For each phase-leg, the ACC-MMC
adopts an extra N HB-SMs, while the FC-MMC assembles a cross-connected
capacitor. The FC rated voltage is half the dc-link voltage, which may limit the overall
voltage rating of the FC-MMC to the medium range [65]. Also, the cross-connected
FC in each phase-leg needs a pre-charging, whereas the oscillation between the cross-
connected FC and the arm inductors must be mitigated during the pre-charging process
to avoid a negative FC voltage, especially if a polarized capacitor is utilized. Common
to both the ACC-MMC and FC-MMC, the number of SMs per arm must be even, such
that the arm can be equally split into a top half and a bottom half.
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Fig. 3.4 Per-phase equivalent circuit of: (a) ACC-MMC and (b) FC-MMC.

B. Horizontal power transfer channels

In [63] and [64], the power transfer channels are realized by series connected FB-SMs
assembled in either star or delta channels, yielding a star-channel and delta-channel
MMC, as shown in Figs. 3.5a and 3.5b, respectively. Common to both configurations,
each arm is divided into two halves, with cross connection of each set of three adjacent
arms at their middle tap nodes through two sets of star-/delta-channel branches. The
HF injection method is applied, where an HF voltage is inserted into the sub-arms in
a reverse order such that the net added CM voltage sums to zero. Since the power
fluctuations among the three phases are shifted by 120° due to the phase displacement
of the three-phase fundamental components, HF currents with 120° phase shift are
used to redistribute the power among the three-phase legs through the two channel sets
in the upper and lower arms. The vector sum of each three HF currents in the two sets
of star-/delta-channel branches is zero. The two sets of channel branches transmit the

power from high-power arm to low-power ones by producing HF current i, as
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Fig. 3.5 Modified MMC configurations with horizontal power transfer channel: (a) star-channel
MMC and (b) delta-channel MMC.

shown in the equivalent circuits in Fig. 3.6a and 3.6b for the star-channel and delta-
channel MMCs, respectively. When the upper-arm power of phase a is larger than that
of the other two upper arms, the lower-arm power of phase a is less than the other

lower arms. Thus, the upper channel branch pumps power from the upper arm of phase
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a by inducing HF current, transmitting the power to the other two upper arms. The
lower channel branch conducts the reverse action because of the opposite power
fluctuations. The rebalanced power amongst the three-phase legs leads to minimized
SM capacitor voltage fluctuations. Meanwhile, the HF voltages do not appear at the ac

terminals due to the automatic cancellation in the two halves of each arm.

(b)
Fig. 3.6 Per-phase equivalent circuit of: (a) star-channel MMC and (b) delta-channel MMC.

46



Similar to the ACC-MMC and FC-MMC, both the star- and delta-channel MMCs
are able to adopt HF injection methods to suppress MMC ripple power at low-
operating frequencies without introducing additional CM voltage at the ac terminals,
however with extra hardware. The added hardware is a series connection of FB-SMs,
for a bipolar voltage requirement, assembled in either three-phase star or delta
channels. The number of FB-SMs is determined based on the MMC voltage rating.

That is, each branch of the star channel is synthesized by 0.25N FB-SMs, while each
delta channel branch comprises 0.25v/3N FB-SMs. Also, both the star- and delta-

channel MMCs necessitate the number of SMs per arm be even, to maintain access to
the arm middle tap node. Compared to the ACC-MMC, both the star- and delta-
channel MMCs employ a lower number of SMs in the added power transfer channel.
Nonetheless, the incorporation of FB-SMs in the power transfer channel keeps the
number of extra required IGBTSs in the star-channel MMC equal to that of the ACC-
MMC, while the number of extra IGBTS in the delta-channel MMC is 73% higher than
that employed by the ACC-MMC.

3.2.5 Injection Methods with FB-SMs

In [66], the HF injection method is applied to an MMC with FB-SMs. This results in
75% and 66% reduction in the voltage and current stresses of FB switching devices,
respectively, compared to that of HB-SMs under HF injection at the same power
rating. This returns to the possibility of reducing the dc-link voltage, which stands as
a major culprit behind the fundamental-frequency ripple power, when operating with
FB-SMs while enabling the negative-voltage state. This allows the MMC to operate in
a voltage-boost mode with over-modulation. Although FB-MMC doubles the number
of switching devices, the total device cost is close to the HB-MMC since the rated
voltage of switching devices in FB-SMs is half that of the HB-SMs. Further, the FB-
MMC has extra benefits such as the dc fault ride-through capability.
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3.3 Modified Operation-Mode Methods

The inherent MMC ripple power can be attenuated by changing the MMC mode of
operation, reducing the sources that are fundamentally responsible for large power
fluctuation. Consequently, the SM capacitors can withstand reduced voltage ripple

without adopting any suppression method.

3.3.1 MMC with Variable Average Dc Voltage

A constant ratio between the dc-link voltage and operating frequency (V,;./w) yields
a constant capacitive energy fluctuation in MMC arms. In this context, several
approaches have been proposed to reduce the average dc-link voltage across the MMC
phase-legs at low operating frequencies. A hybrid MMC topology adopting a chopper
circuit at the dc-link side has been proposed in [67] to reduce the average dc voltage
delivered to the MMC. The chopper circuit is realized through a series switch, S,
connected between MMC phase-legs and the dc-link voltage, as shown in Fig. 3.7. The
switch function is to connect or disconnected the MMC circuit to/from the dc-link
voltage. The switch can be realized via a series array of either IGBTSs or thyristors,
while an RC snubber circuit is connected in parallel with the MMC for switching
harmonics filtering.

Referring to Fig. 3.7, the hybrid MMC topology operates the switch Sg with a duty
cycle D, resulting in an alternating voltage across the MMC circuit as shown in Fig.

3.8. The average voltage V. q,,4 across the MMC circuit is given by:
Vacavg = DVac + (1—=D)MVy, (3.21)

The reduction in the average voltage supplying the MMC reduces the dc component
in the arm voltage, resulting in lower SM capacitor voltage ripple. The duty cycle must
be properly selected to achieve a balance between the dc and ac powers. For constant-
torque loads, the duty cycle is equal to the modulation index (D = M). At low
operating frequencies, the average dc voltage across the MMC circuit cannot be
lowered to near zero. Thus, SM capacitor voltage ripple increases at extremely low

speeds, calling for larger SM capacitance. That is why a method to decrease the
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Fig. 3.8 Sketch map of ac output voltage and reduced average dc voltage of the hybrid MMC.

average SM capacitor voltage of the hybrid MMC is presented in [68] to efficiently
drive the machine at extremely low speeds without significantly increasing the SM
capacitance, where the nominal SM capacitor voltage is reduced such that a larger
voltage ripple can be tolerated.

Since the input switch S, blocks the full dc-link voltage, an array of series connected
switches is needed, which raises concerns with complicated voltage-sharing circuits.
As an alternative, the dc-link voltage can be maintained variable using a combination

of thyristors and diode rectifiers, as shown in Fig. 3.9 [69]. This approach achieves

49



step regulation of the dc-link voltage according to the motor speed, where the average
dc voltage across the MMC circuit can be reduced to 25% of the full dc-link voltage,

resulting in a 75% reduction in the corresponding SM capacitor voltage ripple at 0.25

p.u. speed.
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Fig. 3.10 T-type MMC.
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A similar approach is presented in [70], where a T-type MMC employs 0.5N FB-
SMs between the midpoint of the dc-link voltage and the midpoint of each phase-leg,
as shown in Fig. 3.10. When the output voltage (frequency) is lower than 0.5 p.u.,
either the upper or lower arm is used together with the FB arm to realize half the dc-
link voltage as the main supply. Accordingly, both the dc and ac components in the
arm voltage are reduced by 50%, which reduces the SM capacitor voltage ripple by
the same ratio. When the output voltage is higher than 0.5 p.u., the upper and lower
arms are traditionally operational as a standard MMC.

In [71], a front-end MMC with FB-SMs is adopted as a grid-side rectifier not only
to control the grid current to be sinusoidal and in phase with the grid voltage, but also
to generate a constant dc current at the output. The regulated dc current is used to
supply another MMC, connected in cascaded in a back-to-back configuration, to drive
a three-phase machine, as shown in Fig. 3.11. The configuration is suitable for
regenerative applications of the drive system, such as railway traction drives, since the
power flow can be bidirectional. When a current source replaces the voltage source in
a standard MMC topology, the equivalent dc-link voltage across MMC phase-legs is
proportional to the operating speed of a machine running at a constant torque; that is,
the ratio V,;./w is constant. When the motor runs at high speeds with light loading
condition, the output voltage required at the motor terminals is high while the power
is relatively low. To ensure power balance, the dc-link voltage cannot be too high,
where the motor-side MMC must be able to generate high ac output voltage from low
dc-link voltage. Thus, FB-SMs are adopted at the motor-side MMC. At standstill or
ultra-low speeds, the ratio V,;./w cannot be maintained constant, where the dc-link
voltage is required to be boosted to meet the motor constant-torque requirement.
Therefore, the authors in [72] suggested employing HF injection methods to
compensate the effect of the ripple power associated with the boosted dc-link voltage,
to maintain the SM capacitor voltage ripple constant.

To reduce the component count employed by the back-to-back FB-MMC
configuration, the grid-side MMC was modified into a hybrid version, employing FB-
SMs only in the upper arms, while the lower arms are comprised of HB-SMs. Also,
the motor-side FB-MMC was replaced by an HB-MMC [73].
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Fig. 3.11 Back-to-back MMC configuration using FB-SMs.

3.3.2 Quasi two-level Operation Mode

Quasi two-level (Q2L) operation mode was first proposed in [74] for NPC multilevel
inverters, to facilitate the capacitor voltage control. In [75], the concept has been
applied to MMC-based dc-dc converters for HVDC applications, achieving a
significant reduction in SM capacitance. Recently, the Q2L operating mode has been
combined with triangle-carrier-based PWM technique in order to emulate the PWM
VSI operation using the MMC topology [76]-[80]. In this operation mode, the MMC
generates PWM voltages with a controllable dv/dt by briefly employing the SM
capacitors to synthesis intermediate voltage steps between the two dominant voltage
levels of the ac output voltage. Thus, the SM capacitors are switched on/off in a
delayed manner relative to each other, such that the rising and falling rates of the
generated voltage are realized through a staircase waveform as shown by the idealized
sketch in Fig. 3.12. The time spent at each intermediate voltage level is denoted as the
dwell time, T4, which is selected small enough (few microseconds) to reduce the

energy storage requirement per SM capacitance for a given voltage-ripple.
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Fig. 3.12 Q2L approximation for two PWM switching cycles.

The Q2L-PWM operation mode needs to control both the upper and lower arms
to conduct the load current in a complementary manner. At steady state, when the
load current flows through either arm, all SMs of that arm are bypassed and those
of the opposite one are attached to the dc link. Except for the brief switching times,
high voltage and large current do not appear simultaneously in both arms. That is
why there is no long-time charge or discharge for SM capacitors, which limits
capacitor voltage fluctuation to short current transition times during commutation
between two arms. Also, the inrush current due to the imbalance between the dc-
link voltage and the sum of voltages across the SM capacitors will be considerably
limited, resulting in a diminutive arm inductance which can be realized through
parasitic inductance of connection paths. MMC operation under Q2L-PWM mode
is further elaborated with the idealized waveforms shown in Fig. 3.13.

Although the Q2L PWM-based MMC efficiently operates at low frequencies with
diminished SM capacitance, the multilevel property is lost. Thus, standard
multilevel harmonic characteristics are sacrificed, compared to the traditional
operation mode, causing current distortion at both the dc and ac sides. That is why

a filtering capacitor must be installed at the dc side, while additional LC filter may
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be installed at the ac output stage if machine inductance is not sufficient for current
filtering at low operating speeds. Similar to a traditional two-level VSI, the Q2L-
PWM mode implies both the upper and lower MMC arms carry the full load current,
in acomplementary manner. This doubles the current stress of the switching devices,
compared to a normal multilevel operating mode. Also, a high CM voltage is
unavoidable across the machine terminals, however with reduced dv/dt, since the

sum of the three Q2L-PWM output voltages is significantly high.

| N

Fig. 3.13 Idealized waveforms of Q2L-PWM MMC operation mode for two PWM switching cycles.
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3.4 Summary

In this chapter, the main approaches to suppress MMC fundamental ripple-power, for
variable-speed drive applications, have been reviewed. A brief assessment is presented
in Table 3.1, listing the main advantages and disadvantages of the different
approaches, their ability to provide constant-torque operation over the full speed range,
and whether they incur additional CM voltage and hardware.

The HF injection method is the mainstream solution to extend the MMC operation
to low frequencies. Despite being a software-based solution, additional hardware has
been combined with the HF injection approach for CM voltage reduction. Yet, both
the software-based and promoted hardware-based HF injection methods increase the
arm current magnitude, thus increase the power loss, compared to a standard MMC
with traditional modulation. Although the research focus is directed to optimizing the
injected signals waveform and altering the implementation method, there is remaining
concerns to be overcame pertinent to tracking the HF circulating current at the limited
switching frequency and providing a near-zero-frequency and standstill operation at
the full-load torque. Other introduced methods achieve satisfactorily performance
when operating at reduced frequencies, but with unavoidable trade-offs. Common to
all reviewed approaches, no detailed verification has been provided for machine drives
with scores of megawatts at the higher limit of the MV range. This raises concerns
about the extendibility of these approaches for high-power drive systems, where

increasing the dc-link voltage and load current decidedly alters the performance.
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Table 3.1: Assessment of MMC approaches for low-frequency operation

Constant-torque | Additional Additional Kev advantages Kev disadvantages
full speed range | CM voltage Hardware y g y g
Sinusoidal HF injection < v x Easy to track sinusoidal injected I_m: current stress
current High CM voltage
L High CM voltage
Improved injection methods
.u ved Inject x v x Reduced current stress Hard to track square wave
with reduced current stress .
injected current
Improved injection methods v v < Constant voltage-ripple within Hard to optimize SM capacitor
for full speed range entire speed range nominal voltage
Improved injection methods with Massive hardware for
x x v Reduced CM voltage
reduced CM voltage g only reduced CM voltage
Improved injection methods with . - Doubled number of switching
x v v -
FB-SMs de fault ride-through capability devices, compared to HB-SMs
. . Array of series switches [67]
Reduced dc volt x x v E _ tat o
edticed de voltage asy implementation Phase-shifting transformer [69]
Back-to-back current-source v < v Suitable for Extra cost and
MMC configuration regenerative applications complicated control strategy
Q2L-PWM operation mode v 4 x Diminished Multilevel property lost

SM capacitance
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Chapter 4

New MMC Topologies for Variable-Speed Drives

This chapter presents a family of new MMC configurations applying a ripple power
decoupling approach between SMs, for capacitor voltage ripple compensation. The
power decoupling approach employs energy balancers at the SM level, enabling the
MMC arm ripple power be transferred from one SM to another for energy equalization.
This results in a significant reduction in SM capacitor voltage ripple, offering reliable
MMC configurations able to efficiently drive variable-speed machines over a wide

range of operating frequencies at rated torque condition.
4.1 MMC Ripple Power Analysis

This section illustrates the problem to be solved by presenting the analysis of MMC
arm power and SM capacitor voltage-ripple in order to characterize their different
frequency components. The analysis is conducted for a general phase-leg j of the MMC

system.
4.1.1 Arm Ripple Power

Referring to Fig. 2.1, the instantaneous MMC arm power is given as the product of the

arm voltage and the corresponding arm current:

Puj = Vyj lyj
{pLj =V i (41)
Recalling (2.1)—(2.6) and substituting (4.1) yields:
Vacl
pyj = dc o Icos(a)t + 6, — (p)
M? M (423.)
- TCOS(([)) cos(wt + 0]-) — ?cos[Z(a)t + 0]-) - (p]
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V.1
pLj = di 2 —cos(wt + 9]- — (p)
2 (4.2b)

M M
+ 7cos(<p) cos(wt + 6;) — ?cos[z(wt +6;) - o]

By rearranging the terms of (4.2), the instantaneous power in the upper and lower arms
can be categorized into a CM component, p.,, Which is in phase in both arms, and a

differential-mode (DM) component, p,.,,, appearing anti-phase in the upper and lower

arms, as:
Puj = Pem t Pam
{pLj =Pcm — Pam (4.3)
where
Ve I,M
DPem = — 080 cos[2(wt + 6;) — ¢] (4.43)
= Yacko J4 2(@)(M* — 4M? 0 (4.4b)
Pam = —¢g + cos2(p)(M* — ) cos(wt + 6; —y) :
M? tan ¢ cos?
y =@ +tan~! L ¢ (4.5)

2 — M?cos?¢p

The CM component alternates at twice the line frequency, and is a direct
consequence of the active power at the dc-side being constant, whereas the phase-
power at the ac-side pulsates at twice the line frequency. The DM component alternates
with the fundamental line-frequency, and represents the power circulated back and
forth internally between the upper and lower arms of the same leg. The CM and DM
power components are graphically demonstrated in Fig. 4.1 along with the total arm

power, where the DM power is the dominant component.
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Fig. 4.1 MMC arm power components. (V. =25 kV, I, =500 A, M = 0.75, and ¢ = 25°).

Similar to arm power analysis, the energy variation of MMC arms can be classified
into a CM component, w,,,,, and a DM component, wy,,, as:
Wyj = Wem + Wam (4.6a)

Wi = Wem — Wam (4.6b)

where wy;; and wy; are the alternating components of stored energy in the upper and

lower arms, respectively. Integrating (4.4) yields the CM and DM components of

energy variation as:

Viel, M
Wem = — 1662) sin[2(wt + 6;) — ¢] (4.7a)
Vi1
Wam = gcwo \/4 + cos?(p)(M* — 4M?) sin(wt +6; — )/) (4.7b)

4.1.2 SM Capacitor Voltage Ripple

Due to the dual frequency alternation of capacitive energy stored in MMC arms,
capacitor voltage fluctuations have CM and DM voltage-ripple components alternating
at twice the fundamental frequency and at the fundamental frequency, respectively, as
shown by (4.8).
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AV, AV,
Avey; = —%sin[z(wt +6,)— o]+ ;dm sin(wt+6; —y)  (4.89)

AV,
Czdm sin(wt + 6; —y) (4.8b)

AV,
Ave,; = — ;”" sin[2(wt + 6;) — @] —

where Av,, j and Av,, j are the capacitor voltage-variation of SMs in the upper and

lower arms, respectively, while AV, and AV, , are the absolute values of the peak-
to-peak variation of the CM and DM components of SM capacitor voltage-ripple.

The variation of arm stored-energy is handled by the capacitors of the series-
connected SMs in each arm, as demonstrated by (4.9).

NC
AW = 7 (Vzc max — Vzc min) = NCV; AV, (49)

where AW and AV, are the peak-to-peak variation of arm stored-energy and capacitor
voltage-ripple of each SM, respectively. Since the nominal SM capacitor voltage
isV. = V4./N, the magnitude of the peak-to-peak capacitor voltage-ripple due to the
CM and DM components, from (4.7) and (4.9) are:

I,M
AV, = 8‘;) - (4.10a)
I
AV, g = 7or 4+ cOs2(p) (M* — 4M2) (4.10b)

The CM component of capacitor voltage-ripple is a direct result of the CM power
given by (4.4a), which is inherited in the MMC due to the different frequency of the
input and output power. Although the CM component is inevitable, it has a slight
influence on capacitor voltage-ripple as depicted in (4.10a), where in variable-speed
drives with Volt/Hertz control, the ratio M /w is near constant, while the load current
1, is invariant. On the other side, when the operating frequency w is reduced in (4.10b),
while the ratio M /w is constant for constant motor torque requirements, the DM
component of capacitor voltage-ripple increases. Further, the direct proportionality of
capacitor voltage-ripple to output current variation, at a constant operating frequency,
is much higher in the DM component compared to the CM component. The significant

influence of DM component on capacitor voltage-ripple is emphasized as shown in
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Fig. 4.2, where the normalized peak-to-peak capacitor voltage-variation, for the CM
and DM components, is illustrated with operating frequency variation in Fig. 4.2a, and
with output current variation in Fig. 4.2b.
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Fig. 4.2 Normalized components of capacitor voltage-ripple, with V, = 2.5 kV, C =3 mF, M = 0.75,
and ¢ =259, at: (a) variable frequency and constant output current (I, = 500 A) and (b) variable output
current and constant frequency (f =25 Hz).
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Fig. 4.3 Normalized components of capacitor voltage-ripple at constant M /w. (C =3 mF, V. = 2.5 kV,
and ¢ = 25°).

Further assessment of capacitor voltage-ripple components is elucidated in Fig. 4.3,
where the variation of normalized capacitor voltage-ripple for the CM and DM
components is shown with operating frequency variation at different output currents,
while the ratio M/w is constant. The CM component of capacitor voltage-ripple
exhibits a horizontal-line ripple profile with low magnitude, independent of operating
frequency variation. Also, the ripple profile of the CM component is slightly affected
by a corresponding increase in the output current from 200 A to 1000 A. In contrast,
the capacitor voltage-ripple profile due to the DM component significantly increases
at low operating frequencies, approaching infinity at near zero frequency. Also, the
DM voltage-ripple significantly increases as the output current increases. This
concludes the dominant component of capacitor voltage-ripple is the DM component,
which should be controlled so that the capacitor voltage-ripple does not exceed

prescribed values.

4.2 Ripple Power Decoupling

As established in the previous section, the amount of DM ripple power released by an
MMC arm is equal to that absorbed by the complementary arm in the same MMC leg.
Thus, to eliminate arm power fluctuation, the excess of energy stored in one arm can

be transferred to the other arm of the leg, to source the lack of energy. This can be

62



realized by designing suitable power decoupling channels capable of controlling both
the amount and direction of active power transfer between each upper and lower arm
pair in the same MMC leg.

The basic idea of active power decoupling is to divert the pulsating power from one
specific energy storage component to another, through an active circuit. A potential
way to decouple MMC arm ripple power is to exchange it through the SMs dc
capacitors. In order to avoid interfering with the capacitor function or interrupting the
current path, the required power exchange must be transmitted through a parallel
shunting path. That is, each pair of opposite SM capacitors of an upper and lower arm
at the same MMC leg can be paralleled together through an intermediate dc-dc
converter. The dc-dc converter acts as an energy balancer to redistribute the stored
capacitive energy among each two opposite-arm SMs by allowing their ripple power
to be transferred from one SM with an excess of capacitive stored energy to the other,

in a closed loop, to recover the energy lack.

4.2.1 Power Decoupling Channels

A modular implementation of energy exchange between SMs can be achieved by
employing HF transformer-based dc-dc converter modules as magnetic links between
opposite-arm SM capacitors of the same MMC leg. Dc-dc conversion via an HF
transformer achieves high power-density conversion with bidirectional power flow,
galvanic isolation, high efficiency, low weight and size, and soft semiconductor
switching [81]. The phase-shift dual active-bridge (DAB) converter is a common HF
transformer-based dc-dc converter, in which two active bridges are interfaced through
an HF transformer. The bridges are phase shifted relative to each other to control the
power transferred from one dc voltage bus to the other. Two configurations among the
phase-shift DAB dc-dc converters are the dual full-bridge (DFB) and dual half-bridge
(DHB) converters [81]-[84], as shown in Fig. 4.4a and 4.4b, respectively.
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Fig. 4.4 Phase-shift dual-bridge dc-dc converter configuration using: (a) DFB and (b) DHB.

In comparison, the DHB topology has half the switching devices and corresponding
drivers for the same power rating, resulting in an efficient power transfer. In addition,
the transformer flux-swing of the DHB is only half of the DFB’s when the same
switching frequency and effective cross-sectional area of transformer core are
employed. Therefore, the phase-shift DHB is employed as a dc-dc energy-exchange
module to realize MMC ripple power decoupling.

4.2.2 DHB Principle of Operation

The DHB converter is composed of a pair of voltage-fed HB dc-ac inverters interfaced
via an HF transformer with a turns ratio n;. DHB configuration necessitates the
capacitor bank at each bridge side be equally split with access to the centre-tap point,
as shown in Fig. 4.4b. DHB parasitic components are exploited to achieve some
operational characteristics. The leakage inductance of the HF transformer is utilized
as an interface and energy transfer element between both voltage-source HB inverters,
while the output capacitance of the switching devices is used to realize soft-switching
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operation [85]. Both HB inverters generate fixed-frequency square-wave voltages with
a constant duty ratio of 50%, applied to both transformer sides. The power flow
between both bridge sides is controlled via the phase-angle difference, &, between the
primary and secondary voltage vectors. The most common approach for square wave
generation at both converter sides is the phase-shift PWM in which each converter side
is modulated with a triangular carrier signal of a frequency w; and a constant duty
ratio, D, of 50% (D = 0.5). Depending on the phase-angle difference between the

primary and secondary voltages, the amount of power transfer is [85]:

_ ch Vcs 5(77: - |5|)
B 8m2f, Ly

(4.11)

where Ly is the transformer leakage inductance and f;, is the DHB switching
frequency. To generate a phase difference 6 between both DHB converter sides, two

modulation signals are defined as [86]:

my =D —— (4.12a)
m2 = |1 - mll (4.12b)
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Fig. 4.5 Sketch of the phase-shift PWM of a DHB converter for bidirectional power transfer during:
(a) positive phase-shift angle and (b) negative phase-shift angle.
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According to the sign of o, bidirectional power can be transferred between the DHB
converter sides as illustrated in Fig. 4.2, where v, and v, are the voltages applied on

the primary and secondary transformer sides, respectively.

4.3 A Generalized DHB-Assisted MMC Drive System

In this section, the DHB-based power decoupling approach is realized for an MMC
drive system with any number of machine phases and machine winding connection. In
the generalized DHB-assisted MMC configuration, SM ripple power is decoupled and
bi-directionally exchanged with the opposite-arm SM in a vertical basis within the
same phase-leg. That is, each pair of upper- and lower-arm SMs are magnetically
coupled through a DHB converter interfacing their capacitors. This is schematically
illustrated in Fig. 4.6 for a three-phase MMC, where the configuration employs 3N
DHB modules; that is, denoted as 3N DHB-assisted MMC. A further elaboration for

one of the chain links of each pair of upper- and lower-arm SM is shown in Fig. 4.7.

o
( < Vua \
| A T AN
T Vdc :
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Fig. 4.6 Circuit diagram of a three-phase MMC assisted with DHB chains between pairs of opposite
upper- and lower-arm SMs.
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Fig. 4.7 DHB configuration linking two HB-SMs of opposite upper and lower MMC arms.

Referring to Fig. 4.7, the transformer turns ratio is 1:1 (n; = 1), since the dc-dc
conversion is only employed for energy exchange between bridge sides at the same
voltage level, equal to the nominal MMC SM capacitor voltage. Also, the MMC HB-
SM capacitor is equally split into two series connected capacitors each with a
capacitance of 2C (each rated at half the SM voltage), to realize the same equivalent

capacitance of a conventional MMC HB-SM.

4.3.1 Control of DHB as Energy Balancer

DHB control for ripple power decoupling is independent of the MMC main control
loops. The DHB control considers the SM capacitor voltage as an input, where it is
regulated to follow its nominal value. Thus, a control loop employing a Pl controller
is implemented for each DHB module. The PI controller sets the voltage difference of
each DHB primary- and secondary-side capacitor pair (calculated as V,, — V) to zero,
providing the necessary phase-angle difference, §*, which is utilized as an input to the
DHB modulator. When V,, is higher than V., a positive phase-shift is obtained,
yielding a forward power transfer, where the DHB primary-side voltage is leading the
secondary-side one. The power transfer action is reversed when V,, is lower than Vs,
where reverse power transfer with a negative phase-shift occurs associated with the
reversal of both the leading and lagging bridge sides, compared to the forward power

transfer case, as elucidated in Fig. 4.8.
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Fig. 4.8 Idealized waveforms of DHB converter for power transfer between a pair of opposite-arm
MMC SMs during: (a) positive phase-shift angle and (b) negative phase-shift angle.
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Fig. 4.9 Block diagram of DHB control as an energy balancer.

According to the reference phase-angle difference generated by the PI controller, the
DHB modulator generates the control signals m, and m,, as given by (4.12), that are
compared with a triangular carrier signal to generate the DHB switching signals. This
results in square wave voltages at both sides of the DHB converter, however shifted
by the commanded angle. With fast modulation of MMC arms, the same phase-angle
difference can be utilized for all of the N DHB modules located on the same MMC
phase-leg. Thus, DHB control can be generalized for an MMC phase-leg j, as
schematically represented in Fig. 4.9. The sum of SM capacitor voltages of the upper
arm (X vy;) is subtracted from that of the lower arm (¥ v,,;) to control the power
flow through the DHB modules interconnecting the opposite SMs of phase j. A low-
pass filter (LPF) is utilized to remove any harmonic wave distortion. The same control
loop is adopted for each set of DHBs interfacing the opposite SMs of upper and lower
arms, where for a three-phase MMC, three Pl controllers are employed to control all
the DHB modules.
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4.3.2 Capacitor Voltage Variation

DHB control ensures the DM ripple power component of each pair of opposite-arm
SMs is counterbalanced, eliminating the DM ripple component in the SM capacitor
voltage. Thus, the voltage fluctuation across SM capacitors of the 3N DHB-assisted
MMC is given by (4.13), with an absolute peak-to-peak value equal to the CM

component, as shown in (4.14).

oM .

AvCU]. _— AUCL]. s = Tewc sm[Z(wt + Hj) - (p] (4.13)
I,M

AVCDHB = AVCcm = 8wC (4'14)

Based on (4.14), capacitor voltage-ripple of the 3N DHB-assisted MMC inherits the
same behaviour as the CM voltage ripple component, shown in Figs. 4.2 and 4.3,
which has the least influence on capacitor voltage variation.

The idealized waveforms of SM capacitor voltage variation for a conventional MMC
and the 3N DHB-assisted MMC are shown in Fig. 4.10, with the same SM capacitance
and nominal capacitor voltage of 2.5 kV. In Fig. 4.10a, the capacitor voltage variation
of a conventional MMC alternates at the fundamental line-frequency, as a result of
both the CM and DM components, in an anti-phase manner in both the upper and lower
arms, while the peak-to-peak voltage ripple is 440 V (£8.8%). On the other hand, the
proposed DHB-assisted MMC features a second-order sinusoidal voltage variation
across the SM capacitors as shown in Fig. 4.10b, which appears with the same phase
in both the upper and lower arms, with a peak-to-peak voltage ripple of 100 V (+2%).

Further assessment of decreased capacitor voltage-ripple is presented in Fig. 4.11,
where the percentage reduction in capacitor voltage-ripple achieved by the proposed
DHB-assisted MMC is depicted with respect to the capacitor voltage-ripple of a
conventional MMC, as the modulation index varies. The sizing requirement of SM
capacitance for both topologies is also compared in Fig. 4.11. The percentage capacitor
voltage-ripple reduction is 60% at unity modulation index, with further improvement
as the modulation index decreases. The ratio between SM capacitances, that result in
the same capacitor voltage-ripple, for a conventional MMC with respect to the DHB-

assisted MMC varies between 2 at unity modulation index, up to 50 times at low
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modulation indices. For simplicity, the reduction in capacitor voltage-ripple shown in
Fig. 4.11 is assessed while considering only the DM component as the dominant
voltage-ripple component of the conventional MMC.
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Fig. 4.10 Idealized waveforms of capacitor voltage variation for SMs in upper and lower arms for:
(a) conventional MMC and (b) 3N DHB-assisted MMC. (C=3 mF, f=25Hz, V., =25kV, I, =
500 A, M =0.75, and ¢ =25
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Fig. 4.11 Assessment of voltage ripple reduction and SM capacitance size for conventional MMC
and the 3N DHB-assisted MMC (¢ =25°).

4.3.3 Operation at Zero Motor-Speed/Frequency

In a conventional MMC, the unidirectional current passing through MMC arms during
near zero-frequency power conversion results in a unidirectional change in SM
capacitor voltage, where the peak voltage variation exceeds the rated voltage of both
SM capacitors and IGBTSs. In contrast, one of the salient advantages of the proposed
DHB-assisted MMC is its ability to start a machine at full-load torque from a standstill
condition with a ripple-free SM capacitor voltage profile. At near zero frequency, the
provided output power is near dc, where the variation of the CM power in MMC arms
will be almost zero. Also, with unidirectional transfer of dc DM power component
between SMs of opposite-arm pairs, the resultant pulsating power in different arms
will be almost zero. Thus, the capacitive energy stored in MMC arms is evenly
redistributed at a constant level among all SMs, resulting in a constant voltage across

the SM capacitors.

4.3.4 DHB Design Guidelines

A. Transformer leakage inductance

Referring to Fig. 4.7, the HF transformer can be represented by a T-type equivalent

circuit as shown in Fig. 4.12, where L, and L, are the leakage inductance of the
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Fig. 4.12 T-type equivalent circuit of DHB transformer.

primary and secondary sides, respectively, while L,, is the magnetizing inductance. It
should be noted that L,, = L, since the transformer has a unity turns ratio. Neglecting

the magnetizing inductance, the transformer leakage inductance is given as:
Ly =L, +Ls (4.15)

Referring to (4.10), the power transmitted through the transformer is governed by
the phase-shift angle and transformer leakage inductance when the DHB’s switching
frequency is constant. The maximum power transfer occurs when the phase-shift angle

& = ¥, m. Therefore, the maximum power transfer is:

VCZ

= 4.16
PTmax 32thT ( )

where 1, and Vs in (4.10) are set to V. Since the DM component of arm power

alternates as shown in (4.4b), the peak decoupled DM power component for each pair
of opposite-arm SMs is:

_ Vdc 10

Pimey = AN (4.17)

where Py, ,, must be less than the maximum power-transfer ability of the transformer.
Substituting Py, < Pr,,,, gives a boundary condition for the transformer leakage

inductance:

Vdc

< —
br < gNIT (4.18)

72



B. Ratings of transformer

The voltage applied on both transformer windings is V., while the maximum
transformer current is related to the peak decoupled DM power, where it is limited to

half the output current amplitude, and is given by:

PdeM
Tmax —

= 11, (4.19)

c

C. Ratings of switching devices

The voltage rating of the DHB switching devices is V., while the current rating is %21,.

4.3.5 DHB Soft Switching

Generally, DAB converters offer natural zero-voltage switching (ZVS) transitions for
the turn-on of all devices (due to the leakage inductance). A snubber capacitor across
each switching device extends the ZVS action to the turn-off instants. For both
switching devices of each HB inverter, the ZVS condition is that the net current leaving
the leg pole (middle access-point of the leg) lags the voltage of the pole. With the
necessity of inserting a dead time between switching devices in the same bridge leg,
the net leg output current should not change direction during the dead time until the
opposite switching device is turned on. During the dead time, the leg current charges
one snubber capacitor and discharges the other in the same leg, resulting in a soft
dv/dt. For turn-on ZVS, each switching device at each bridge side should have a
negative current just before turning on, such that the anti-parallel diode is conducting,
while the voltage across the switching device is almost zero. On the other side, when
the switching device is turned off, the voltage across the snubber capacitor is almost
zero and the switching device current will divert to the snubber capacitor, which
slightly increases the snubber capacitor voltage at the turn-off instant. Since the
proposed MMC configuration employs DHB modules with a unity voltage conversion

ratio, ZV'S operation is ensured for any loading condition [83].
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4.4 DHB-Assisted Dual MMC for Open-End Stator Winding Machines

In this section, the DHB-based power decoupling approach is applied to a dual MMC
topology, and is applicable to open-end stator winding machines, however with
different placement of the DHB modules relevant to the MMC SMs.

4.4.1 Traditional Dual Multilevel Converter

Machines with open-end stator windings are a possible alternative to conventional star-
and delta-connected stators, that not only suppress the switching CM voltages but also
improve the output voltage quality [87]-[91]. The concept of employing a dual-
inverter topology feeding an open-end stator winding induction motor was first
introduced in [92] for MV high-power machine drive applications. The topology has
been implemented using two two-level inverters, where it is capable of generating
three-level output voltage with half the dc-link voltage, compared to a single-sided
three-level inverter topology. Similarly, a dual three-level inverter topology with a
single dc-link voltage was proposed for five-level operation [93]. Thereafter, several
multilevel topologies have been considered for open-end stator winding machines with
various topologies [94]-[96]. Recently, a dual inverter topology based on the MMC
has been proposed with many advantages, where it offers single dc-source operation
regardless of the number of output voltage levels, which eliminates bulky and
expensive multi-winding isolation transformers to provide isolated dc sources [97].
Also, the dual MMC topology achieves the same maximum output voltage-magnitude
as the conventional single-sided MMC with half the dc-link voltage, which reduces
the insulation requirement. If one converter fails, the other converter can continue
operation with a reduced output power while reconfiguring the machine end-terminals
at the faulty converter side to be connected in either star or delta, which gives the dual
inverter topology intrinsic fault-tolerant capability. Further, the dual MMC topology
offers more redundant switching state combinations, compared to a single-sided MMC
with the same number of output voltage levels, that can be exploited in voltage

balancing of the SM capacitors.

74



4.4.2 Dual MMC Topology

The circuit diagram of a three-phase dual MMC topology is shown in Fig. 4.13,
comprising two three-phase MMCs each feeding three end-terminals of open-end
stator winding machine, while both MMCs are modulated out-of-phase. Although the
number of arm inductors is doubled compared to a conventional single-sided MMC
topology, the equivalent arm inductance of the dual MMC topology remains the same.
The dual MMC structure can be considered as a direct consequence of splitting each
phase-leg of a conventional single-sided MMC into dual complemented legs with half
the number of SMs, compared to the single-sided phase leg. Thus, for the same power
level, the total number of SMs employed in a dual MMC topology is same as the
number of SMs in a conventional single-sided topology. Also, the voltage and current
stress on the SM capacitors and switching devices is identical in both MMC topologies.

Circuit analysis of the dual MMC topology is slightly different than that of the
single-sided MMC. Thus, compared to the single-sided MMC, any different voltage
and current relationships for the dual MMC topology will be distinguished by the
subscript ‘D’.
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Fig. 4.13 Circuit configuration of a three-phase dual-MMC-fed open-end stator winding machine.
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Referring to Fig. 4.13, the open-end machine terminal windings connected to the
left-side MMC are denoted by a,b,c, while a’,b’, ¢’ represent the terminal-ends
connected to the right-side MMC. With j € {a, b, c}, the voltage across each machine
phase-winding is the differential voltage between both machine winding terminals, and

is denoted by v; ;s as shown in (4.20).

v =Vop cos(wt + Hj) (4.20)

where V;  is the magnitude of the ac voltage generated by the dual MMC. Compared

to a conventional single-sided MMC, dual MMC topology doubles the maximum
attainable ac voltage magnitude, for the same dc-link voltage. That is, the ac output

voltage magnitude is defined as:
Vo, = MV (4.21)

Since the MMC legs with a common machine winding (complementary legs) have

out-of-phase modulation, the dual MMC arm voltages are:

_ _ 1V 1
Yuip T VLi'p T 3 Vac T 3V’

1 1
vLjD = vUj,D == EVdC + Evjj' (422)
Similarly, the arm currents are defined as:

. . 1.

(v = leirejp + 31
tjp = Leirc jp — 2 4.23

) 1 @.23)
iU./ =i . ./ —_——.
j'p = teircj'p, T 3Y

. . 1.

\lLj'y = Leircj', +Elj

Where icir¢ j, and iqi.¢ ji, are the circulating currents of the complemented legs, where

they have out-of-phase even-harmonics profile due to the opposite modulation of the
left- and right-side MMC. With even-harmonics suppression, both currents are dc
components equal to the circulating current of conventional single-sided MMC, as
shown by (4.24).
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4.4.3 DHB-Assisted Dual MMC Topology

The dual MMC topology implies each machine phase-winding be connected
differentially between two MMC legs modulated out-of-phase. The out-of-phase
modulation associated with a given machine winding results in the DM component of
the energy stored in one MMC arm alternating antiphase to the energy component
stored in the adjacent arm of the complemented leg. Thus, an alternative placement of
DHB balancers is possible by exchanging the ripple power between adjacent
(horizontal) MMC arms of a common machine winding. That is, each pair of front-to-
front SM is interfaced through a DHB converter, as shown in Fig. 4.14. Similar to the
generalized DHB-MMC configuration, the DHB-assisted dual MMC topology
employs 3N DHB modules. A DHB chain link between each front-to-front SMs will
be similar to that shown in Fig. 4.7, but interfacing a pair of adjacent left- and right-
arm HB-SMs. The control of the DHB balancers adopted in the dual MMC topology
uses the same control algorithm as the generalized DHB-MMC configuration, where

the sum of SM capacitor voltages of the upper arm of phase j (¥ vy;), are subtracted

from that of the upper arm of phase j' (3 v, ;) to control the power flow through the

cUj
DHB modules interconnecting the front-to-front SMs of both phase j and j'.

The incorporation of DHB balancers between each pair of front-to-front SMs of the
dual MMC topology decouples the DM component in MMC arm power, with the CM
component unchanged, but evenly distributed among the arms. This results in SM
capacitor voltage ripple pulsating due to the CM voltage ripple component at twice the
fundamental frequency, inheriting the performance of the generalized DHB-assisted

MMC.
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Fig. 4.14 A Circuit diagram for DHB-assisted dual MMC topology for open-end stator winding
machines.

4.5 Verification of 3N DHB-Assisted MMC Configurations

In this section, the effectiveness of the MMC topology with the 3N DHB-based power
decoupling is investigated using both simulation and experimentation. The first part of
the simulation study highlights the main characteristics of the 3N DHB-based power
decoupling approach when applied to a single-sided MMC in comparison to a dual
MMC topology. The second part of the simulation study as well as the experimental
study focus on the 3N DHB-based dual MMC topology, being advantageous in
delivering the same power as a single-sided topology with the same number of SMs,
however with half the dc-link voltage.

78



45.1 Simulation Verification

A. Simulation using RL load

A 10 MW MATLAB/SIMULINK model is used, where the MMC feeds a three-phase
RL load while providing a phase voltage of 8 kV ac across the load terminals. The
simulation parameters are listed in Table 4.1 for both the single-sided and dual-sided
MMC topologies. Figs. 4.15 and 4.16 show the fundamental waveforms of steady-state
operation of the 3N DHB-based power decoupling when applied to a single-sided and
a dual-sided MMC topology, respectively, at both the rated output current and
frequency in Table 4.1. The single-sided MMC feeds a three-phase star-connected RL
load with a neutral point n, via three standard MMC phase-legs each of 10 SMs per
arm (total number of SMs is 60), and is supplied from a 25 kV dc-link voltage. The
dual MMC feeds a three-phase RL load connected in an open-end configuration via
three-paralleled dual-legs each with 5 SMs per arm (total number of SMs is 60), and
is supplied from a 12.5 kV dc input voltage. For both configurations, the modulation
index is set to 0.904 to generate 8 kV output phase-voltage (13.8 kV line-to-line
voltage for the single-sided configuration). Comparing the results in Figs. 4.15 and
4.16, the differential output voltage across the terminals of the open-end load in the
dual-sided MMC, v; s, has half the number of voltage levels compared to the phase
voltage, v;,, of the single-sided MMC. Nonetheless, the quality of the output currents
for both configurations is the same, with a current peak equal to the rated value of 655
A. In both configurations, the currents in the upper and lower arms are controlled to
suppress the second- and fourth-order harmonic components to maintain a near
constant circulating current, as assumed in the mathematical analysis of Chapter 2.
Common to both MMC configurations, the peak arm current is 510 A while the
average circulating current is 135 A. Also, the SM capacitor voltage-ripple alternates
at twice the line frequency, due to the CM component, with +6% voltage-ripple for an
equivalent SM capacitance of 1 mF. The current drawn from the input supply, I, is
doubled in the dual-sided topology compared to the single-sided topology since the
former operates at halved dc-link voltage. The CM voltage of the dual-sided topology
is shown to be lower than that of the single-sided topology due to exploitation of the
available redundant states offered by dual-sided configurations. Generally, the CM

voltage, v.,, Of a single-sided inverter is the average of the three-phase voltages
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measured to the ground point, as shown by (4.25). For a dual-sided inverter, two CM
voltages are calculated for each individual inverter, where the resultant CM voltage is
the difference between them.

Uem = %(Uao T Upo T+ vco) (4-25)

Table 4.1: Simulation parameters of 3N DHB-assisted MMC configurations feeding RL load

Single-sided MMC | Dual MMC
Rated active power 10 MW
Input dc voltage (V) 25 kv 12.5 kv
Number of SMs per arm (N) 10 5
Nominal SM capacitor voltage (1) 2.5kV
Rated phase voltage 8 kV
Rated current magnitude (I,) 655 A
Fundamental output frequency (f,) 50 Hz
Carrier frequency (f.) 2 kHz
DHB switching frequency (f3,) 10 kHz
Arm inductance (Lgrm) 2mH 1mH
SM capacitance (C) 1 mF
Load resistance 15.5><£—‘(’) Q
Load inductance 24 mH
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Fig. 4.15 Simulation waveforms for steady-state operation of 3N DHB-assisted single-sided MMC
at 50 Hz.
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Fig. 4.16 Simulation waveforms for steady-state operation of 3N DHB-assisted dual MMC topology
at 50 Hz.
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Fig. 4.17 shows the voltage across each side of one of the employed HF transformers
along with the transformer current, i, during positive and negative half cycles of the
arm current of the DHB-assisted dual MMC. The voltage across both transformer sides
is near 1.25 kV which is half the nominal SM capacitor voltage. In Fig. 4.17a, the
waveforms are obtained when the arm current is charging the capacitors connected to
the primary side, while discharging the capacitors connected to the secondary side.
That is why the voltage at the primary side is higher than the voltage at the secondary
side with a leading phase-shift, resulting in a forward power transfer from the primary
to the secondary side. The opposite case is shown in Fig. 4.17b, where the primary
voltage lags with a lower magnitude than the secondary voltage, producing reverse

power transfer, from the secondary to the primary side.
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Fig. 4.17 Simulation waveforms of the phase-shift DHB converter when: (a) primary voltage is
leading and (b) primary voltage is lagging.
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Figs. 4.18-4.20 show DHB-assisted dual MMC performance at low frequencies,
according to a Volt/Hertz control scheme, where the results are obtained for
continuous operation at 10, 5, and 1 Hz, respectively. In this case study, the output
voltage is reduced in accordance to the operating frequency reduction, while the load
resistance is varied linearly with the operating frequency to maintain the output current
constant at the rated value, at all frequencies, to emulate the constant torque
characteristic of variable-speed machines. The output currents are high-quality
sinusoidal waveforms with a peak of 655A, while the arm currents are maintained free
of dominant even-harmonic components. Importantly, the SM capacitor voltages are
balanced and not affected by the reduction in both the modulation index and operating
frequency. The SM capacitor voltage-ripple is 5%, for 1 mF equivalent SM
capacitance.

To assess the reduction in capacitor voltage-ripple achieved by the 3N DHB-assisted
dual MMC configuration, Fig. 4.21 shows capacitor voltage variation with DHB
switching signal deactivation at the mid-time of simulation, at low operating
frequencies. When the DHB PWM signals are inhibited, the configuration is reduced
to a conventional dual-sided MMC which inherits the same capacitor voltage ripple
profile as the standard single-sided MMC. At the time of the energy balancing
deactivation, the capacitor voltage-ripple significantly increases especially as the
operating frequency is reduced. While the voltage ripple of SM capacitors is near
constant at +5% at the three different frequencies when the DHB modules are in
operation, the voltage ripple after DHB deactivation is £33%, +50%, and +66% at 10,
5, and 1 Hz, respectively. Although the latter voltage ripple percentages are
impractically high, they highlight the significant reduction in the SM capacitance
sizing requirement, due to counter-balancing the DM ripple power between adjacent-

arm SMs of the dual MMC legs through DHB incorporation.
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Fig. 4.18 Simulation results for a continuous operation of 3N DHB-assisted dual MMC at 10 Hz.
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Fig. 4.19 Simulation results for a continuous operation of 3N DHB-assisted dual MMC at 5 Hz.
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Fig. 4.20 Simulation results for a continuous operation of 3N DHB-assisted dual MMC at 1 Hz.
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Fig. 4.21 Simulation results for capacitor voltage-fluctuation of 3N DHB-assisted dual MMC with
deactivation of DHB modules at simulation mid-time, at: (a) 10 Hz, (b) 5 Hz, and (c) 1 Hz.
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B. Simulation using an open-end winding machine

To investigate the dynamic performance of the DHB-assisted dual MMC and to
establish its ability to extend the output power to scores of megawatts, Fig. 4.22
presents the simulation results of a 100 MW 8 kV open-end winding machine, driven
from stand-still to the rated speed at full-load torque. The simulation parameters are
listed in Table 4.2. The results in Fig. 4.22 show that the output currents are of high
quality over the entire speed range, while the SM capacitor voltages are balanced with
limited voltage-ripple regardless of the operating frequency and modulation depth.
Also, the DHB-assisted dual MMC is able to operate at near zero frequency, with
constant SM capacitor voltage ripple. It is worth noting that the capacitor voltage-
ripple is slightly increasing at frequencies near the rated frequency compared to the
voltage ripple at low frequencies, where the voltage-ripple varies between +1% at
near 0 Hz and +10% at 50 Hz. The increase in capacitor voltage-ripple at higher motor
speeds is due to the growth of the CM current which in turn increases the CM voltage-

ripple component.

Table 4.2: Simulation parameters of 3N DHB-assisted dual MMC feeding an open-end winding

machine
Rated active power 100 MW
Input dc voltage (V4.) 125 kV
Number of SMs per arm (N) 5
Nominal SM capacitor voltage (V) 2.5 kv
Rated phase voltage 8 kV
Fundamental output frequency (f;,) 50 Hz
Carrier frequency (f.) 2 kHz
DHB switching frequency (f) 10 kHz
Arm inductance (Lgrm) 2.4 mH
SM capacitance (C) 2 mF
Rated motor speed 600 rpm
Number of poles 10
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4.5.2 Experimental Verification

A scaled-down prototype of the 3N DHB-assisted dual MMC is used to practically
verify the effectiveness of the power decoupling concept. The experimental prototype
has 3 SMs per arm (12 SMs for each dual leg), and is rated at 4 kW and 210 V. The
dc-link voltage is 300 V, thus the nominal SM capacitor voltage is 100 V. Front-to-
front SMs are interfaced through DHB converters employing a nano-crystalline core-
based HF transformer with a saturation flux density of 1.2 T and a unity turns ratio.
The control system is implemented using TMS320F28335 DSPs, and experimentation
parameters are listed in Table 4.3. Three-phase RL load, configured in an open end
connection, is connected to the dual MMC topology to assess its steady-state
performance at different operating frequencies, starting from the rated frequency down
to 1 Hz, while the load resistance is varied linearly with the output frequency to
emulate the constant torque condition of an induction motor. Results are obtained
during both the activation and deactivation of DHB balancers to confirm their

influence. The experimental results are presented in Figs. 4.23-4.29.

Table 4.3: Parameters for experimentation of 3N DHB-assisted dual MMC

Rated active power 4 kW
Input dc voltage (V) 300V
Number of SMs per arm (N) 3
Nominal SM capacitor voltage (1) 100 V
Rated phase voltage 210V
Rated current magnitude (1,) 95A
Fundamental output frequency (f;) 50 Hz
Carrier frequency (f;) 2 kHz
DHB switching frequency (f3,) 10 kHz
Arm inductance (Lgym) 2.8 mH
SM capacitance (C) 1.1mF
Load resistance SOX% Q
Load inductance 20 mH
Transformer turns ratio (ny) 1
Transformer auxiliary leakage inductance 100 pH
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Fig. 4.23 shows the differential voltages across two phases of the open-end load
terminals (v,,’ and v,,/) and their currents (i, and i,) when the dual MMC is operated
at 50 Hz and 0.9 modulation index. The output voltages have three voltage levels with
peak voltage equals the dc-link voltage, while the output currents are high quality with
a magnitude of 9.5 A. Since the three-phase configuration is balanced, the differential
voltage v,/ and the load current i, will have 241 phase displacement. Fig. 4.24 shows
samples of SM capacitor voltages in the four arms of the dual phase-leg aa’, where
they are balanced around 100 V and alternating at 100 Hz due to the CM ripple
component. The switching waveforms of the phase-shift DHB converter in Fig. 4.25,
show the voltages across both transformer sides in addition to the transformer current
during forward and reverse power flow. The DHB converter operates at 10 kHz, while
an auxiliary inductance of 100 pH is connected in series with the transformer primary
side. Both primary- and secondary-side voltages are square waveforms with a constant
duty cycle of 50% and near 50 V peak, which is half the nominal voltage across each
SM capacitor. Also, the peak transformer current is near 6 A.
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Fig. 4.23 Voltage and current waveforms for steady-state operation of 3N DHB-assisted dual MMC
at 50 Hz.
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Fig. 4.24 SM capacitor voltages of 3N DHB-assisted dual MMC at 50 Hz.
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Fig. 4.25 Switching waveforms of the phase-shift DHB converter interfacing front-to-front SMs of
the dual MMC, during: (a) forward power flow and (b) reverse power flow.
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Further experimental results of the 3N DHB-assisted dual MMC configuration that
assess the SM capacitor voltage-ripple at different operating frequencies are presented
in Figs. 4.26—4.29 with suffix “a” when the DHB modules are deactivated, while suffix
“b” means the DHB modules are operational. Only the voltage of one SM from each
arm is shown, since the other waveforms are virtually identical, in addition to the
output current, arm currents, and the circulating current. The output voltage is reduced
in-line with operating frequency reduction, while the load resistance is varied linearly
with the operating frequency to maintain constant rated output current. When the DHB
modules are deactivated in the dual MMC configuration, it exhibits the performance
of a conventional MMC. At 50 Hz, Fig. 4.26 shows that the capacitor voltage-ripple
of a conventional MMC is 14 V (x7%), while it is reduced to 7 V (£3.5%) when the
DHB modules are activated. In both cases, the output current is regulated at the rated
value, while the circulating current includes second-order harmonics, since it has not
been controlled to experimentally suppress even-order harmonics, so clearly affects
both arm current waveforms. In Fig. 4.27, the operating frequency is reduced to 10 Hz,
where the capacitor voltage-ripple is 23 V (£11.5%) for the conventional MMC, and
11 V (£5.5%) with DHB activation. With further operating frequency reduction, to 5
Hz (Fig. 4.28) and 1 Hz (Fig. 4.29), the capacitor voltage-ripple significantly increases
to 42 V (x21%) and 115 V (£57.5%), respectively, for a conventional MMC topology,
while is reduced to 14 V (£7%) and 18 V (x9%), respectively, with DHB balancers
operation. As the operating frequency is reduced, the output current of the
conventional MMC can no longer be controlled at the rated value, since the increased
capacitor voltage-ripple results in a loss of control. In contrast, the output current of
the DHB-assisted MMC is always regulated at the rated value, regardless of the
operating frequency. The quality of the load current waveforms is adversely affected
with the operating frequency reduction since the number of voltage levels is reduced.
The percentage reduction in the capacitor voltage-ripple, and hence the reduction in
the required SM capacitance, achieved by DHB activation is 66% and 84% at 5 and 1
Hz, respectively, although the output currents are much lower than the rated value

when the DHB modules are deactivated at these low operating frequencies.
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Fig. 4.26 Experimental results of DHB-assisted dual MMC topology at 50 Hz when DHB balancers
are: (a) deactivated and (b) activated.
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Fig. 4.27 Experimental results of DHB-assisted dual MMC topology at 10 Hz when DHB balancers
are: (a) deactivated and (b) activated.
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Fig. 4.28 Experimental results of the DHB-assisted dual MMC topology at 5 Hz when DHB balancers
are: (a) deactivated and (b) activated.
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Fig. 4.29 Experimental results of DHB-assisted dual MMC topology at 1 Hz when DHB balancers
are: (a) deactivated and (b) activated.
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4.6 DHB-Assisted MMC for CM and DM Power Decoupling

In this section, the ripple power decoupling approach is extended to compensate for
both the CM and DM power components in the MMC arms. Specifically, an MMC
drive system configuration is proposed for variable-speed drives employing three-
phase machines with star/delta connections, where modular DHB-based chain-links
are adopted to interface each three adjacent-arm SMs at the same level. With
symmetrical modulation of the three MMC phase-legs, the pulsating powers in each
three adjacent-arm SMs can be eliminated, since their vectorial sum is zero. This
occurs by transferring the ripple powers through three magnetically-interfaced SMs,
between three phase-legs, with a capacitor voltage-ripple control scheme that ensures
ripple free SM capacitor voltage. Ripple power decoupling of MMC arms results in a
significant reduction in SM capacitance and MMC stored energy. Two configurations
are proposed for CM and DM power decoupling, each with a different number of

employed DHB balancers.

4.6.1 MMC Configuration with 6N DHB Balancers

A DHB-assisted MMC configuration for both CM and DM power decoupling is shown
in Fig. 4.30, which employs magnetic chains with DHB power channels linking
adjacent-arm SMs. A detailed circuit diagram for one of the magnetic chains linking
adjacent-arm SMs is illustrated in Fig. 4.31, where three HB-SMs are interconnected
through three DHB converters. Since the total number of employed DHB balancers is
6N, the configuration is denoted as 6N DHB-assisted MMC.

Referring to (4.4), the CM and DM power components symmetrically pulsate in the
MMC’s three-phase arms, as represented in the frequency domain of Fig. 4.32. The
symmetrical alternation of both power components results in a symmetrical fluctuation
in the total arm power, as shown in Fig. 4.33a, which is reflected in the corresponding
SM capacitor voltage variation, as presented in Fig. 4.33b. That is, the capacitor
voltage-ripple of an upper-arm SM alternates with a 24m phase-shift to the capacitor
voltage-ripple of adjacent SMs in other upper phase-arms, while it alternates anti-
phase to the capacitor voltage-ripple of an SM in corresponding lower arm due to the
predominance of the DM component. The proposed 6N DHB-assisted MMC
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redistributes the stored capacitive-energy among each three adjacent-arm SMs by

allowing their ripple power to be transferred from one SM with an excess of capacitive
stored energy to the other SMs, in a closed magnetic loop, to source the lack of energy.
With zero vector sum of symmetrical three-phase components, the CM and DM power
components are decoupled in each chain link of adjacent-arm SMs. Ideally, this results

in a ripple-free SM capacitor voltage profile, where the capacitors need only to

withstand voltage ripple at the switching frequency.
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Fig. 4.30 Circuit diagram of 6N DHB-assisted MMC configuration for CM and DM power decoupling
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Fig. 4.32 Phasor representation of MMC arm power components in: (a) fundamental-frequency
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Fig. 4.33 Symmetrical alternation of: (a) three-phase arm powers and (b) three-phase SM capacitor
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Although the 6N DHB-assisted MMC completely decouples SM ripple power (both
CM and DM components), the decoupled power can be approximated as the DM
power, being the major contributor in the arm ripple power. Thus, the maximum SM
decoupled power can be calculated from (4.4b), as:

_ Pdmmax _ VdC 10 (426)

P =
SMmax N AN

where Pgy, and Py, are the peak decoupled SM power and DM arm power,
respectively. Since each SM capacitor is shared between two DHB balancers, the SM
ripple power can be transferred through two power paths. The DHB control algorithm
limits the maximum power transferred through each DHB module to half the SM
decoupled power. Thus, each DHB module is rated at half the SM power as given by

(4.27), where Py is the peak power transferred through each DHB module.

PSM Vdc Io

p — SMmax _ 4.27
DHBmax 2 8N 4.27)

Since the voltage applied on both transformer windings is V., the maximum

transformer current, I, is:

_ 2PDHB s _ 1

I — o
T‘m ax ]/C 4

(4.28)

Therefore, the voltage rating of the DHB switching devices is V., while the current

rating is %4l,.

4.6.2 MMC Configuration with 4N DHB Balancers

A variation of the 6N DHB-assisted MMC can be realized as shown in Fig. 4.34, where
the number of employed DHB modules is reduced by 33%. In this alternative
configuration, each three adjacent-arm SMs are linked through a magnetic chain of
two DHB balancers. Thus, the total number of employed DHB balancers is 4N, so the
topology is denoted as 4N DHB-assisted MMC.
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Referring to Fig. 4.34, each SM in the middle phase-leg is interfaced with the right
and left phase-leg SMs of the same level through a separate DHB balancer. This keeps
the SMs at the right and left phase-legs implicitly connected via the corresponding
middle phase-leg’s SMs. Thus, the number of employed DHB modules in this
alternative configuration is reduced to 2/3 the number of MMC SMs. However, each
DHB module is rated at the full SM decoupled power, which doubles the current stress
of the DHB switching devices, compared to the 6N DHB-assisted MMC.

It is worth mentioning that both the 6N and 4N DHB-assisted MMC topologies
provide the same power decoupling performance which results in same SM capacitor
voltage-ripple profile. However, the 6N DBH-assisted MMC is preferred for high
power drives, since lower power is transmitted through the DHB balancers. The 4N
DBH-assisted MMC may be applicable at lower power ratings, where the size of the

drive system is prioritized.
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Fig. 4.34 4N DHB-assisted MMC configuration for CM and DM power decoupling.
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4.7 Verification of 6N and 4N DHB-Assisted MMC Configurations

The performance of the DHB-based power decoupling approach for both CM and DM
components is investigated using MATLAB/SIMULINK simulation models, in
addition to experimentation using a scaled-down laboratory prototype. In both
verification methods, steady-state and dynamic performances are examined during

different operating scenarios.
4.7.1 Simulation Verification

In the simulation study, the 6N DHB-assisted MMC configuration is implemented,
where a chain link of three DHB balancers interfaces the adjacent-arm SMs at the same
level. With 166 kW indicating the achieved maximum power rating of practically
implemented HF transformers [98], the 6N DHB-assisted MMC simulation model is
rated at 20 MW with 10 SMs per arm. The rest of simulation parameters is listed in
Table 4.4.

A. Simulation using RL load

The steady-state fundamental waveforms of the 6N DHB-assisted MMC supplying a
three-phase star-connected RL load at rated parameters are shown in Fig. 4.35, while
Fig. 4.36 shows the waveforms of the DHB balancers. In Fig. 4.35, the three-phase
line voltages and load currents are high-quality sinusoidal waveforms. The arm
currents are controlled to eliminate the second- and fourth-order harmonics using the
PR-based circulating current regulation method. That is, the PR controllers are tuned
at 100 Hz and 200 Hz, respectively, resulting in a near dc circulating current. Different
capacitor voltage samples for upper- and lower-arm SMs are shown balanced around
2.2 kV with £10% voltage ripple. The supply current is near constant with only
switching harmonics, due to the suppression of even harmonics in the arm currents.

Fig. 4.36 shows the switching waveforms of one DHB balancer interfacing a pair of
upper-arm SMs located in phase a and b, within two switching cycles in different time
spans. The voltages across the primary and secondary transformer winding are shown,
along with the transformer current. The amount of power transfer is proportional to the
magnitude of the phase-angle difference, where forward or reverse power transfer is

designated depending on the polarity of &.
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Table 4.4: Simulation parameters for 6N DHB-assisted MMC configuration

MMC parameters

Rated active power 20 MW
Input dc voltage (V) 22 kV
Number of SMs per arm (N) 10
Nominal SM capacitor voltage (V) 2.2kV
Rated line voltage 13.2 kV
Rated current magnitude (1,) 1.3 kA
Fundamental output frequency (f,) 50 Hz
PWM Carrier frequency (f;) 2 kHz
Arm inductance (Lgm) 2 mH
Equivalent SM capacitance (C) 1 mF
DHB parameters
Transformer turns ratio 1
Auxiliary leakage inductance (L) 100 pH
DHB switching frequency (f) 10 kHz
RL load parameters
Load resistance 7.88xg Q
Load inductance 8.25 mH
Motor parameters
Rated output power 20 MW
Rated line voltage 13.2 kV
Fundamental frequency 50 Hz
Rated speed 600 rpm
Number of poles 10
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Fig. 4.35 Simulation results of 6N DHB-assisted MMC at rated parameters.
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Fig. 4.36 Simulated switching waveforms of the phase-shift DHB converter at rated parameters.
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To highlight the effectiveness of the 6N DHB-based power decoupling scheme, the
simulation is performed at low operating frequencies, while the load resistance is
varied linearly with the frequency reduction to maintain the load current constant at
the rated value. The DHB balancing scheme is initially deactivated, and the MMC
system behaves as a conventional MMC, (the results are obtained for one operating
cycle). Then, the DHB balancing scheme is activated, and the system performance is
monitored for two cycles, as shown in Figs. 4.37 and 4.38 for operation at 10 and 5
Hz, respectively. Common to both cases is the quality of both line voltages and load
currents is enhanced with the activation of power decoupling scheme. Also, with the
fundamental and second-order arm powers decoupled in the three-phase MMC legs,
the arm currents are near even harmonics free without applying any harmonic
suppression control. SM capacitor voltages exhibit significant ripple reduction with
the DHB energy balancing scheme, where at 10 Hz, the voltage ripple is reduced from
+52% to +5%, and from +90% to +5% at 5 Hz. Although operation with such
extreme voltage ripple percentages without DHB scheme incorporation is impractical,
it concludes the significant reduction possibly achieved in SM capacitance when the

power decoupling scheme is employed.
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Fig. 4.37 Performance of 6N DHB-assisted MMC at 10 Hz before and after DHB power decoupling
scheme activation.
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B. Simulation using an induction machine

Figs. 4.39 and 4.40 show the dynamic performance of the 6N DHB-assisted system
when driving a 20 MW 13.2 kV three-phase induction machine. In Fig. 4.39, the MMC
system drives the motor from standstill to the rated speed, at the rated torque. The
motor currents maintain a high-quality sinusoidal profile over the entire speed range,
where initial conditions are set in the simulation model to avoid high starting motor
currents. The SM capacitor voltage ripple is limited within a narrow ripple band, even
at near zero frequency. The CM voltage at the machine terminals swings with a 1.5 kV
amplitude. The supply current is continuous with only switching harmonics, while
slightly reduced when the motor reaches steady-state at rated speed.

Fig. 4.40 shows the performance of the MMC-DHB system with a step change in the
motor speed, where the operating frequency is changed from 50 Hz to 25 Hz after 0.04
seconds of simulation time, while is changed down to 5 Hz at 0.12 seconds. The results
show that the MMC-DHB system has fast dynamic response due to the change in the
operating frequency, where the waveforms promptly stabilize at the new operating

condition.
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4.7.2 Experimental Verification

Practical validation uses a scaled down laboratory prototype comprising a three-phase
MMC rated at 6 kW and 360 V, with 3 SMs per arm, supplied from 600 V dc. To
reduce the number of employed SM balancers, the 4N DHB-based power decoupling
approach is adopted, where central arm SMs are interfaced through two DHB
balancers. Parameters for experimentation are listed in Table 4.5. The control system
is implemented in TMS320F28335 DSPs. Both steady-state and dynamic performance
of the 4N DHB-assisted MMC system are examined under different operating
scenarios. Steady-state results at different operating frequencies are obtained while the
MMC is supplying a three-phase RL load, where the resistance is varied linearly with
frequency variation to emulate constant Volt/Hertz operation. Dynamic results are
obtained during starting of a three-phase induction machine from standstill to the rated

speed. Experimental waveforms are presented in Figs. 4.41-4.46.

A. Steady-state performance

Fig. 4.41 shows the MMC fundamental waveforms at the rated parameters in Table
4.5, where the MMC is supplying a three-phase RL load at 50 Hz. The phase voltage
waveforms are shown with respect to the virtual ground of the dc-link midpoint, so
have seven voltage-levels between +300 V. The CM voltage is shown as the average
of the measured phase voltages with 70 V amplitude. The three-phase line voltages
and corresponding load currents are balanced. Arm currents of phase a and its
circulating current are shown, where the arm currents are free of dominant even-
harmonics due to circulating current control, resulting in a near dc circulating current.

Figs. 4.42—-4.45 practically assess the influence of DHB power decoupling by
presenting SM capacitor voltage fluctuation at different operating frequencies, before
and after the DHB balancers’ operation. Three samples of upper-arm SM capacitor
voltages are shown for the three phase-legs. At 50 Hz, Fig. 4.42 shows that capacitor
voltage ripple is reduced from +5.6% to +2.5% with DHB balancing scheme
incorporation. A more significant reduction in capacitor voltage ripple, with the
activation of the energy balancing scheme, occurs at reduced operating frequencies,
where at 10 Hz (see Fig. 4.43) the capacitor voltage ripple decreases from +11.25%
to +4.25%, while at 5 Hz (see Fig. 4.44) the voltage ripple decreases from +21% to
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+5.25%. At 1 Hz, Fig. 4.45a shows that the capacitor voltage ripple using a
conventional MMC is extreme; +67%, possibly threatening the safe operation of
MMC components and results in a loss of system controllability. The DHB scheme
efficiently restores the MMC balance as shown in Fig. 4.45b, where the capacitor
voltage ripple is +6%. Although the capacitor voltage ripple, with the DHB scheme
is in operation, slightly increases with frequency reduction, the ripple is maintained

within tolerated limits at all operating frequencies.

Table 4.5: Experimentation parameters for 4N DHB-assisted MMC

MMC parameters

Rated active power 6 kKW
Input dc voltage (V) 600 V
Number of SMs per arm (N) 3
Nominal SM capacitor voltage (1) 200V
Rated line voltage 360 V
Rated current magnitude (1,) 165 A
Fundamental output frequency (f;,) 50 Hz
PWM Carrier frequency (f;) 2 kHz
Arm inductance (Lg,m) 2.4 mH
SM capacitance (C) 1.1 mF
DHB parameters
Transformer turns ratio 1
Auxiliary leakage inductance (L) 70 uH
DHB Switching frequency (f3,) 10 kHz
RL load parameters

Load resistance 16><% Q
Load inductance 26 mH

Motor parameters

Rated output power 4 kW
Rated line voltage 380V
Fundamental frequency 50 Hz
Rated speed 1440 rpm
Number of poles 4
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Fig. 4.41 Experimental waveforms of 4N DHB-assisted MMC at rated parameters.
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Fig. 4.42 SM capacitor voltage fluctation of 4N DHB-assisted MMC at 50 Hz when the DHB scheme
is: (a) deactivated and (b) activated.
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Fig. 4.43 SM capacitor voltage fluctation of 4N DHB-assisted MMC at 10 Hz when the DHB scheme
is: (a) deactivated and (b) activated.
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Fig. 4.45 SM capacitor voltage fluctation of 4N DHB-assisted MMC at 1 Hz when the DHB scheme
is: (a) deactivated and (b) activated.
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Fig. 4.46 Experimental switching waveforms of the DHB balancer at rated parameters.

Fig. 4.46 shows one DHB balancer waveforms at rated parameters. The square wave
voltages across the primary and secondary sides of the HF transformer are shown along
with the transformer current at a time instant when the primary-side HB is leading the
secondary-side HB. The switching waveforms across the IGBTSs are shown to illustrate
the ZVS. Both the gate-to-emitter (v;g) and collector-to-emitter (v.g) voltages are

shown at the DHB converter primary side.

B. Dynamic performance

The dynamic performance of the 4N DHB-assisted MMC is experimentally examined
as a motor acceleration process from standstill to the rated speed, at the full load torque
throughout, as shown in Fig. 4.47. The phase voltage and motor current are recorded
for phase a, where the MMC system, with the aid of the DHB power decoupling
scheme, is able to generate a near dc voltage as briefly as required by the motor at zero
speed with an acceptable SM capacitor voltage ripple profile. Sample upper and lower
SM capacitor voltages are shown to have a near constant ripple profile within the entire

speed range, limited to within +£5%.
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Fig. 4.47 Dynamic performance of 4N DHB-assisted MMC drive system when starting an induction

motor from standstill to rated speed, at rated torque.

4.8 Discussion and Assessment

Compared with currently accepted MMC configurations and control approaches for

extending MMC operation to low frequencies, the proposed power decoupling

approach is characterized as an innovative solution able to drive MV multi-megawatt

machines at full-load torque, in a scheme independent of the operating frequency, even

at zero speed/frequency. Unlike the mainstream HF injection methods, the power

decoupling approach does not increase MMC arm current magnitude nor does it

introduce additional CM voltage at the machine terminals.
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Ripple power decoupling is realized by incorporating DHB balancers between SMs,
forming auxiliary branches for the MMC topology to maintain SM capacitor voltage
balance over whole frequency range. Thus, the DHB-assisted MMC configuration has
a power branch and an auxiliary balance branch, with the former to perform the
necessary power conversion, while the latter decouples the ripple power components
for energy equalization. It is worth to mention that the DHB-assisted MMC retains the
modularity feature since the auxiliary balance branches have a modular scheme.
Importantly, there is no interaction between the control of the DHB balancing scheme
and the basic MMC control loops.

The decoupling of either the fundamental or both the fundamental and second-order
ripple power components inherent in MMC arms, through the DHB modules, results
in a significant reduction in the SM capacitance. This reduction is achieved at the
expense of added hardware to the basic MMC structure, where the DHB balancers
append additional size to the MMC system, countering the capacitor size reduction.
Since the HF transformer is an energy transfer element, the DHB-assisted MMC

reduces the overall stored energy in the motor drive system.

4.8.1 General Assessment

The power decoupling approach has been realized in four different MMC
configurations, employing 3N, 4N, and 6N DHBs. The 3N DHB-assisted MMC is
implemented in a generalized configuration adaptable with any machine winding
layout and any phase number, in addition to a dual configuration for open-end winding
machines. Common to both configurations, the DM ripple power component is entirely
decoupled, yielding the SM capacitor voltage ripple pulsate at twice the fundamental
frequency due to the remaining CM component. The 4N and 6N DHB-assisted MMCs
are only suitable for multiple three-phase winding machines, where they decouple both
CM and DM ripple power components based on symmetrical pulsation of three-phase
components, resulting in a near ripple-free SM capacitor voltage.

The insulation voltages of the HF transformers adopted by each individual
configuration are not identical, where DHB balancers closer to the MMC ac poles are

subjected to higher transformer inter-winding insulation stresses than those close to
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Table 4.6. Comparison between different DHB-assisted MMC configurations

3N DHB-MMC 4N DHB-MMC | 6N DHB-MMC
Generalized Dual-sided
configuration | configuration
Number of DHB balancers 3N 4N 6N
DHB rated power Py Py V2P
Number of extra switching 19N 16N 24N
devices
Semiconductors rated 1 1 1
voltage 72Ve 72Ve 72V
Semiconductors rated
current 72lo e, ilo
Decoupled ripple DM CMandDM | CMand DM
component
Suitable machine winding - Open-end Multiple three- | Multiple three-
Any winding - A L
layout winding phase winding phase winding
DC-link voltage Ve AL Ve Ve
HF transformer maximum
insulation voltage Vac 72Vac Vac Vac

the dc poles. Nonetheless, to avoid different insulation voltages and to retain
modularity and inter-changeability, the transformer windings of all DHB balancers are
designed to withstand the maximum insulation level equal to the dc-link voltage. Since
the DHB-based power decoupling is proposed for MMC MYV applications, transformer
winding insulation is not practically hard to be maintained at such voltage levels.
Table 4.6 summarizes the main differences between the four DHB-assisted MMC
configurations. The 3N DHB-assisted dual MMC is superior to its counterparts, being
able to provide the same voltage magnitude, at half the dc-link voltage. Thus the
insulation voltage of HF transformers adopted by the dual configuration is 50% lower

than that of single-sided-based MMC configurations.

4.8.2 DHB Switching Frequency

Since the semiconductors at both DHB sides are required to block voltages in the kV
range, IGBTSs are a very attractive choice for practical implementation. The IGBT
switching frequency limit is determined by the maximum allowable junction operating
temperature. Since the DHB module operates with zero turn-on losses (at any loading
condition, since the transformer turns ratio is unity), both the on-state and turn-off

losses, in conjunction with the cooling assembly, will specify the maximum switching
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frequency. To achieve a faster dynamic response in addition to a reduced size/weight
of both the SM capacitance and HF transformer, the DHB switching frequency should
be selected in the medium-frequency range. IGBT operation at medium frequency
range results in high switching losses, unless the IGBT current is conveniently shaped
during its conduction phase in order to achieve zero-current switching (ZCS). Thus,
DHB switching frequency is selected as a trade-off between drive system size and
efficiency.

Several schemes have been proposed in the literature to realize ZCS for DAB
converters to reduce switching losses, as reviewed in [99]. Based on these schemes,
the medium-frequency-based DAB converters could operate at 20 kHz with a 166 kW
rated power using IGBTSs, achieving 99.4% efficiency at a power density of 44
kw/dm?3, with experimental verification and switching loss assessment as described in
[98] and [100]-[102].

In this thesis, 10 kHz is selected as the DHB switching frequency to reduce reactive
components size, however, at the expense of the efficiency. Nonetheless, the DHB-
assisted MMC efficiency is still comparable to that of a conventional MMC system
with the mainstream HF injection methods, as will be highlighted later on, especially
at low operating frequencies, where HF injection methods almost double the MMC

arm currents, which accordingly increases the power losses.

4.8.3 Size Assessment

A comparison of the DHB-assisted MMC configuration with conventional MMC
topology in terms of component size is presented for a 10 MW system case study. The
generalized 3N DHB-assisted MMC is considered in the comparison, since it can be
utilized with any machine winding layout and phase number. Since SM numebr is the
same, and identical, in both conventional and DHB-assisted MMCs, the comparison is

conducted for only one SM.

A. Switching devices

For the power branch, the 5SNA1200G450350 IGBT (4.5 kV 1200 A) is chosen [103],
while the balancing branch can utilize 5SNA0650J450300 IGBTs (4.5 kV 650 A)
[104]; both from ABB. The volume of the power-branch and balancing-branch IGBTs
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is 1.28 L and 0.87 L respectively. For the conventional MMC topology, two power-
branch IGBTSs are required, while the 3N DHB-assisted MMC requires two balancing-
branch IGBTSs in addition to the conventional two power-branch IGBTSs. As a result,
the volume of the switching devices per SM is increased by 68%.

B. SM capacitors

From the simulation results in Figs. 4.18-4.20, each SM in the 3N DHB-assisted MMC
employs two 2 mF, 1.4 kV capacitors. This capacitance enables the DHB-MMC
configuration to operate the 10 MW system continuously at any operating frequency,
even at near zero frequency, with a 5% capacitor voltage-ripple. To achieve the same
voltage-ripple suppression effect, according to the simulation results in Fig. 4.21 at 1
Hz, the capacitance of the conventional MMC topology should be 13 times the
equivalent SM capacitance of the DHB-assisted MMC configuration. Therefore, the
conventional MMC topology requires one capacitor with 13 mF and 2.8 kV, while
being unable to drive such 10 MW system at near zero frequency. The capacitive
energy stored in each SM in the conventional MMC topology is 51 kJ, while only 4 kJ
for the DHB-assisted MMC configuration. Accordingly, the percentage reduction in
the capacitive stored-energy achieved by the DHB-MMC configuration is 92%. To
assess the reduction in the capacitors size, according to EPOCS oil-impregnated power
capacitors [105], the volume of capacitors combination required to match the
parameters of the SM capacitor of a conventional MMC is 440 L, while the volume of
the SM split-capacitor for the DHB-assisted MMC configuration is only 38 L, with a

91% volume reduction.

C. HF transformer

For full decoupling of the fundamental ripple-power component, each two opposite-
arm SMs require an HF transformer with 1:1 turns ratio, 1.25 kV and 330 A. An
estimation for the transformer size can be obtained based on practical assemblies for
HF transformers designed for high-power applications in previous studies [98], [101],
[106], where the HF transformer volume for the mentioned ratings can be 17 L.
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Fig. 4.48 Component volume comparison per SM for conventional and DHB-assisted MMCs.

Fig. 4.48 compares the volume of the main components of each SM for both MMC
approaches. By using the DHB-assisted MMC configuration, the component volume
can be reduced from 445 L to 55 L, resulting in an 87% reduction in the overall SM
volume. It should be noted that this is only a comparison for the volume of the main
SM components (capacitor, HF transformer, IGBT, and heatsink), rather than a
comparison of the volume of real SM enclosures (in which there are more
components). Nevertheless, a significant decrease in the main component volume

enables a more compact and lighter layout design of an SM enclosure.

4.8.4 Efficiency Assessment

Considering DHB-assisted MMC efficiency, the four DHB switching devices in
addition to the HF transformer inevitably increase power loss and reduce overall
system efficiency, compared to a conventional MMC topology. However, since
conventional MMC topologies cannot drive multi-megawatt machines at very low
speeds, power loss analysis is investigated to compare the efficiency of the DHB-
assisted MMC with the efficiency of MMC topologies that adopt HF circulating
current injection. The 10 MW simulation case study of the generalized 3N DHB-
assisted MMC is considered for power loss calculation. The method in [107] is used
to calculate IGBT conduction and switching losses with the parameters given in its
datasheet. A MATLAB/SIMULINK model for an MMC system with HF injection is

used for efficiency comparison, operating with the same parameters as the DHB-
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assisted MMC. The injected HF voltage is a square waveform, while the injected HF
circulating current is a third-harmonic injected sinusoidal waveform. A power loss
comparison cannot be held at extreme low frequencies (for example 1 Hz), as the HF
injection-based MMC experiences large voltage fluctuation across the SM capacitors.
Thus, 25 Hz is selected as a medium-range frequency for power loss comparison. Arm
current magnitudes of the HF injection-based MMC are almost doubled (900 A),
compared to that of the DHB-assisted MMC (475 A). Accordingly, the 3N DHB-
assisted MMC efficiency is 96 %, while the HF injection-based MMC efficiency is
96.2%. Although this numerical efficiency assessment is case specific, a conclusion
can be drawn that the DHB-assisted MMC efficiency is close to that of the main stream
HF injection-based MMC, where the extra conduction and switching losses in the
DHB balancers are roughly equivalent to the power losses associated with doubling
the arm current magnitude when the HF injection scheme is adopted with a standard
MMC.

4.8.5 Shortcomings

Compared to a standard MMC, the 3N DHB-assisted MMC has doubled number of
IGBTs (12N IGBTs for power branches and 12N IGBTs for balance branches).
Nonetheless, the total power rating of the IGBTs employed by the 3N DHB-assisted
MMC is about the same as that of a standard MMC with HF circulating current
injection. That is, the current stress on the extra IGBTs in the balance branches is
roughly the same as the increased arm current stress in the power branch IGBTS, when
HF signals are injected in the circulating current. Thus, there is no significant disparity
in the cost of the switching devices of the 3N DHB-assisted MMC and the HF
injection-based MMC. But the HF transformer in the DHB-assisted MMC incurs extra
cost for the drive system.

The reliability of the DHB-assisted MMC configurations is negatively influenced,
compared to a conventional MMC system, since each two/three SMs are coupled
together through a magnetic chain of two/three DHB balancers. Thus, the failure of
any MMC SM implies deactivating the other SMs and DHB balancers within the
associated chain link. Similar to a conventional MMC system, there are two methods

that can be applied to enhance the reliability of the DHB-assisted MMC system:
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A. The redundant SM configuration

This method implies the MMC has redundant chains of DHB-based interconnected
SMs, where the simplest mode of operation when an SM fails is to bypass it along with
the other associated SMs at that level, while inhibiting the DHB balancers in the
involved chain. Assuming the number of required voltage levels at the output is N +
1, the minimal number of SMs per arm that must be functioning is N. For redundancy
purposes, there are Ny additional SMs involved in each arm of the MMC, where the
faulty SM will be bypassed (along with its associated chain incorporating the SMs and
DHB balancers), while the MMC operation is uninterrupted. The number of redundant
SMs is carefully selected as a trade-off between reliability and construction cost, as
would be the case in HVDC applications of the MMC.

B. Periodic preventive maintenance
This method is a maintenance program that replaces the faulty SMs before their
number becomes large enough to result in a whole converter shutdown, with

unscheduled repair afterwards.

4.9 Summary

In this chapter, a decoupling approach for MMC ripple power has been presented to
control the SM capacitor voltage ripple, where the advantages and shortcomings of
this approach are summarized in Table 4.7 in comparison with other approaches in the
literature. The power decoupling approach diverts excess SM capacitor stored energy
to another with an energy lack, providing energy equalization among all SMs. This is
achieved by interfacing SM capacitors through magnetic chain links equipped with
DHB converters acting as energy balancers. With a bidirectional transfer scheme, the
ripple power is counterbalanced between the magnetically coupled MMC SMs,
resulting in a significant reduction in SM capacitor voltage ripple and SM capacitance.
The power decoupling approach has been applied to the MMC system in different
implementations comprising a different number of employed DHB energy balancers.
The different configurations were verified through simulation and experimentation,
while they have been compared with conventional MMC solutions for capacitor
voltage-ripple reduction.
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Table 4.7: Assessment of MMC ripple power decoupling approach compared to other introduced approaches

Constant-torque | Additional Additional Kev advantages Kev disadvantages
full speed range | CM voltage Hardware y g y g
Limited SM - capacitor voltage | .o 1o wer reliability
i . ripple  independent of the
Ripple power decoupling 4 x v . . Cost of employed HF
operating frequency and loading
- transformers
condition
Sinusoidal HF injection x v < Easy to track sinusoidal injected I_.@: current stress
current High CM voltage
Improved injection methods High CM voltage
. x v x Reduced current stress Hard to track square wave
with reduced current stress .
injected current
Improved injection methods v v < Constant voltage-ripple within Hard to optimize SM capacitor
for full speed range entire speed range nominal voltage
Improved injection methods with Massive hardware for
x x 4 Reduced CM volt
reduced CM voltage educe voltage only reduced CM voltage
Improved injection methods with . - Doubled number of switching
x v v -
FB-SMs de fault ride-through capability devices, compared to HB-SMs
. . Array of series switches [67]
R | x x v E I i
educed dc voltage asy implementation Phase-shifting transformer [69]
Back-to-back current-source v < v Suitable for Extra cost and
MMC configuration regenerative applications complicated control strategy
. Diminish .
Q2L-PWM operation mode v v x iminished Multilevel property lost

SM capacitance
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Chapter 5

New MMC Topologies for Six-Phase Machine Drives

This chapter addresses MMC application to multiphase machines by presenting a
class of topologically-reduced MMC structures for six-phase machine drives. The
presented topologies are studied for constant-speed drives; however, they are
adaptable with any approach that enhances traditional three-phase MMC

performance at low frequency.

5.1 Multiphase Machines

Over time, three-phase machines have been adopted as a standard choice for motor
drives realization. Nonetheless, in the last few decades, multiphase machines (i.e.
more than three phases) have re-emerged as a potential alternative for various
industrial applications. The main driving force is the specific applications,
predominantly related to the green agenda, such as electric and hybrid electric
vehicles, locomotive traction, ship propulsion, more-electric aircraft, remote offshore
wind farms for electric energy generation, and general high-power industrial
applications. An additional motivation is offered by advancements in power
electronics, which facilitate synthesizing any number of phase voltages using power
electronic converters [108].

Multiphase machines offer numerous potential advantages over their three-phase
counterparts. The most important ones are: 1) the multiphase system power can be
split over more than three phases, thus reducing the power rating requirements of the
semiconductor devices of the drive system, 2) only two degrees of freedom (i.e., two
independently controllable currents) are required for independent flux and torque
control of a multiphase machine, regardless of the number of phases, 3) enhanced
fault tolerance capability, where the loss of one phase still leaves possibility for the

other remaining phases to continue operation with asymmetrical winding structure
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and unbalanced excitation, producing part of the full-load torque, and 4) higher
torque density with reduced torque pulsations. Consequently, multiphase drives are
progressively breaking technical barriers, finding a place in applications where
reliability and fault tolerance are a prime concern [109]-[111]. For instance, large
multiphase machines for ship propulsion have already been industrially prototyped,

and are currently undergoing commercial evaluation [112].

5.1.1 Six-Phase Machines

Theoretically, a multiphase stator winding can be designed with any phase order.
Nonetheless, the corresponding multiphase converter complexity stands out as a
serious technical limitation restricting the phase order selection within certain
practical and compromised options. Thus, most research has focused on addressing
the five- and six-phase examples [113]-[115]. Although the number of machine
phases can be either a prime or a composite number, the latter allows for different
stator winding arrangements and enables the use of multiple winding sets. That is,
multiphase machines with multiple of three-phase winding sets are the most
attractive selections in many industrial sectors since well-established three-phase
technology and, therefore, the readily off-the-shelf three-phase converters can be
employed [116]-[118].

Among the multiple three-phase winding alternatives, six-phase machines (also
known as dual three-phase machines) have garnered a specific attraction. In addition
to their ready adaptation with standard three-phase converter topologies, dual three-
phase machines can be readily realized through rewinding existing three-phase
stators [119]. This permits varying the relative space-orientation of the two three-
phase sets. Most popular space angles are 30° and 60°, yielding a six-phase machine
with asymmetrical and symmetrical winding layouts, respectively, as shown in Fig.
5.1. The asymmetrical type has better fundamental flux content over the symmetrical
type, with the former eliminating air-gap harmonics of order 6n +1 (n = 1,3,5,...).
Accordingly, all the rotor copper losses produced by these harmonics as well as all
the torque harmonics of the 6n order are eliminated [120]. Nonetheless, the

asymmetrical type has slightly lower fault-tolerance capability than the symmetrical
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(a) (b)
Fig. 5.1 Dual three-phase machine winding layout with isolated neutral points using: (a)
asymmetrical and (b) symmetrical arrangements.

winding layout [121]. Through an enriched body of literature, six-phase machines
have been studied with different aspects pertinent to their modelling, new winding

layouts, control, and applications [122]-[127].

5.1.2 Six-Phase Machine Drives

Since multiphase supplies are not readily available, they have to be created from the
available three-phase grid. Generally, a simple solution is to design a three-phase to
n-phase transformer, such as three-phase to five-phase [128], six-phase [129], and
seven-phase [130] transformers. Nevertheless, the usefulness of such transformers is
limited, and they are only a viable solution for laboratory testing of multiphase
machines under sinusoidal supply conditions. In real-world applications, any
multiphase machine operating under adjustable-speed conditions necessitates a
multiphase power electronic converter which can be easily configured from the
hardware point of view. It is only necessary to make the number of inverter legs
equal to the number of phases in case of a dc-ac inverter, or to increase the number
of switching devices in accordance with the output phase number in the case of an
ac-ac matrix converter.

Considering a six-phase machine, the dual three-phase inverter is the off-the-shelf
drive topology, comprising two three-phase inverters independently controlled to
generate two sets of three-phase voltages with the appropriate phase displacement
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angle. The dual three-phase inverter can be realized through any of the state-of-the-
art three-phase dc-ac converter configurations. However, the multilevel converter
topologies are preferred to supply multiphase machines, being able to extend their
output power. Dual three-phase machine drives are not commonly reported in the
literature, either the design or operating principle, since they inherit the same
performance characteristics as their three-phase ancestors. Nonetheless, the increased
number of converter legs along with the associated components has triggered interest
in developing new six-phase drive configurations with reduced structures, to alleviate

the cost, size, and complexity.

5.1.3 Control of Six-Phase Machine Drives

Multiphase machines control methods are in principle the same as for three-phase
machines. For dual three-phase machines, a special concern is directed to the control
of unbalanced current sharing between the two three-phase winding sets, due to small
asymmetries that cannot be eliminated [131]. The current control is fundamentally
introduced to eliminate the stator dynamics, where it forms an inner loop of the
overall control system, receiving reference currents from the outer loops that control
both the flux and speed. Among the various types of current control, synchronous
frame control is widely used, where the motor currents are measured and transformed
to a synchronous reference frame to be compared with the reference values of the
flux-producing and torque-producing stator current components. The synchronous
reference frame is aligned with the flux using the FOC strategy, as explained in
Chapter 2. Since the steady-state currents are dc components, the use of PI
controllers result in zero steady-state error. Thus, the control method discussed in
Chapter 2 for three-phase machines can be readily extended to six-phase machines,
but without compensating for the inherent asymmetries of the dual three-phase

machine.
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Fig. 5.2 Dual three-phase motor-side MMC control: (a) circuit diagram and (b) IFOC block diagram.

Due to stator windings asymmetries, the two sets of three-phase stator currents
have different amplitudes depending on operational conditions. A possible solution is
to use current control in phase coordinates, however six current controllers are
required [131]. Also, the steady-state currents are ac components, where simple Pl
controllers cannot achieve zero steady-state error and will require special
feedforward compensation techniques [132]. Alternatively, double synchronous
frame current control can be used, as elaborated in Fig. 5.2 [133]. This current
control scheme adopts four PI current controllers instead of six, and is capable of

compensating the drive asymmetries since the currents of the two stator winding sets

131



are independently controlled. Referring to Fig. 5.2, the two sets of the synchronous
reference frame current components, (izs1, igs1) and (igsz, igs2), are obtained and
compared with i* ;5 and i* 4, respectively. The outputs of the current controllers are
the reference components of two voltage vectors that are transformed back to the
rotating reference frame and applied to the PWM modulator of the dual three-phase
converter. In this way, the two sets of three-phase stator currents are independently

controlled and kept balanced for all possible operational conditions.

5.2 Dual Three-Phase MMC

The traditional approach to drive a six-phase machine using the MMC topology is to
employ a dual three-phase MMC to generate two sets of three-phase voltages
electrically shifted by 30° or 60° for either asymmetrical- [134] or symmetrical-
winding machines [135], respectively. A circuit diagram for dual three-phase MMC
is shown in Fig. 5.3, where it incorporates six phase-legs while each leg inherits the
same structure as a standard MMC phase leg. That is, each leg is formed by two arms
connected in series through arm inductors, and each arm is formed by N series
connected HB-SMs. Since the dual three-phase MMC employs twelve arms, it is
denoted hereafter as the twelve-arm MMC (12A-MMC).

= T
{sm] {sm]
J o ) q s

L
i
T {sm]: “{sm] L:[SM] L:[SM] “{sm) “{sm]
arm la arm 1b arm 1c arm 1x arm ly arm 1z
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10 a b c X y z
jn g g % %
) arm 2a arm 2b arm 2c arm 2x arm 2y arm 2z

Fig. 5.3 Circuit diagram of the 12A-MMC for six-phase machine drives.
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Referring to Fig. 5.1, a general form for the two three-phase voltage sets required

to drive a six-phase machine is:

Ujn, = Vycos (wt —Zk),k =0,1,2 forj = a,b,c
(5.1)
Vjn, = VZ)COS(a)t—%nk+a),k= 0,1,2forj=x,y,z

where n; and n, are the isolated neutral points of the abc and xyz three-phase
winding sets, respectively, while o is the phase angle between the two three-phase
voltage sets. The output voltage magnitude V, is defined in a similar way to a
standard three-phase MMC, as given in (2.2). The six-phase currents passing through

the machine windings can be generally described as:

ij=Iocos(a)t—2?nk—<p),k=0,1,2forj=a,b,c 52)
ij=Iocos(wt—2?nk+a—<p),k=0,1,2f0rj=x,y,z .

where I, is the magnitude of the machine current and ¢ is the machine power-factor
angle.

Being the MMC-based off-the-shelf topology for six-phase machine drives, the
12A-MMC will be utilized as a reference to assess the reduced MMC structures that
will be presented in the next sections. Thus, it is necessary to characterize the 12A-

MMC'’s performance and quantitatively assess its employed components.

5.2.1 Simulation

To investigate 12A-MMC performance, a 3.2 MW MATLAB/SIMULINK
simulation model is used where the 12A-MMC is feeding a six-phase RL load with
asymmetrical modulation (o = 30°). The simulation parameters are listed in Table
5.1, while the simulation results are shown in Fig. 5.4. The six-phase line voltages
and load currents are high quality sinusoidal waveforms with 30° phase shift between
the abc and xyz three-phase sets. Both the upper- and lower-arm voltages step from
0 to 10 kV through 11 voltage levels. Using a parallel-resonant filter, the second-
order harmonic is eliminated in the circulating current, that is, both the upper- and

lower-arm currents show an out-of-phase sinusoidal profile, where the circulating
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current is a dc component. Similar to a traditional three-phase MMC, the SM
capacitor voltage alternates due to both the first- and second-frequency components,
with +5% voltage ripple using 3 mF SM capacitance.

Table 5.1: Parameters for 12A-MMC simulation

Number of SMs per arm (N) 10
Rated active power 3.2 MW
Input dc voltage (V) 10 kV
Nominal SM capacitor voltage (V) 1 kv
Rated line voltage 6 kV
Rated current magnitude (1,) 250 A
Fundamental output frequency (f,) 50 Hz
Carrier frequency (f.) 2 kHz
Arm inductance (L gm) 5 mH
SM capacitance (C) 3mF
Load resistance 15Q
Load inductance 30 mH

5.2.2 Quantitative Assessment

Multiphase converter complexity is one of the concerns that restrict the wide spread
utilization of multiphase machines. For instance, six-phase machines necessitate a
doubled component-count implemented in a dual three-phase converter, as compared
to the three-phase version. Since multilevel converters are much preferred to drive
multiphase machines, the number of components employed by a multiphase
multilevel converter will be significantly high, resulting in increased drive system
size, cost, and complexity.

A quantitative assessment for the 12A-MMC is listed in Table 5.2, including both
component count and rating. Assuming the number of SMs per arm is 10, as set in
the simulation case study, the 12A-MMC employs 240 units of both the IGBT
modules and gate-drive circuits, in addition to 120 SM capacitors. Such a doubling of
converter main components can be seen as an obstacle to commercialize dual three-

phase MMCs for six-phase MV machine drives.
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Fig. 5.4 Simulation results of the 12A-MMC supplying six-phase RL load with asymmetrical
modulation.
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Table 5.2: Component count and rating of the 12A-MMC

DC link voltage Ve
Maximum AC voltage Y2 Vg
Number of SMs 12N HB-SMs
Number of IGBTs 24N
Number of arm inductors 12
Number of SM capacitors 12N

IGBT rated voltage Vie/N
IGBT rated current Yelye + VoI,
Combined power rating 12Vl + 4Vycly.
SM capacitance C

Total capacitive stored energy 12N [% C (V4. /N)?]
Arm Inductance L

Total reactive elements 12NC + 12L

Reducing the number of both passive and active components adopted by the power
electronic converter is one of the developmental trends pursued by researchers to
alleviate the overall converter cost and size. Several examples for reduced
component-count topologies have been extensively reported in the literature with
many diversified philosophies of component-count savings [136]-[144]. The passive
components in the context of the MMC are mainly the SM capacitors, where the
main interest is to minimize the capacitance or to reduce the number of capacitors
and their accompanied voltage transducers, where the capacitors are bulky, costly,
and increase system stored energy. On the other hand, reducing the number of MMC
active switching devices and their accompanied driver circuitry is also of an interest,
where a reduced switch-count MMC will result in reduced cooling requirements,
PWM signals, and physical layout. Thus, the next sections address three reduced
MMC structures for six-phase machine drive applications, where their performance

and pros and cons are assessed.
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5.3 Eight-Arm MMC

The eight-arm MMC (8A-MMC) is a reduced MMC structure for six-phase machine
drive applications, achieving a 33% reduction in the number of employed arms
compared to a traditional 12A-MMC. Topologically, the 8A-MMC inherits the same
structure as the 12A-MMC, but omits two entire phase-legs. The two omitted legs are
compensated based on utilization of the mid-point of a dc-link split capacitor bank,
as shown in Fig. 5.5, where the 8A-MMC is feeding a six-phase machine with
isolated neutral points. The concept of compensating a converter phase-leg with a
split-capacitor bank was first adopted in two-level three-phase VSIs for low-voltage
machine drives yielding a four-switch three-phase inverter [136], [137]. Thereafter,
the concept was generalized for a back-to-back four-leg (eight-switch) three-phase
ac-ac converter [138], [139]. Further, a six-phase VSI with five phase-legs (ten-
switch) is reported in [140] for six-phase machine drives. Recently, the phase-leg
reduction concept has been inspirationally applied to the three-phase MMC, yielding
a two-leg three-phase MMC with four employed arms, to reconfigure the traditional
six-arm MMC in case of one-leg failure [145]. That is, the presented 8A-MMC
topology is the dual three-phase version of the four-arm MMC.
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Fig. 5.5 Circuit diagram of the 8A-MMC feeding a six-phase machine with isolated neutral points.
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In the past efforts of developing reduced component-count topologies [136]-[144],
a summarizing observation noted is that performance trade-offs are always
unavoidable if fewer components are adopted for realization. Common trade-offs are
limited voltage amplitude and phase shift and usually higher stresses experienced by
the remaining components. In this context, limitations are imposed on the utilization
of the dc-link voltage supplying the 8A-MMC. Referring to Fig. 5.5, the machine
winding terminals a and x are connected to the dc-link capacitor mid-point o, while
the other four terminals are connected to the four involved MMC phase-legs. The
voltage established between any of the four MMC phase-legs and the dc-link mid-
point o equals the line voltage. Thus, the 8A-MMC implies the ac component of the
arm voltage equal to the line voltage. Referring to (5.1), the line voltages v,; and

Vyy are defined as:

Vap = V3V, cos (wt — %) (5.3a)

Vyy = V3V, cos (a)t —Z4 0) (5.3b)

Therefore, the arm voltages of leg-1 of the 8A-MMC, supplying terminal b of the

six-phase machine windings, are described as:

1
Vy1 = EVdC + Vab (54&)

V11 =5 Vac = Vab (5.4b)

Since the maximum MMC arm voltage cannot exceed V., the maximum 8A-MMC
line voltage magnitude is %2V,.. Therefore, the maximum attainable phase-voltage is
defined in relation to both the modulation index (ranges from 0 to 1) and the dc-link
voltage as:

1

= MV, (5.5)

Vo=

From (5.5), the 8BA-MMC experiences a 42% reduction in dc-link voltage utilization,

compared to the 12A-MMC. Thus, to achieve the same level of power delivery as the

12A-MMC, the dc-link voltage of the 8A-MMC should be v/3V,., which increases
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the nominal voltage across both the IGBTs and SM capacitors by 73%, compared to
traditional MMC nominal cell voltage.

It is worth mentioning that the dc-link split capacitor of the 8A-MMC topology
experiences voltage fluctuation due to the circulation of both machine currents i, and
i, Where the split capacitor peak current is 1.931, and 1.731, for asymmetrical and
symmetrical six-phase machines, respectively. This necessitates increasing the dc-
link capacitance to avoid threating the safe operation of the IGBTs and SM
capacitors. Nonetheless, for a symmetrical six-phase machine, the voltage ripple
across the dc-link capacitor can be avoided if two machine windings with spatial
phase opposition are connected to the dc-link capacitor mid-point (for example, a
and y), where the net current passing through the dc-link capacitor is ideally zero.

The control of the 8A-MMC is similar to traditional MMC control, however the ac
component of the reference arm voltages is calculated in terms of the desired line
voltage.

5.3.1 Simulation

Similar to the 12A-MMC simulation case study, 8A-MMC performance is
investigated using a 3.2 MW MATLAB/SIMULINK model, where the 8A-MMC
feeds a six-phase RL load with asymmetrical modulation (o = 30°). The dc-link
voltage is 17.5 kV (73% higher than the 12A-MMC dc-link voltage), while other
operating conditions are maintained similar to the 12A-MMC, as listed in Table 5.3.
The simulation results are shown in Fig. 5.6. The line voltages of the 8A-MMC
traverse with 11 voltage levels (19 voltage levels for the 12A-MMC), since the line
voltages are directly maintained from the arm voltages. Nonetheless, the six-phase
load currents show a good sinusoidal profile. Similar to the 12A-MMC, both the
upper- and lower-arm voltages alternate out-of-phase in 11 voltage levels, however
from O to 17.5 kV. Both the upper- and lower-arm currents are sinusoidal without
even-order harmonics, while the circulating current is almost dc lower than the 12A-
MMC’s circulating current due to the increase in the dc-link voltage. The SM
capacitor voltages pulsate similar to the traditional 12A-MMC with +5.3% voltage
ripple, however using 1.5 mF SM capacitance. The average supply current is 180 A,
which is 73% lower than the 122A-MMC’s supply current.
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Table 5.3: Parameters for 8A-MMC simulation

Number of SMs per arm (N) 10
Rated active power 3.2 MW
Input dc voltage (V) 17.5 kv
Nominal SM capacitor voltage (1) 1.75 kv
Rated line voltage 6 kV
Rated current magnitude (1,) 250 A
Fundamental output frequency (f;,) 50 Hz
Carrier frequency (f.) 2 kHz
Arm inductance (Lg;m) 8.5 mH
SM capacitance (C) 1.5mF
Load resistance 15Q
Load inductance 30 mH

5.3.2 Quantitative Assessment

Table 5.4 shows the number of components employed by the 8A-MMC, in addition
to IGBTSs rating and passive elements reactance. Compared to the 12A-MMC, the
8A-MMC achieves 33% reduction in the number of employed IGBTs, SM
capacitors, and arm inductors. This reduction comes at the expense of a 42%
reduction in the dc-link voltage utilization, compared to the 12A-MMC. This
requires increasing the dc-link voltage by 73% to maintain the same power delivery,
reducing the dc supply current by the same ratio. That is, the nominal voltage of the
IGBTs and SM capacitors is increased by 73%, compared to the 12A-MMC, while
the reduced dc supply current is distributed among 4 legs, compared to 6 legs in the
12A-MMC. Accordingly, the combined power rating of the 8A-MMC is 11.5%
higher than that of the 12A-MMC.

140



Line voltages
[kV]

250 - S|

2
o
[
=
3 <o 7
kS
o
—

-250

-500 : :
20 T T

Arm voltages
[kV]

-10 . .
500 T T

250 - q

Arm currents
[Al
2!
g
2!
4
2!
9
{

-250 N

-500 ! !

Vel (+5.3%) Veu (& 5.3%)
[SM_1: SM ] [SMu; : SMyyo]

SM capacitor voltages
[kV]

500 T T

300 - q

100 - q

Supply current
[Al

0.6 0.61 0.62 0.63 0.64
Time [s]

Fig. 5.6 Simulation results of the 8A-MMC supplying six-phase RL load with asymmetrical
modulation.
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To achieve the same SM capacitor voltage ripple profile, the SM capacitance of the
8A-MMC is reduced by 50%, compared to the 12A-MMC. The reduced SM
capacitance ensures the converter energy storage constant (defined as the ratio
between the overall stored energy and the converter rated power) is identical for both
the 8A-MMC and the 12A-MMC [35].

According to [32], the 73% increase in the 8A-MMC dc-link voltage implies the
arm inductance be increased by the same ratio, compared to the 12A-MMC, to

ensure the same circulating current peak at the same power level.

Table 5.4: Component count and rating of the 8A-MMC, compared to the 12A-MMC

12A-MMC 8A-MMC
DC link voltage Ve V3V,
Maximum AC voltage Y2 Vye Y2 Vg
Number of SMs 12N HB-SMs 8N HB-SMs
Number of IGBTSs 24N 16N
Number of arm inductors 12 8
Number of SM capacitors 12N 8N
IGBT rated voltage Vac/N V3V /N
IGBT rated current Yelyo + Y21, 4—\1/51@ + %I,
Combined power rating 12V 1, + 4V ly, 8V3Vyl, + 4Vacly,
SM capacitance c 0.5C
Total capacitive stored energy 12N [¥2 C (V4. /N)?] 12N [¥2 C (V4. /N)?]
Arm Inductance L V3L
Total reactive elements 12NC + 12L 4NC + 8V3L

5.4 Nine-Arm MMC

The nine-arm MMC (9A-MMQC) is another reduced MMC structure for six-phase
machine drive applications, which achieves a 25% reduction in the number of arms
compared to the 12A-MMC [146]. As the name implies, the 9A-MMC consists of
nine arms evenly assorted in three legs, each formed by upper, middle, and lower

arms, where each arm employs N HB-SMs. The six-phase load terminals are realized
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Fig. 5.7 9A-MMC with identical HB-SMs, feeding a six-phase machine with isolated neutral
points.

through the intermediary nodes between each two series connected arms, as shown in
Fig. 5.7. The 25% reduction in the number of arms, compared to the 12A-MMC,
arises from the fact that the 9A-MMC is a direct consequence of integrating two
three-phase MMCs, with dual function middle arms. The 9A-MMC is inspired by the
nine-switch VSI which was first evolved to supply two independent three-phase
machines [147], while recently it has been adopted as a six-phase machine drive
[126].

54.1 9A-MMC Analysis

Since the 9A-MMC employs three arms per leg, the dc component in the upper-,
middle-, and lower-arm voltage is %4V,;.. With identical upper, middle, and lower
arm HB-SMs, the voltage across the three arms pulsates from 0 to 24V,., while the
nominal SM capacitor voltage is 2V;./3N. Therefore, at any instant, the total
number of inserted SMs in each leg is 1.5N. The 25% arm reduction achieved in the

9A-MMC topology imposes an operational limit in the dc-link voltage utilization due
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to the dual functionality of the middle arms. That is, the utilization of the dc-link
voltage is reduced by 33%, compared to the 12A-MMC, reducing the delivered
output power. The attainable output voltage magnitude of the 9A-MMC is described
as a function of both the modulation index (ranges from 0O to 1) and the input dc

voltage V. as:

Vo =3 MV (5.6)

To deliver the same power as a 12A-MMC, the dc-link voltage is increased by 50%,
where at this voltage level, the SM capacitor nominal voltage is maintained as a 12A-
MMC at V. = V4./N.

A. Arm Voltages
Referring to Fig. 5.7, and considering the MMC phase-leg supplying the machine
terminals a and x (denoted as leg-1), the voltages across the upper and lower arms

are:

Vyp = %Vdc [1 — M cos (wt)] (5.7a)

Vv = %Vdc [1+ M cos (wt + 0)] (5.7b)

To ensure zero voltage sum in the loops incorporating the MMC phase-legs and the

dc-link, the middle-arm voltage is:

Uyr =Vae — Vvy1 — Vi1

= % [1+ M cos (wt) — M cos (wt + 0)] (5.8)

where the subscript M refers to the corresponding ‘middle’ arm. From (5.8), the
middle-arm voltage magnitude depends on the phase angle between the two
generated three-phase voltage sets, as graphically demonstrated in Fig. 5.8. When the
phase angle is less than or equal to 60°, the middle-arm voltage is unipolar (ranging
from 0 to 2M /3V,,. at 0 = 60°), and can be realized using HB-SMs. However, when
the phase angle is higher than 60°, the middle-arm voltage becomes bipolar, where

FB-SMs are employed to generate the negative part of the arm voltage.
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Fig. 5.8 Middle-arm voltage variation of the 9A-MMC, relative to the phase-shift angle, at M = 1.

Since the 9A-MMC is fundamentally introduced as a six-phase machine drive, the
phase angle between the two output voltage sets will be either 30° or 60° for
asymmetrical and symmetrical winding layout, respectively. Thus, the middle-arm

voltage will be always unipolar, employing only HB-SMs.

B. Arm Currents
Due to the asymmetrical operational behaviour of the 9A-MMC, the arm currents
have different alternation in the upper, middle, and lower arms. Referring to Fig. 5.7,

applying KCL at the intermediary points of leg-1 yields:

iMl = iX + iLl (59&)

iyr = lg + iy
= ia + ix + iLl (59b)

where the upper-arm current carries both machine currents i, and i, in addition to the
lower-arm current, while the middle-arm current carries the machine current i, along
with the lower-arm current. Since the sum of machine currents i, and i, has a
magnitude of 1.931,and 1.731, for asymmetrical and symmetrical machines,
respectively, the upper-arm current is almost twice the middle-arm current, while the

latter is twice the lower-arm current.
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Due to different arm-current alternation, the SM capacitor voltage fluctuation
differs in the upper, middle, and lower arms. The capacitor voltage ripple of upper-
arm SMs is almost twice the voltage ripple of middle-arm SM capacitors, while the
latter has double the voltage ripple of lower-arm SMs. To achieve the same voltage
ripple, the SM capacitance of the middle arm is designed as twice the SM
capacitance of the lower arm. Likewise, the SM capacitance of the upper arm is

designed as twice the SM capacitance of the middle arm.

5.4.2 9A-MMC Control

A PD PWM-based modulator is utilized for each leg of the 9A-MMC to command a
varying number of SMs to be inserted at each time instant in the different arms. This
is schematically illustrated in Fig. 5.9 for one leg of the 9A-MMC. Both the upper-
and lower-arm reference voltages, given by (5.7), are utilized as inputs to the
modulator which accordingly determines the necessary number of SMs to be inserted
in the upper and lower arms, as denoted by ny;, and n;;, respectively. To ensure a
zero voltage summation in the outer loop, the number of SMs to be inserted in the
middle arm is calculated as ny; = 1.5N — ny; — n,. A capacitor voltage balancing
algorithm is applied, as discussed in Chapter 2, to maintain all SM capacitors

balanced around the nominal value.

Veut: Veun lu1

capacitor
voltage balancing S$1.S;
algorithm [SMu1:SMyn]

Vem1 : VemN M1

Vu1—— Ve

capacitor

voltage balancing S$1.5;
algorithm [SMm1:SMun]

Vii—s)

Ny
J . .
phase-disposition modulation VeL1: VeLn I

capacitor
voltage balancing
algorithm [SML1:SM\]

Fig. 5.9 A schematic diagram for the modulation and control of one leg of the 9A-MMC.
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5.4.3 Simulation

The performance of the 9A-MMC with identical HB-SMs is investigated using a 3.2
MW simulation model. The 9A-MMC is generating asymmetrical six-phase voltages,
while feeding a six-phase RL load. The dc-link voltage is 50% higher than that of a
traditional 12A-MMC to maintain the same loading condition. Simulation parameters
are listed in Table 5.5, while simulation results are depicted in Fig. 5.10. The six-
phase line voltages and load currents are maintained similar to those of the 12A-
MMC. Both the upper- and lower-arm voltages transit between 0 and 10 kV in 11
voltage steps, and have a 30° phase shift, while the middle-arm voltage steps
between 2 and 8 kV. The arm currents are sinusoidal, however with different
magnitudes, where iy > i, > i;. The SM capacitance of the three arms is 12 mF,
where the capacitor voltage variations are +5%, +3%, and +2% for the upper-,
middle, and lower-arm SMs, respectively. To maintain the same +5% voltage ripple
across all-arm SM capacitors, the SM capacitance can be reduced to 6 and 3 mF for

the middle- and lower-arm SMs, respectively.

Table 5.5: Parameters for 9A-MMC simulation

Number of SMs per arm (N) 10
Rated active power 3.2 MW
Input dc voltage (V) 15 kV
Nominal SM capacitor voltage (V) 1 kv
Rated line voltage 6 kV
Rated current magnitude (1,) 250 A
Fundamental output frequency (f,) 50 Hz
Carrier frequency (f.) 2 kHz
Arm inductance (Lg;m) 7.5mH
SM capacitance (C) 12 mF
Load resistance 15Q
Load inductance 30 mH
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Fig. 5.10 Simulation results of the 9A-MMC supplying six-phase RL load with asymmetrical
modulation.
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5.4.4 Quantitative Assessment

Table 5.6 allows assessing the 9A-MMC component count and design, compared to
the 12A-MMC. The 9A-MMC achieves 25% reduction in the number of employed
components, compared to the 12A-MMC, at the expense of 33% reduction in the dc-
link voltage utilization. To deliver the same output power as the 12A-MMC, the dc-
link voltage of the 9A-MMC is increased by 50%. Nonetheless, the nominal voltage
across the IGBTs and SM capacitors is the same as that of the 12A-MMC. The dc
input current drawn by the 9A-MMC is 67% less than that of the 12A-MMC, and is
distributed among 3 legs. Approximating the ac component amplitude of the arm
current to 2I,, I,, and 0.51, for the upper-, middle-, and lower-arm currents,
respectively, the combined power rating of the 9A-MMC is 21V, 1, + 4V4:1y,
(52.5% higher than the 12A-MMC). To achieve the same voltage ripple across all
SM capacitors of the 9A-MMC, as compared to the 12A-MMC'’s voltage ripple, the
SM capacitance is designed as 4C, 2C, and C for the upper-, middle-, and lower-arm

SMs, respectively, where C is the SM capacitance of the 12A-MMC. Also, the arm

Table 5.6: Component count and rating of the 9A-MMC, compared to the 12A-MMC

12A-MMC 9A-MMC
DC link voltage Ve 1.5V,
Maximum AC voltage Y2 Vye Y2 Vye
Number of SMs 12N HB-SMs 9N HB-SMs
Number of IGBTs 24N 18N
Number of arm inductors 12 6
Number of SM capacitors 12N 9N
IGBT rated voltage Vae/N Vic/N

IGBT rated current

Yolye + W51,

%Idc + 21, for upper-arm IGBTS,
gldc + 1, for middle-arm IGBTSs, and
%Idc + 0.51, for lower-arm IGBTSs

Combined power rating

12V, 1, + 4Vl

21V4l, + 4Vaclye

SM capacitance

4C for upper-arm SMs,
2C for middle-arm SMs, and
C for lower-arm SMs

Total capacitive stored
energy

12N [¥2 € (Vac/N)?]

21N [% C (Vae/N)?]

Arm Inductance

L

1.5L

Total reactive elements

12NC + 12L

21INC +9L

149




inductance of the 9A-MMC is increased by 50%, compared to the 12A-MMC, due to

the 50% increase in the dc-link voltage for the same power delivery.

5.5 Hybrid Nine-Arm MMC

To promote the dc-link voltage utilization of the 9A-MMC, with further reduction in
topology components, this thesis proposes a hybrid 9A-MMC (H9A-MMC) which
inherits the same structure of the standard 9A-MMC, however, incorporates mixed
SM cells. The HOA-MMC is shown in Fig. 5.11, feeding a six-phase machine with
isolated neutral points. Both the upper and lower arms are formed by N series
connected HB-SMs, while the middle arm is composed of K series connected FB-
SMs. The value of K is determined as a portion of N, depending on the phase shift
between the two sets of three-phase output voltages. By employing the FB-SM’s
negative-voltage state, the middle-arm voltage is bidirectional with zero average
voltage. This allows both the upper- and lower-arm voltages to extend their dc
component to %V,., which enhances the dc-link voltage utilization without any
compromise, compared to the 9A-MMC.

:;:[SMFE 1) :?:[SMFE 1) ‘ SMFBl}
Ve Vi iwlé : [

iy HB-SM FB-SM

Fig. 5.11 Hybrid 9A-MMC feeding a six-phase machine with isolated neutral points.
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5.5.1 H9A-MMC Analysis

A. Arm voltages

The dc-link voltage utilization of the HOA-MMC is defined similar to a standard
MMC as given by (2.2). Both the upper and lower arms are controlled to generate a
unidirectional voltage ranging from 0 to MV,.. Considering leg-1 of the HOA-MMC,
which provides the machine phase-terminals a and x, the voltage across the upper

and lower arms is:

Vg1 = 5 Vae [1 = M cos(wt)] (5.10a)

V= %Vdc [1+ M cos(wt + 0g)] (5.10b)

The voltage balance between the dc-link voltage and the HOA-MMC legs implies the
middle-arm voltage be bidirectional, as follows.

Upr = Ve — Vy1 — Vi

= %MVdC m cos(wt + a) (5.11)

a= tan‘lcozl:—il (5.12)

As exposed by (5.11), the magnitude of the middle-arm voltage depends on the phase
angle o, which is graphically demonstrated in Fig. 5.12 for different values of o, at
unity modulation index. Unlike both the upper- and lower-arm voltages, the middle-
arm voltage is comprised only of an ac component with a magnitude that is directly
proportional to the angle o, with a maximum swing of +V,;.. The bidirectional
middle-arm voltage can only be realized by incorporating FB-SMs in the middle arm,
where the number of employed FB-SMs is determined according to the angle o. The
magnitude of the middle-arm voltage is 0.258V,. for asymmetrical machines and
0.5V, for symmetrical machines. Thus, the number of FB-SMs in the middle arm is
designed as 30% and 50% the number of employed HB-SMs in either the upper or

lower arms for asymmetrical and symmetrical machines, respectively.
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Fig. 5.12 Middle-arm voltage variation of HOA-MMC, relative to the phase-shift angle, at M = 1.

B. Arm currents

The arm currents of leg-1 are defined in relation to the corresponding machine

currents i, and i, as:

ly1 = leirc g (5.13a)
i1 = Leire (5-13b)
i1 = Leire — Uy (5.13c)

where i.;,.. IS the circulating current through the dc loops comprising the dc side and
each converter leg. Unlike a standard MMC, the circulating current of the H9A-
MMC experiences both even and odd harmonics, while their magnitudes depend on
the modulation phase angle between the upper and lower arms. Among these low-
order harmonics, the second-order harmonic has the largest magnitude, and then the
third-order harmonic with a lower magnitude. Due to its dominant effect, the second-
order harmonic is suppressed through several approaches as discussed in Chapter 2,
while the effect of the remaining third-order harmonic on the circulating current can
be neglected without affecting the forthcoming analysis. Accordingly, the circulating
current is assumed to be only the dc component, and is defined as one third the dc

input current I, as:

Igc  Ml,cosg
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C. SM capacitor voltage ripple

Due to the asymmetric operational behavior of the HOA-MMC, the capacitive energy
stored in the middle arm will have different alternation than that of both the upper
and lower arms, which is eventually manifested in the corresponding SM capacitor
voltage with different ripple profiles. With the modulation of (5.10) and (5.11), the

capacitor current, i, for an upper-, middle-, and lower-arm SM is described as:

iC UL = % [1 - M COS((Ut)] iUl (515&)
e = %M 2(1 — cos o) cos(wt + a) iy (5.15b)
ic11 =5 [1+ M cos(wt +0)] iy (5.15¢)

By integrating (5.15), the capacitor voltage fluctuation of SMs in the three arms is:

1 (t
Aveyr = Efolcmdt

@ (M* — 4M?) sin(wt + B) — M sin(Qwt — <p)] (5.16a)

1t M?1, cosgo
Aveyr = ¢ f icm dt = |———1/2(1 — cos o) | sin(wt + a) (5.16b)
0

1 t
Ave g = Ef icra dt
I,
4wC

[ \/4 + cos? ¢ (M* — 4M?) sin(wt + B) — M sin(2(wt + o) — <p)] (5.16¢)

where f is given as:

,2tang

B = tan~ (5.17)

D. SM capacitance design

From (5.16), the capacitor voltage ripple for the upper- and lower-arm SMs pulsate
due to both the first- and second-frequency harmonics. Whereas, the middle-arm SM
capacitor voltage ripple pulsates at the fundamental frequency. Therefore, the
middle-arm SM capacitance design is different compared to that of the upper- and

lower-arm SMs, for the same voltage-ripple profile.
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Figs. 5.13 and 5.14 investigate the response of capacitor voltage ripple with
operating parameters variation, where the normalized SM capacitor voltage ripple is
observed in three-dimensional relationships, for different-arm SMs. The influence of
both the load current and power factor variation on capacitor voltage ripple is shown
in Fig. 5.13a for both the upper- and lower-arm SMs, while shown in Fig. 5.13b for
the middle-arm SMs. Although the voltage ripple is directly proportional to the load
current, there is a remarkable disparity in the correspondent SM voltage ripple
variation, where the increase of the middle-arm SM voltage ripple due to the load
current increase is significantly lower than that of both the upper- and lower-arm
SMs. In addition, while the middle-arm SM voltage ripple is proportional to the
power factor, both the upper- and lower-arm SM voltage ripple are inversely
proportional. To quantify the voltage ripple diversity, the maximum voltage ripple
ratio between the upper- and lower-arm SMs and the middle-arm SMs, is 3.4.

In a similar way, Fig. 5.14 shows the voltage ripple profile in response to both
operating frequency and modulation index variation. Fig. 5.14a shows that the
voltage ripple of both the upper- and lower-arm SMs is slightly inversely
proportional to the modulation index, but significantly inversely proportional to the
operating frequency. On the other hand, the middle-arm SM voltage ripple, shown in
Fig. 5.14b, is slightly increasing with either increased modulation index or operating
frequency. The ratio between the maximum recorded voltage ripple in Fig. 14a to
Fig. 14bis 4.5.

It is worth mentioning that the results in Figs. 5.13 and 5.14 assume the H9A-
MMC feeds an asymmetrical machine, where o is 30°. Unlike the upper and lower
arms, the middle-arm SM capacitor voltage ripple depends on the phase angle o.
According to (5.16b), the middle-arm SM capacitor voltage ripple is doubled when
the H9A-MMC feeds a symmetrical six-phase machine, compared to an
asymmetrical one. Thus, the middle-arm SM capacitance can be reduced to quarter
and half the upper- and lower-arm SM capacitance, for asymmetrical and

symmetrical machines, respectively.
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normalized capacitor voltage ripple (%AVun /Ve)

(b)

Fig. 5.13 Normalized peak-to-peak capacitor voltage ripple of HOA-MMC for various operating
conditions of load current and power factor, for: (a) upper- and lower-arm SMs and (b) middle-arm
SM. (M=1, f=50 Hz, =5 mF, ¢ =30°, and V,=2 kV)
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normalized capacitor voltage ripple (%AVu /Ve)

(b)
Fig. 5.14 Normalized peak-to-peak capacitor voltage ripple of HOA-MMC for various operating

conditions of frequency and modulation index, for: (a) upper- and lower-arm SMs and (b) middle-
arm SM. (1,=250 A, ¢=35°, €=5 mF, ¢=30°, and V,=2 kV)

5.5.2 H9A-MMC Control

HI9A-MMC control is similar to that of the 9A-MMC. Both the upper- and lower-arm
reference voltages, as given by (5.10), are utilized to determine the necessary number

of HB-SMs to be inserted in the upper and lower arms. The number of FB-SMs
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Fig. 5.15 A schematic diagram for the modulation and control of one leg of the HOA-MMC.

to be inserted in the middle arm is calculated as ny; = N —ny; — n;,, Where a
limiter with a bandwidth of either +0.3N or +0.5N is utilized for the asymmetrical
and symmetrical operation mode of the HOA-MMC, respectively, as shown in Fig.
5.15. The positive sign of n,,, indicates operating the middle-arm FB-SMs under
positive voltage state (that is, positive SM output voltage), while the negative sign
indicates a negative output voltage state. It should be noted that, although the middle-
arm current is unidirectional, the FB-SM capacitors can be charged and discharged
by changing the arm-current direction through the capacitors when inserted in the

conduction path.

5.5.3 Verification

The performance of the proposed HO9A-MMC is examined using both simulation and

experimentation, with the parameters listed in Table 5.7.
A. Verification using RL load

A 3.2 MW MATLAB/SIMULINK simulation model is used to verify the features of
the proposed HOA-MMC while feeding a six-phase RL load (R=15 Q, L=30 mH).
The simulation results are shown in Figs. 5.16 and 5.17 for both asymmetrical and

157



symmetrical modulation of the HOA-MMC, respectively. The number of HB-SMs in
both the upper and lower arms is 10, while the number of FB-SMs in the middle arm
is 3 and 5 for the asymmetrical and symmetrical modulation, respectively.

Table 5.7: Parameters for HOA-MMC verification

Simulation Experiment

Number of SMs per arm (N) 10 3
Rated active power 3.2 MW 4 kKW
Input dc voltage (V) 10 kV 300V
Nominal SM capacitor voltage (V) 1kv 100 V
Rated line voltage 6 kV 180 V
Rated current magnitude (1,) 250 A 9A
Fundamental output frequency (f,) 50 Hz 50 Hz
Carrier frequency (f.) 2 kHz 2 kHz
Arm inductance (L gm) 5 mH 2.8 mH
SM capacitance (C) 6 mF 2.2 mF

In Figs. 5.16 and 5.17, the six-phase line voltages and load currents are high quality
sinusoidal waveform with 30° and 60° phase shift between the abc and xyz three-
phase sets, respectively. Both the upper- and lower-arm voltages transit between 0 to
10 kV through 11 voltage levels. Whereas, the middle-arm voltage is bidirectional
and pulsates with £3 kV and 5 kV amplitude, for the asymmetrical and symmetrical
cases, respectively. Both the upper- and lower-arm currents show a good sinusoidal
profile, since the second-order harmonic is eliminated using a parallel-resonant filter.
The middle-arm current exhibits almost a dc component with a series of odd-order
harmonics due to the SM capacitor voltage fluctuations, that clearly appear in the dc
input current.

Investigating the SM capacitor voltage, both the upper- and lower-arm SMs pulsate
due to the first- and second- frequency harmonics, with 5% voltage ripple, for both
the asymmetrical and symmetrical cases. The middle-arm SM capacitor voltage
pulsates with the fundamental frequency, with £1.4% and +2.8% voltage ripple for

the asymmetrical and symmetrical cases, respectively.
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Fig. 5.16 Simulation results of the HOA-MMC supplying six-phase RL load with asymmetrical
modulation.
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Fig. 5.17 Simulation results of the HOA-MMC supplying six-phase RL load with symmetrical
modulation.
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It is worth mentioning that the results in Figs. 5.16 and 5.17 are obtained when the
SM capacitance is 6 mF in all arms. To achieve the same voltage ripple profile across
the different-arm SM capacitors, the middle-arm SM capacitance can be reduced to

1.5 and 3 mF, for the asymmetrical and symmetrical cases, respectively.
B. Verification using six-phase machine

The performance of the HOA-MMC is examined when feeding a symmetrical six-
phase machine, through both simulation and experimentation at the same operating
conditions. A scaled-down laboratory converter prototype feeds a symmetrical six-
phase machine constructed by rewinding the stator of an existing three-phase
induction machine with two identical three-phase single layer windings shifted in
space by 60°. The constructed six-phase machine has half the number of turns per
coil and same conductor cross sectional area, compared to the three-phase machine,
to maintain the same copper volume. The three-phase machine is rated at 4 kW, 415
V (line-to-line), 50 Hz, 7.5 A, 1450 RPM with two pole pairs. After rewinding, the
rated voltage is halved, while other rated values are maintained. The number of HB-
SMs in the upper and lower arms is 3, while the number of FB-SMs in the middle
arms is 2. The control algorithm is implemented using TMS320F28335 Texas
Instruments DSPs.

Both simulation and experimental results are presented in Figs. 5.18 and 5.19,
respectively, at the same scale to allow one-to-one comparison. In both figures, two
line voltages of each three-phase set are shown to traverse with 7 voltage levels,
while the machine currents i, and i, are sinusoidal. Both the upper- and lower-arm
voltages step between 0 and 300 V, while the middle-arm voltage is bidirectional,
alternating between +200 V. The upper- and lower-arm currents show a sinusoidal
profile, however, distorted with low-order harmonics since the circulating current has
not been controlled to suppress its inherited harmonics. Thus, both the second- and
third-order harmonics simultaneously affect the arm-current waveforms, as clearly
appear in the fluctuation of the middle-arm current, with 23% and 8% amplitudes,
respectively. These harmonics appear further enlarged in the supply current

waveform since their instantaneous value is tripled. The capacitor voltage of the
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Fig. 5.18 Simulation results of the HOIA-MMC supplying a symmetrical six-phase machine.
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upper- and lower-arm SMs has +3% voltage ripple, while the middle-arm SM

capacitor voltage ripple is £0.7%, where the capacitance of all SMs is 2.2 mF.
5.5.4 Assessment

Promoted by the inclusion of FB-SMs, the HOA-MMC achieves the same voltage
utilization as the standard 12A-MMC, however with a reduced component count.
Table 5.8 assesses the number of components employed by the HO9A-MMC, for
asymmetrical and symmetrical operation, in addition to IGBTs rating and reactive
elements design, in comparison to the 12A-MMC. While the IGBT rated voltage is
identical for different SMs in both the 12A-MMC and H9A-MMC, the rated current
is doubled for both the upper- and lower-arm IGBTSs, and is reduced by 40% for the
middle-arm IGBTs of the HOA-MMC, compared to the 12A-MMC.

Table 5.8: Component count and rating of HOA-MMC, compared to the 12A-MMC

12A-MMC H9A-MMC
o = 30° o = 60°

DC link voltage Ve Ve
Maximum AC voltage Y Vye Y2 Vye
Number of SMs 12N HB-SMs oN HBFSB'\_/'SS,\;Zd 0N 1 6N HBF?B'\_"SSG’S‘O' 15N
Number of IGBTs 24N 15.6N 18N
Number of arm inductors 12 6
Number of SM capacitors 12N 6.9N 7.5N
IGBT rated voltage Vye/N Vae/N

IGBT rated current

Yelye + %I,

1y, + 1, for upper- and lower-arm IGBTS
and 31, for middle-arm IGBTs

Combined power rating

12V 1, + 4Vl

12Vl + 5.2V, 1y,

12V, 1, + 6Vyclye

2C for upper- and lower-arm SMs

SM capacitance Cc = =

0.5C for middle-arm SMs C for middle-arm SMs
Total capacitive stored
energy P 12N [ C (VdC/N)Z] 12.45N [ C (VdC/N)Z] 12.75N [¥% C (Vdc/N)Z]
Arm Inductance L L
Total reactive elements 12NC + 12L 12.45NC + 6L 13.5NC + 6L
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Since the upper- and lower-arm currents of the HOA-MMC topology are twice the
arm currents of a standard MMC, the first-frequency ripple component of the H9A-
MMC is twice that of a standard MMC. Therefore, the SM capacitance of both the
upper- and lower-arm SMs are doubled to maintain the same voltage ripple. Whilst,
the middle-arm SM capacitance is a quarter and a half the upper-/lower-arm SM
capacitance, for the asymmetrical and symmetrical designs of the H9A-MMC,
respectively.

Fig. 5.20 shows a graphical assessment of the HOA-MMC in comparison to the
12A-MMC, where the latter’s parameters are set as 1 p.u., and used as reference for
the former’s parameters. While the number of arm inductors is reduced by 50%, the
number of SM capacitors is reduced by 42.5% and 37.5% for asymmetrical and
symmetrical designs of the proposed topology, respectively. However, the sum of the
total employed inductance and capacitance is almost the same for both the 12A-
MMC and the H9A-MMC, while the total capacitive stored energy is slightly
increased by 3.8% and 6.3% for the asymmetrical and symmetrical designs of the
HI9A-MMC, respectively. The number of IGBTs is reduced by 35% and 25%;
nonetheless, the combined power rating of the IGBTSs is increased by 8.6% and
14.3%, where the values denote for the asymmetrical and symmetrical modes of the
HI9A-MMC, respectively.

To assess the size of the HOA-MMC, compared to the 12A-MMC, the 3.2 MW
system investigated in the simulation study is selected as the performance index.
That is, the 5SNG 0450R170300 phase-leg IGBT module with 1.7 kV, 450 A [148]
is selected for both the upper- and lower-arm SMs of the HOA-MMC, while the
5SNG 0225R170300 phase-leg IGBT module with 1.7 kV, 225 A [149] is selected
for the middle-arm SMs of the HOA-MMC and for the 12A-MMC’s SMs as well,
where both IGBT modules are from ABB. Although the current rating is doubled, the
size of both IGBT modules is the same, and is calculated as 0.1628 L. To assess the
SM capacitors size, according to EPOCS power capacitors [150], [151], the volume
of 6, 3, and 1.5 mF capacitors are 19, 11.56, and 2.88 L, respectively, all rated at 1.1
kV. Accordingly, the total capacitor size of the 12A-MMC (incorporating 12N
capacitors each 3 mF) is 1387.2 L. Whereas, the total capacitor size of the H9A-
MMC (incorporating 6N capacitors each with 6 mF in addition to either 0.9N
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capacitors with 1.5 mF or 1.5N capacitors with 3 mF) is 1166 and 1313.4 L, for
asymmetrical and symmetrical HOA-MMCs, respectively. That is, the HOA-MMC
achieves 16% and 6% size reduction for asymmetrical and symmetrical operation,
respectively. It should be noted that this is only a comparison for the size of the main
SM components (capacitors and IGBTS), rather than a comparison of the volume of
real SM enclosures (in which there are more components and cooling structures).
Nevertheless, an additional decrease in the whole system size is expected, due to the
reduction in the number of gate-drive circuits and both voltage and current
transducers.

To assess the efficiency of the HOA-MMC, the power loss calculation method in
[107] is adopted, with the IGBTs parameters as given in their datasheets. While the
efficiency of the 12A-MMC is 97.9%, the efficiency of the HOA-MMC is 97.4% and
97.3% for the asymmetrical and symmetrical cases, respectively. Although these
efficiencies are case specific, a general deduction can be drawn that the HOA-MMC’s
efficiency is lower but does not deviate significantly from that of the 12A-MMC.

The economic feasibility of the HOA-MMC is examined by performing a cost
analysis for the main employed components. According to the mainstream suppliers
in the electronics market, the HOA-MMC achieves 17% and 9% cost reduction when
designed to drive an asymmetrical or symmetrical six-phase machine, respectively,

as compared to the conventional 12A-MMC.

I 12A-MMC
I H9A-MMC (o = 30°)
[ H9A-MMC (5 = 60°)
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Fig. 5.20 Graphical assessment of the proposed H9A-MMC in comparison to the 12A-MMC.
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5.6 DHB-Assisted MMC-Based Six-Phase Machine Drives

The power decoupling approach, addressed in Chapter 4, can be readily extended to
six-phase MMC-based machine drives to compensate the SM capacitor voltage
ripple at low operating frequencies. The generalized DHB-assisted configuration can
be applied to both the 12A-MMC and 8A-MMC, since they inherit the standard
MMC phase-leg structure (two arms per phase leg). That is, the DM ripple power
component can be bi-directionally transferred between each pair of upper and lower
arm in the same phase-leg, through a DHB balancer. For a 12A-MMC supplying a
symmetrical six-phase machine with isolated neutral points, an alternative placement
of the DHB balancers relative to the MMC SMs is offered, where the DHB balancers
can interface adjacent-arm SMs of phase-legs feeding two machine windings with

spatial phase opposition, as shown in Fig. 5.21.

O j E AIOVA j E AIOA j
Ly, %(0)% * AL * * AL *
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Fig. 5.21 Circuit diagram of DHB-assisted 12A-MMC for symmetrical six-phase machine with
isolated neutral points.
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The CM and DM power decoupling method, based on symmetrical alternation of
three-phase components, can be applied to the 12A-MMC, 9A-MMC, and H9A-
MMC. Since the 12A-MMC is a dual three-phase topology, each set of three SMs at
the same level, with a common three-phase winding set, can be interfaced through a
magnetic chain link with two/three DHB balancers. Likewise, in the 9A-MMC and
H9A-MMC, each set of three adjacent-arm SMs in the upper, middle, and lower

arms can be magnetically coupled through a chain of two/three DHB balancers.

5.7 Summary

In this chapter, MMC application for multiphase machines has been addressed by
presenting four MMC-based topologies for dual three-phase machine drives, namely
the 12A-MMC, 8A-MMC, 9A-MMC, and HOA-MMC. The 12A-MMC is the off-
the-shelf six-phase MMC topology, being comprised of two standard three-phase
MMCs with a common dc-link voltage. Nevertheless, the 12A-MMC employs a
significant number of both active and passive components, which increases the size
and cost of the six-phase drive system. Thus, reduced MMC structures with lower
component count have been investigated. Both the 8A-MMC and 9A-MMC achieves
a 33% and 25% reduction in the number of employed components, respectively,
compared to the 12A-MMC, however, at the expense of reduced dc-link voltage
utilization. The HOA-MMC is an advanced version of the 9A-MMC, which achieves
the same performance as the 12A-MMC while employing at most the same number
of IGBTs and a lower number of SM capacitors, compared to the 9A-MMC. The
four topologies have been studied and quantitatively assessed, while their

performance has been verified.
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Chapter 6

Conclusion

This chapter summarizes the accomplishments and general conclusions acquired by
the thesis in addition to the main research contributions. At the end of this chapter,

suggestions for conceived future research are highlighted.

6.1 Summary and Contribution

The main objective of this thesis is to investigate MMC application to MV drives for
three-phase and multiphase machines. Chapter 1 highlighted the rising demand of
high-power applications employing adjustable-speed drives as the prime driving
force when using the MV grid as the main ac power supply. High-power converters
for machine drives application were overviewed with emphasis on multilevel VSIs as
the prominent contenders fulfilling the motor-side requirements at the MV level. The
market interest in multilevel converter-based MV drives was presented, showing that
the MMC is a promising candidate for high-power machine drives due to its
unlimited extendibility to any voltage/power level, compared to its counterparts.

Chapter 2 provided thesis background through a comprehensive overview of the
MMC including its basic structure, operating principle, modulation techniques,
circuit analysis, and control methods. MMC application as an MV machine drive was
studied, detailing the drive system configurations and their associated control
algorithms. The challenge of MMC-fed adjustable-speed drives at low operating
frequencies was highlighted, where simulation results assessed MMC performance at
both rated and reduced frequencies.

Chapter 3 gave an insight to the problem to be solved by analysing the MMC’s arm
power and SM capacitor voltage ripple, categorizing their main frequency
components. The main approaches introduced in the literature to extend MMC

operation to low frequencies were critically reviewed and assessed. Some of the
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approaches achieve satisfactory performance at low operating frequencies, but with
unavoidable trade-offs. Further, their performance when supplying machine drives
with scores of megawatts at the higher limit of the MV range, is problematic.

Chapter 4 represents the major contribution of the thesis, proposing a novel power
decoupling scheme for MMC-fed drives for reliable low frequency operation. The
concept behind the proposed approach is first illustrated, then applied to the MMC in
four different configurations. Mathematical derivations describing the performance
of the proposed MMC configurations with power decoupling were provided.
Simulation and experimental verification confirmed the effectiveness of the proposed
concept. Several assessments were undertaken to quantify the features, advantages,
and shortcomings of the proposed approach.

Chapter 5 addressed MMC application for MV multiphase drives, presenting
reduced MMC structures for six-phase machines to alleviate the six-phase drive
complexity, size, and cost. Starting from the readily established dual three-phase
MMC, reduced six-phase MMC topologies were developed and their performance
was assessed. To avoid performance trade-offs commonly associated with converters
with reduced component count, a novel six-phase MMC-based converter was
proposed, without any performance compromise, and was verified through

simulation and experimentation.
The contributions of this thesis are summarized as follows:

e Reviewing the state-of-the-art multilevel converter topologies for MV
machine drives application, quantifying their advantages and shortcomings in
the light of industrial MV drives market interest.

e Mathematically investigating the MMC challenge as an MV adjustable-speed
drive by categorizing the main frequency arm power components standing
behind the large voltage fluctuations across the SM capacitors.

e Reviewing the state-of-the-art MMC topologies and control approaches to
extend MMC operation to low frequencies with limited SM capacitor voltage
ripple.

e Proposing an MMC ripple power decoupling approach for SM capacitor
voltage ripple compensation as a comprehensive solution for MMC low-
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frequency operation. The approach offers a significant reduction in the SM
capacitance since the voltage fluctuations across the capacitors are reduced to
a very narrow band, therefore reducing the energy stored in the converter
system. Also, it eliminates the problems of capacitor voltage fluctuations in
an independent operating frequency scheme. Compared to the mainstream HF
circulating current injection methods, the proposed approach does not affect
the arm current or the CM voltage.

The proposed power decoupling approach is applied to the MMC topology in
four different arrangements applicable to several types of machine winding
layouts. The generalized 3N DHB-assisted MMC decouples the fundamental
ripple power in the MMC arms, resulting is SM capacitor voltage alternating
at twice the fundamental frequency with a diminutive voltage ripple. The 3N
DHB-assisted dual MMC inherits the same performance as the generalized
configuration, with the advantages of operating at half the dc-link voltage,
providing lower CM voltage at the machine terminals, and offering dc-fault
ride-through capability. The 4N and 6N DHB-assisted MMCs decouple both
the fundamental and second-order ripple power in the MMC arms, resulting
in a constant SM capacitor voltage with only switching-frequency ripple.
Experimental validation of the proposed power decoupling approach with
different DHB balancers allocation and undertaking assessments to quantify
the pros and cons of each configuration.

Reviewing the state-of-the-art MMC configurations with topological
reduction for six-phase machine drive applications.

Proposing a novel six-phase MMC topology with a reduced structure, namely
the HO9A-MMC, with a combination of HB- and FB-SMs. Unlike its
predecessors with reduced structure, the HOA-MMC has the same dc-link
voltage utilization as the standard six-phase MMC, with a further reduced
component-count. This results in a reduction in the overall size and cost of
the MMC-based six-phase drive system without compromising neither the
delivered power nor the efficiency. The performance of the HOA-MMC was

experimentally verified.
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6.2 Future Research

This thesis proposed a class of advanced MMC designs that generally allows for
reliable operation of MV high-power variable-speed drives, in addition to a feasible
and more-economic implementation of MV six-phase machine drives. The following

includes planned and recommended future research:

e Investigating the HF transformer design, involved in the DHB balancer, in a
detailed study with the focus on core losses, losses arising from parasitic
elements, and switching frequency optimization.

e Studying the several schemes proposed in the literature to realize ZCS for
DAB converters for switching losses reduction, to determine which approach
is the most effective and easily implemented for the DHB balancers
associated with MMC ripple power decoupling.

e Examining the performance of DFB-assisted MMC for variable-speed
machine drives in terms of power loss and cost, in comparison to the
proposed DHB-assisted MMC.

e Investigating the design of a three-port DHB dc-dc converter with a three-
winding HF transformer as an alternative implementation of the 6N DHB-
assisted MMC for decoupling CM and DM ripple power. This can achieve a
67% reduction in the employed magnetic cores and a 50% reduction in the
number of DHB switching devices, compared to the 6N DHB-assisted MMC.

e Extending the 3N DHB-assisted dual MMC for dc-dc MV applications, since
it is able to produce bipolar dc voltages at the output terminals with dc-fault
ride-through capability. With the desirable characteristics inherited from both
the MMC and DHB, the topology has potential for secure and flexible
bidirectional dc power flow control in breaker-less MVDC applications.

e Investigating the possibility of developing additional reduced MMC
topologies for multiphase machine drive applications.
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Appendix A

Experimental Rig

This appendix presents the experimental prototype structure, detailing the employed

hardware components and DSP software environment.

A.1 Hardware Structure

The experimental test rig can be divided into three functional sub-groups:

e Power circuitry

e Control circuitry

e Recording devices

A photograph for the overall experimental setup is shown in Fig. A.1, where

employed components are labelled and defined as listed in Table A.1.

Table A.1: Components of experimental setup

Cﬁlmponent Power Circuitry (P) Control Circuitry (C) Recording devices (R)
umber
1 DC power supply Digital Signal Processor Digital oscilloscope
2 DC link capacitor Voltage transducer circuit | Differential voltage probe
3 MMC arm with 3 SMs | Current transducer circuit Current probe
4 Arm inductor Gate drive circuit CAN bus module
5 SM capacitor Dead time generator circuit
6 Filtering capacitor Biasing DC supply
7 DHB converter
8 Resistive Load
9 Inductive Load
10 Induction machine
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Fig. A.1 Experimental setup.
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Al.1 Power Circuitry

The main components comprising the setup power circuits are briefed in this

subsection.

A. MMC arm
Each MMC arm is comprised by 3 SMs. The switching devices are
STGW38IH130D IGBTs manufactured by ST MICROELECTRONICS, and are
rated at 1.3 kV and 63 A, with 250 W power dissipation. HB-SMs (Fig. A.2a) are
used to verify the DHB-assisted MMC’s performance, while FB-SMs (Fig. A.2b)
are used for the HOA-MMC topology.

B. DHB converter

The DHB converter is comprised by 4 IGBTs, with the same parameters as those
used in MMC SMs, and an HF transformer. The DHB circuit is shown in Fig. A.3.
The HF transformer uses a nano-crystalline core which is favorable for HF operation
due to its high core permeability, high magnetizing inductance, low losses, and near
square hysteresis loop. The selected transformer core is MAGNETEC GmbH M-011-
04 YM. The core has a relative permeability of 30000 at 10 kHz, while the core
cross-sectional area is 0.73 cm? Core dimensions and other specifications are
outlined in the datasheet shown in Fig. A.4, while transformer parameters are listed
in Table A.2.

Table A.2: HF transformer parameters

Power rating 1.5 kVA
Primary side voltage 200V
Secondary side voltage 200V
Primary turns 30
Secondary turns 30
Turns ratio 1
Leakage inductance 14.63 uH
Parasitic winding resistance 0.7Q
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(b)
Fig. A.2 MMC arm with 3 SMs using: (a) HF-SMs and (b) FB-SMs.

Fig. A.3 DHB converter circuit with nano-crystalline core-based HF transformer.
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Fig. A.4 Datasheet of the employed nano-crystalline core.
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Al.2 Control Circuitry

Control circuits are mainly powered by +5 V and +15 V biasing dc supplies. They
consist of a digital signal processor (DSP) acting as the main system controller,
voltage and current transducer circuits, dead time generator circuits, and gate drive

circuits.

A. DSP

The DSP is the main system controller, reading the actual voltage and current signals
from the measurement devices. The analogue signals are sampled and converted to
digitally coded numbers using the embedded analogue to digital conversion. Based
on the feedback signals, the DSP controls the overall system operation according to
the loaded flash memory program. Thus, the controller must have some features as
fast calculating processor, sufficient storage memory, compatible and fast analogue
to digital converters, and easy programming packages. For these reasons, Texas
Instrument TMS320F28335 floating point DSP is used, with the main task is to
generate the PWM signals for gate drive circuits that operate the switching devices of
the power converters. The DSP output port is compatible with the gate drive input
voltages and currents; thus the TMS320F28335 DSP does not require additional
interfacing circuits. The measurement transducers are designed to have voltages and
currents within DSP read range. The DSP support real-time monitoring and control
by sending the data to addressed memory in the RAM and display it by Code
Composer Studio V.3.3 software. One of the most important features of the
TMS320F28335 DSP is that it can be programmed either by C, C++ coding or
MATLAB SIMULINK. This eases the programming process when high level
programming is required. In this thesis, three synchronized TMS320F28335 DSPs
are used in parallel to control the experimental setup. Thesis control algorithms are
coded using MATLAB SIMULINK graphical programing. The TMS320F28335
DSP has the following main features:

e High-Performance Static CMOS Technology

e High-Performance 32-Bit CPU
- IEEE-754 Single-Precision Floating-Point Unit (FPU)
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- Harvard Bus Architecture

- 150 MHz (6.67 ns Cycle Time)

- Code-Efficient (in C/C++ and Assembly)

- Fast Interrupt Response and Processing
Memory

- 256K data flash

- 34K on-Chip SARAM

- 8K x 16 Boot ROM

- 16K instruction cache
Clock and System Control

- Dynamic PLL Ratio Changes Supported

- On-Chip Oscillator

- Watchdog Timer Module
128-Bit Security Key/Lock

- Protects Flash/OTP/RAM Blocks

- Prevents Firmware Reverse Engineering
Enhanced Control Peripherals

- Up to 18 PWM Outputs

- Up to 6 HRPWM Outputs with 150 ps MEP Resolution

- Up to 6 Event Capture Inputs

- Up to 2 Quadrature Encoder Interfaces

- Up to 8 x 32-Bit Timers (6 for eCAPs and 2 for eQEPS)
Three 32-Bit CPU Timers
Serial Port Peripherals

- Up to 2 CAN Modules

- Up to 3 SCI (UART) Modules

- Up to 2 McBSP Modules (Configurable as SPI)

- One SP1 Module

- One Inter-Integrated-Circuit (12C) Bus
Analogue to Digital Converters (ADC)

- 12-Bit ADC, 16 Channels

- 80 ns Conversion Rate
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- 2 x 8 Channel Input Multiplexer
e Digital Inputs and Outputs
- Up to 88 Individually Programmable, Multiplexed GPIO Pins With
Input Filtering
e Emulation Features
- Analysis and Breakpoint Functions
- Real-Time Debug via Hardware
e Development Support Includes
- ANSI C/C++ Compiler/Assembler/Linker
- Code Composer Studio IDE
- Digital Motor Control and Digital Power Software Libraries
e Temperature Options:
-—40°C to 125°C

B. Voltage and current transducer circuits
The following transducer circuit designs serve for measuring MMC SM capacitor
voltages and arm currents necessary for capacitor voltage balancing, DHB converter

power flow control, and circulating current control.

1) Voltage transducer circuit

This circuit is used for MMC SM capacitor voltage measurement, feeding the
measured signal to the DSP ADC module. The circuit scales the input voltage and
adds a dc-bias to maintain the output voltage compatible with ADC signal level. The
circuit implements a Hall effect sensing device LEM (LV 25-P) with voltage sensing
range of 0-500V, with high frequency bandwidth, for dc and ac voltage
measurements. A schematic diagram for the voltage transducer circuit is shown in
Fig. A.5.

2) Current transducer circuit
MMC arm currents are measured and sent to the DSP for capacitor voltage
balancing. A Hall effect current sensing LEM (LA 55-P) is used, which has high
accuracy and optimized response time. The Hall effect sensor fully isolates the

sensed signals from the real current signals. The sensing range is 0-50 A and the

189



frequency range is from dc to 100 kHz. The transducer output voltage is level-shifted
and scaled using signal conditioning circuit. The schematic diagram of the current
sensing signal conditioning circuit is shown in Fig. A.6. A photograph for the printed

circuit board for both voltage and current transducer circuits is shown in Fig. A.7.
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Fig. A.6 Schematic diagram of current transducer circuit.
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Fig. A.7 Voltage (left) and current (right) transducer circuits.

C. Gate drive circuits
The gate drive circuit implemented in the experimental rig is shown in Fig. A.8, with the
circuit diagram depicted in Fig. A.9. The main functions of this circuit are:

e Step up the 3.3 V TTL PWM signals from the DSP to the 15 V CMOS level for
IGBT gate signals.

e Provide galvanic isolation between the common-grounded PWM DSP signals
and the IGBT common points.

e Source enough current for the IGBTSs to be switched on. The maximum current
that can be drawn from the DSP is in the range of mille-amperes, while the IGBT
gate terminal may require a large instantaneous spike of current to enable fast
charging of the gate capacitance, and hence the IGBT turn on.

The first and second functions are realised using two HF transformers in the gate drive
circuit. The first transformer magnetically isolates the PWM signal, boosting it from 3.3
V to 15 V. The voltage boost is performed by ‘NANDing’ the PWM signal with an HF
clock signal (produced from an on-chip oscillator), inverting, passing through the first
transformer with 1:3 step up turns ratio, and finally rectifying it to restore the original
PWM signal at 15 V. Likewise, the second transformer steps up the 3.3 V supply voltage
from the DSP to 15 V to bias the necessary chips on the transformer high voltage side.
IGBT gate drive current is drawn through the latter transformer. Due to the magnetic
isolation offered by the gate drive circuit, only one 5 V supply is needed for all IGBTSs.
However, this supply should be capable of withstanding the total switching current of all
driven IGBTSs. The gate drive circuit specifications are listed in Table A.3.
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Table: A.3 Gate drive circuit parameters

Output voltage 15V

Output current 3 A

Maximum supply voltage 5V
Maximum signal frequency 75 kHz

tdon 60 ns

taoff 60 ns

Fig. A.8 Gate drive circuit.

D. Dead time generator circuit
Dead time generation is realized using a hardware approach that avoids any
conduction overlap in the PWM switching signals driving two IGBTs in one MMC
SM or in each DHB converter side. The dead time is obtained based on the time
constant of an RC circuit interfaced with NAND gates. The dead time circuit

generator is shown in Fig. A.10.

E. Biasing dc supplies

Regulated dc supplies with different grounds are necessary to bias the various control
circuits. The necessary supplies are:
e +15V for the current and voltage transducer circuits.

e +5V for the DSP, gate drive circuits, and the dead time generator circuit.
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Fig. A.9 Schematic diagram of the gate drive c



Fig. A.10 Dead time generator circuit

Al.3 Recording Devices

In this subsection, the devices used to monitor and record voltages and currents from

the experimental prototype are highlighted.

A. Oscilloscope
A 400 MHz — 4 GHz with 40 GS/s sampling rate four-channel WaveRunner 604 Zi
digital oscilloscope from TELEDYNE LECROY is used for measuring and recoding

voltages and currents. The oscilloscope is shown in Fig. A.11.

B. Voltage and current probes
In order to record and view voltage and current signals on the oscilloscope, test
probes are necessary for signal conditioning and isolation. The oscilloscope demands
same-ground signal inputs to its channels. However, several signals at different
circuit locations may need to be measured simultaneously. Also, appropriate signal
scaling is needed to view high and low voltages. Grounding isolation and signal
conditioning are performed by the test probes. A TESTEC TT-S19002 voltage probe
and a Tektronix TCPA300 current probe, both with high frequency precision, are

used in the test rig, as shown in Fig. A.12.

C. CAN bus module
The TMS320F28335 DSP supports CAN protocol, thus can be interfaced with
CANalayzer modules. All variables inside the running C/MATLAB code can be
transferred with CANalyzer Vector-XL to the host computer via CAN
communication protocol. The CANalyzer enables real time monitoring, controlling
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the system variables and provides data logging excel sheets for more than 32

different signals all running in the background without affecting the processor’s main
tasks. A photograph for the CAN module is shown in Fig. A.13.

Fig. A.11 Digital oscilloscope.

. .
—!ﬁ-m
TESTEC |

TT - S19002
| 1:20/1:200
| 25 MHz

Fig. A.13 CANcaseXL device.
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A.2 Six-Phase Machine Winding Layout

The H9A-MMC experimental prototype uses a symmetrical six-phase induction
machine. The machine is constructed by rewinding the stator of an existing three-
phase induction machine with two identical three-phase single layer windings shifted
in space by 60°. The constructed six-phase machine has half the number of turns per
coil and same conductor cross sectional area, compared to the three-phase machine,
to maintain the same copper volume. The three-phase machine is rated at 4 kW, 415
V (line-to-line), 50 Hz, 7.5 A, 1450 RPM. After rewinding, the rated voltage is
halved, while other rated values are maintained. The number of slots is 36, while the
number of poles is 4 (that is, the pole pitch is 9). The winding layout is shown in Fig.
A.l4,
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A.3 Software Experimental Code

Samples of MATLAM M-file codes used in experimental verification are presented,
illustrating the SM capacitor voltage balancing algorithm for the H9A-MMC
topology.

A.3.1 Experimental Code for Upper/Lower Arm with 3 HB-SMs

function [PWM signalsl, PWM signals2, PWM signals3, insert] =
PWM FCN(ref, carl, car2, car3, Vcl, Vc2, Vc3, Iarm)

Vc=[Vcl Vc2 Vec3];

N=3;

PWM signals=ones(3,1);
insert=0;

[Vas Ias]=sort (Vc, "ascend');
[Vds Ids]=sort (Vc, "descend');

if ref >= carl
insert=3;
end

if ref >= car2 && ref < carl
insert=2;
end

if ref >= car3 && ref < car2
insert=1;
end

if ref < car3
insert=0;
end

if Tarm>0
for j=1:N
if j<=insert
PWM signals(Ias(]j))=1; %insert
else
PWM signals (Ias(Jj))=0; sbypass
end
end
else %Iarm<0
for j=1:N
if j<=insert
PWM signals (Ids(Jj))=1; $insert
else
PWM signals (Ids(Jj))=0; $bypass
end
end
end

PWM signalsl=PWM signals(1l);

PWM signals2=PWM signals(2);

PWM signals3=PWM signals(3);
end
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A.3.2 Experimental Code for Middle Arm with 3 FB-SMs

function [PWM signalsl, PWM signalsZ2,

PWM FCN(ref, carl, car2, car3, Vcl,

Ve=[Vcl Vec2 Vec3];

N=3;

PWM signals=ones(3,1);
insert=0;

[Vas Ias]=sort (Vc, "ascend');
[Vds Ids]=sort (Vc, 'descend');

if ref >= carl
insert=3;
end

if ref >= car2 && ref < carl
insert=2;
end

if ref >= car3 && ref < car2
insert=1;
end

if ref < car3
insert=0;
end

if Tarm>0
for j=1:N
if j<=insert

PWM signals(Ias(j))

else

vec2,

1;

PWM signals (Ias(Jj))=0;

end
end
else S$Iarm<O0
for j=1:N
if j<=insert

PWM signals (Ids(3))

else

PWM signals (Ids(j))

end
end
end

PWM signalsl=PWM signals(1l);
PWM signals2=PWM signals(2);
PWM signals3=PWM signals(3);

end
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This appendix summarises the author’s accepted and submitted publications related
to the PhD work.

C.1 Journal Publications

1. M. S. Diab, A. M. Massoud, S. Ahmed and B. W. Williams, “A Dual
Modular Multilevel Converter with High-Frequency Magnetic Links Between
Submodules for MV Open-End Stator Winding Machine Drives,” IEEE
Transactions on Power Electronics, vol. 33, no. 6, pp. 5142-5159, June 2018.

Abstract: This paper presents a dual modular multilevel converter (MMC)
topology that utilizes energy exchange between adjacent-arm sub-modules
(SMs), operating with out-of-phase modulation. The proposed configuration
is applicable to medium-voltage, high-power variable-speed drives
incorporating open-end stator winding machines. A novel concept of power
decoupling between adjacent-arm SMs in the dual MMC topology is realized
through high-frequency transformer-based dc-dc converter modules. This
concept offers a significant reduction in the sizing requirement of the SM
capacitance and the stored energy in the MMC system, while avoiding the
problem of wide voltage fluctuations of SM capacitors, especially at low
operating frequencies. The proposed configuration can produce dc voltage,
therefore, a machine speed-range from zero speed to the rated speed is
possible under the rated torque operating condition. The operating principles

of the proposed dual MMC configuration are elaborated and necessary
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mathematical analysis is derived. Simulation and experimental results verify

the concept of the proposed drive configuration.

M. S. Diab, A. Massoud, S. Ahmed and B. W. Williams, “A Modular
Multilevel Converter with Ripple-Power Decoupling Channels for Three-
Phase MV Adjustable-Speed Drives,” IEEE Transactions on Power
Electronics, July 2018.

Abstract: This paper presents a drive system based on a modular multilevel
converter (MMC) with high-frequency magnetic channels between adjacent-
arm submodules (SMs), suitable for medium-voltage, high-power three-phase
variable-speed machines. The configuration employs chains of dual half-
bridge (DHB) modules linking adjacent SMs of three-phase symmetrical
arms. The DHB modules are operating as power channels enabling energy
exchange to restore the power imbalance among the SM capacitors. This
allows arms’ ripple-powers to be entirely decoupled through bidirectional
power transfer between adjacent-arm SMs, resulting in a near ripple-free SM
capacitor voltage profile. Therefore, the MMC common problem of wide
voltage fluctuation across SM capacitors is comprehensively solved,
independent of the operating frequency. Additionally, a significant reduction
in the sizing requirement of SM capacitance is achieved. The configuration is
able to drive multi-megawatt machines from standstill to the rated speed at
the rated torque operating condition. The operating principle of the proposed
MMC configuration is explained and necessary mathematical analysis is
derived. Features and viability of the proposed drive system are verified

through simulation and experimentation.

M. S. Diab, A. Elserougi, A. M. Massoud, S. Ahmed and B. W. Williams, “A
Hybrid Nine-Arm Modular Multilevel Converter for Medium-Voltage Six-
Phase Machine Drives,” IEEE Transactions on Industrial Electronics,
November 2018.
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Abstract: The nine-arm modular multilevel converter (9A-MMC) has been
recently proposed as a reduced MMC topology variation for six-phase drive
applications, with 25% reduction in the number of employed arms and
associated components, compared to a standard dual three-phase MMC,
however with a limited output voltage amplitude. This paper proposes a
hybrid 9A-MMC comprised of half-bridge submodules (SMs) in both the
upper and lower arms, and full-bridge SMs in the middle arms. By employing
the negative-voltage state of the full-bridge SMs, the hybrid 9A-MMC avoids
the limitations imposed on the dc-link voltage utilization, while achieving
further reduction in the component count, compared to a standard 9A-MMC
with identical half-bridge SMs. The operating principles of the proposed
hybrid 9A-MMC are illustrated with mathematical analysis, while its
characteristics are verified through both simulation and experimentation. An
assessment of the proposed topology quantifying its employed components is

also provided, in comparison to other MMC-based six-phase machine drives.

C.2 Conference Publications

4. M. S. Diab, B. W. Williams, D. Holliday, A. M. Massoud and S. Ahmed, “A
Modular Multilevel Converter with Isolated Energy-Balancing Modules for
MV Drives Incorporating Symmetrical Six-Phase Machines,” 2017 IEEE
Energy Conversion Congress and Exposition (ECCE), Cincinnati, OH, 2017,
pp. 2715-2722.

Abstract: A modular multilevel converter (MMC) configuration is presented
as a medium-voltage high-power drive for variable-speed applications
incorporating symmetrical six-phase machines. The topology employs six
standard MMC phase-legs feeding two isolated groups of three-phase
machine windings, each with 60° spatial phase-displacement. A novel
concept of ripple-power decoupling between adjacent sub-modules (SMs) of
MMC phase-legs, while feeding machine windings in a spatial phase-

opposition fashion, is realized through isolated dc-dc converter modules. This
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concept offers a significant reduction in SM capacitance, while eliminating
the problem of SM capacitor wide voltage fluctuations, especially at low
operating frequencies. Furthermore, the proposed configuration can
efficiently operate at near zero frequency, therefore a machine speed-range
from zero speed up to the rated speed is possible under rated torque operating
conditions. The proposed MMC configuration is analysed in detail, and its

performance is validated using both simulation and experimentation.

M. S. Diab, G. P. Adam, B. W. Williams, A. M. Massoud and S. Ahmed,
“Quasi Two-Level PWM Operation of a Nine-Arm Modular Multilevel
Converter for Six-Phase Medium-Voltage Motor Drives,” 2018 IEEE Applied
Power Electronics Conference and Exposition (APEC), San Antonio, TX,
2018, pp. 1641-1648.

Abstract: This paper proposes a hybrid converter for medium-voltage six-
phase machine drive systems that mixes the operation of a traditional two-
level voltage-source inverter and the modular multilevel converter (MMC) to
enable operation over a wide frequency range. Topologically, the proposed
converter consists of nine arms resembling two sets of three-phase MMCs
with three common arms, yielding a nine-arm MMC with a 25% reduction in
the number of employed arms compared to a traditional dual three-phase
MMC. The multilevel property of a standard MMC is emulated in the
proposed converter, however on a two-level basis, resulting in a stepped two-
level output voltage waveform. The proposed converter has a reduced
footprint with advantages of small voltage steps, modular structure, and ease
of scalability. Further, it is able to drive high-power six-phase machines
within low operating frequencies at the rated torque. The operating principle
of the converter is elaborated, and its modulation scheme is discussed. The
features of the proposed converter are verified through simulations and

experimentally.
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6. M. S. Diab, B. W. Williams, A. M. Massoud and S. Ahmed, “A Modular
Multilevel Converter with Integrated Shared Capacitor Sub-Module for MV
Motor Drives Incorporating Symmetrical Six-Phase Machines,” 2018 IEEE
19th Workshop on Control and Modelling for Power Electronics (COMPEL),
Padua, 2018, pp. 1-6.

Abstract: This paper proposes a new modular multilevel converter (MMC)
configuration as a medium-voltage drive for variable-speed applications
incorporating symmetrical six-phase machines. The proposed topology
employs six MMC phase-legs feeding two isolated groups of three-phase
machine windings, each with 60° spatial phase-displacement. A novel
concept of sharing one capacitor between each pair of adjacent-arm sub-
modules (SMs) of MMC phase-legs, while feeding machine windings in a
spatial phase-opposition, is realized through a new integrated SM
arrangement. The integrated SM allows the shared capacitor to absorb and
release the same energy amount in a consecutive switching scheme, where
the capacitor is experiencing both charging and discharging arm currents, one
after another. This results in a limited voltage variation across the SM shared
capacitor, independent of the operating frequency. Also, the proposed
approach allows the MMC to utilize half the number of the SM capacitors,
compared to a traditional MMC topology, while further diminishes the SM
capacitance requirement, reducing the volume of the MMC system and its
stored energy. The proposed configuration can efficiently operate at near zero
frequency, therefore a machine speed-range from zero speed to the rated
speed is possible under rated torque operating condition. The proposed MMC
topology is elucidated in detail, and its effective performance is verified using

simulation.

7. M. S. Diab, D. Holiday, A. M. Massoud, S. Ahmed, and B. W. Williams, “A
Modular Multilevel Converter with DHB Energy Balancing Channels for
Medium-Voltage Adjustable-Speed Drives,” International Conference on
Power Electronics, Machines and Drives (PEMD), 2018.
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Abstract: This paper presents a modular multilevel converter (MMC)
configuration that utilises energy exchange between submodules (SMs) of
upper and lower arms, for energy rebalancing. The configuration is applicable
to medium-voltage high-power variable-speed drives with any number of
motor phases, where the traditional MMC topology experiences challenging
shortcomings. With the out-of-phase alternation of the fundamental ripple
power in upper and lower arms, the proposed MMC configuration decouples
this ripple power by employing dual half-bridge modules linking opposite
SMs in upper and lower arms of the same MMC-leg. This counter-balances
arm ripple-power through bidirectional power transfer between opposite SMs,
resulting in a reduction in the SM capacitance and the MMC system stored
energy. The proposed MMC configuration solves the problem of wide SM
capacitor voltage fluctuation, especially at low operating frequencies, where
the SM capacitor voltage ripple profile is almost constant, independent of the
operating frequency. Therefore, the configuration is able to drive multi-
megawatt machines from stand-still to the rated speed, at rated torque. The
operation of the proposed converter topology is elucidated in detail, and its

effectiveness is verified through simulation and experimentation.

M. S. Diab, A. M. Massoud, S. Ahmed, and B. W. Williams, “A Dual
Modular Multilevel Converter with Shared Capacitor Sub-Module for MV
Open-End Stator Winding Machine Drives,” International Conference on
Power Electronics, Machines and Drives (PEMD), 2018.

Abstract: This paper proposes a new dual modular multilevel converter
(MMC) topology as a medium-voltage drive for variable-speed applications
incorporating open-end stator winding machines. A novel concept of sharing
one capacitor between each two adjacent-arm sub-modules (SMs) of MMC
phase-legs, operating with out-of-phase modulation, is realized through new
SM arrangement. This concept allows the MMC to utilize half the number of
the SM capacitors, compared to a traditional MMC topology. Additionally,

the sizing requirement of the shared capacitor is diminished, which
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significantly reduces the volume of the drive system and its stored energy.
The switching scheme of the shared capacitor between two oppositely
modulated SMs eliminates the problem of capacitor wide voltage
fluctuations, independent of the operating frequency. Further, the proposed
MMC can efficiently operate at near zero frequency, therefore a machine
speed-range from zero speed to the rated speed is possible under rated torque
operating condition. The proposed MMC topology is elucidated in detail, and
its effective performance is verified through simulation.

C.3 Submitted Synopsis

9. M. S. Diab, G. P. Adam, and B. W. Williams, “A Dual-Half-Bridge-Assisted
Modular Multilevel DC-DC Converter for MVDC Applications with DC
Fault Ride-through Capability,” 2019 21 European Conference on Power
Electronics and Applications (EPE'19-ECCE Europe), Genova, 2019.

Abstract: This synopsis presents a bipolar dc-dc converter configuration
based on the modular multilevel converter (MMC), suitable for medium-
voltage DC (MVDC) applications. The proposed converter employs two
front-to-front MMC phase-legs, with each pair of adjacent-arm submodules
(SMs) are coupled through a dual half-bridge (DHB) unit. The DHB units are
employed as auxiliary balance branches that assist the MMC arm powers be
balanced, resulting in a bounded voltage-ripple profile across the SM
capacitors with a diminished capacitance requirement. With the desirable
characteristics inherited from both the MMC and DHB, the proposed
configuration has a large potential for secure and flexible bidirectional dc
power flow control in MVDC applications. Additionally, the proposed
converter is suitable for a breaker-less MVDC system since it can realize

bidirectional dc fault ride-though operation.
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