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Abstract

The uses of flexible alternating current transmission system (FACTS) controllers
in next generation smart grids are encouraged by the increased uses of decentralized
and highly meshed grid structures that may affect the stability of power systems.
Voltage source converter (VSC) based FACTS devices have reduced footprint and
offer increased control flexibility, extended range and faster reaction time than line
commutated thyristor based equivalent solutions.

The performance of commonly used FACTS devices that employ a two-level
converter is summarized. Then, multilevel converters and direct AC-AC converters
which are viable for FACTS applications are reviewed. The outcomes of the literature
surveys are refined to identify new features that may be critical for future centralised
and decentralized smart grids such as: control range extension, improved efficiency
and power density at reduced hardware cost. To pursue these features, three novel
VSC topologies are proposed and analysed:

An AC voltage-doubled (ACVD) topology with an internal inverting buck-boost
cell in each phase-leg, is able to synthesize twice the output voltage of a conventional
two-level VSC for the same dc link voltage, is proposed. A number of new
modulation and control strategies that aim to further increase DC utilization of the
ACVD converter and to manage its internal dynamic interaction to prevent the
appearance of low-order harmonics in the output currents, are presented. With its high
DC-rail utilization and sophisticated control strategies, the ACVD converter offers an
extended power control range, which is increasingly important for shunt and series
type FACTS devices.

The controlled transition full-bridge hybrid multilevel converter (CTFB-HMC)
with chain-links of full-bridge cells is proposed to combine the advantages of
improved wave-shaping ability, reduced footprint and high efficiency, which promote
its applications in medium and high voltage FACTS devices.

An AC hexagonal chopper using heterodyne modulation to decouple the control of
AC voltage amplitude from that of the phase-angle is proposed. For scalability to
medium and high voltage, a modular multilevel AC hexagonal chopper (M2AHC) is
developed. With adoption of a quasi-two-level transitional mode for reduced cell

number and minimized footprint, dv/dt is limited and reliability is improved.



Simulation and experimentation are used to validate the modulation, control and

FACTS implementation of the three proposed converters.
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Nomenclature

grid nodal voltage

VSC output voltage

shunt compensator injected current

exchanged shunt compensator reactive power
injected series compensator voltage

exchanged series compensator reactive power exchange
DC-link voltage

DC-link capacitance of VSC

filtering capacitance of VSC

filtering inductance of VSC

voltage transfer ratio of ACVD converter

grid nominal fundamental frequency

switching frequency of power electronics converter
resonance frequency for second-order system
transfer function of control to output current
transfer function of control to output voltage
transfer function of control to DC voltage

window width of proportional integral controller
cell capacitor voltage

total number of full-bridge cells in CTFB-HMC
cell number for voltage synthesis in the CTFB-HMC
positive-state cell number in the CTFB-HMC
negative-state cell number in the CTFB-HMC
zero-state cell number in the CTFB-HMC

DC side inductance of CTFB-HMC

sampling period of power electronics converter
power losses of IGBT

power losses of diode

power switching device number in the conduction path

Vv



of multilevel converters

amplitude of output voltage for the hexagonal chopper
system without heterodyne modulation

phase-shift of output voltage for the hexagonal chopper
system without heterodyne modulation

number of cell capacitors in conduction path of M2AHC
upper arm

number of cell capacitors in conduction path of M2AHC
lower arm

time step for quasi-2-level mode operation of M2AHC
duty cycle loss for quasi-2-level operation in M2AHC
effective capacitance in upper arm of M2AHC
effective capacitance in lower arm of M2AHC

upper arm current in the hexagonal AC chopper

lower arm current in the hexagonal AC chopper
output current in the hexagonal AC chopper

circulating current in the hexagonal AC chopper

Amplitude of output voltage for the hexagonal chopper
system with heterodyne modulation
Phase-shift of output voltage for the hexagonal chopper
system with heterodyne modulation
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CHAPTER 1

Introduction

With the increased demand of reform to the traditional centralized power system, the
deep penetration of distributed generation (DG) and liberalisation process have
increased stresses on current electric power network facilities in terms of capacity,
stability and other technical limits. Grid integration of large scale renewable energy
sources with an intermittent nature is growing rapidly in order to cut the carbon
emission level of traditional fossil fuels. These factors all contribute to the trend of
decentralized and a meshed grid structure; and call for fast, accurate power flow
control ability to manage the electric power dispatch task. The flexible alternating
current transmission system (FACTS) offers attractive features for voltage, current,
impedance, and power regulation by using power electronics switching devices, and

has drawn attention and effort in academic research and industry practise.



1.1 Background

The traditional alternating current (AC) power network was initially established for
its convenience and low cost. However, increasing power delivery capacity and
distance, along with the various grid connected objects and methods in generation
and distribution, all make the old power system inefficient and inflexible, thereby
constraining the sustainable development of the electric power industry [1-3].

Power electronics is a subject that employs power semiconductor devices to
manipulate energy flow to achieve several desired control objectives at the system
level. It can facilitate an efficient interface between the micro-control system and the
bulky power solution components. After surmounting several bottlenecks, such as
safe operation and reliable control of high voltage high power converters, power
electronics continues to penetrate the area of power systems [4-7].

The flexible alternating current transmission system (FACTS) covers a wide range of
techniques dedicated to enhance power system controllability including power
quality, dynamic performance, operational stability, and transmission capacity by
means of static switched devices based on power semiconductors [1, 8]. As shown in
Table 1-1, conventional compensation devices are based on fixed or mechanical
switched inductors, capacitors, resistors and transformers; while FACTS devices
employ power electronics converters to switch these passive elements with fast speed
and a flexible pattern, thus, they are usually described as static and dynamic
controllers. Currently, the thyristor-valve and the voltage source converter (VSC)
that uses the insulated gate bipolar transistor (IGBT) or integrated gate commutated
thyristor (IGCT), are the two major FACTS device components [9, 10]. Impedance
based FACTS devices can be divided according to their connection types, viz., shunt,
series, and shunt-series. Examples of these categories are series mechanical switched
capacitors (MSC); series and shunt thyristor switched capacitor (TSC) and shunt
thyristor controlled reactor (TCR); and phase shift transformer (PST). Also, current
and voltage source converter based FACTS devices can be divided into series and
shunt types. Besides of the manipulation of reactive power to control power flow,
some current and voltage source converter based FACTS devices can be used to
transmit power over long distance and decouple the AC grids, such as line-
commutated and self-commutated high voltage direct current (HVDC) transmission
systems, including back-to-back (B2B) architectures [8, 11-14].



Table 1-1. Classification of power system compensators (mechanical switched devices, FACTYS)

. FACTS Devices
Conventional
Mechanical Switch . Voltage Source
Thyristor Valve Converter (VSC)
. Static VAr Static Synchronous
Shunt Type Swggr;ﬁdeii;;grLC Compensator Compensator
P (SVC) (STATCOM)
_ Switched Series LC Thy_rlstor Controlled Sta_tlc Synchronous
Series Type Compensator Series Compensator Series Compensator
P (TCSC) (SSSC)
shunt and Phase Shift Dynamic Power Flow Unified Power Flow
- Controller Controller
Series Types Transformer (PST) (DPFC) (UPFC)

1.1.1. Shunt Type FACTS Devices

Shunt connected compensators are predominantly used for the reactive power
compensation and voltage control. Static VAr compensator (SVC) with thyristors is
an example of the shunt type line-commutated FACTS devices; while the static
synchronous compensator (STATCOM) is a self-commutated FACTS device based
on current or voltage source converters, where the voltage source type is preferred
for its suitability in high voltage conditions over current source types. Compared to
mechanical switched LC devices, SVC and STATCOM offer fast and accurate

response due to the use of static switches and flexible modulation techniques.

‘Grid: : ¢ ;:zll ‘Grid : : L ;:zll
(@) (b)

Fig. 1-1. The typical SVC components with thyristor-valves: (a) TSC and (b) TSR/TCR.

A typical SVC installation with inductive and capacitive reactive power generation
capability consists of back-to-back thyristor-valves, air-core reactors, high-voltage
AC capacitors and an interfacing transformer to facilitate the controllable LC
network loaded on the grid [15]. Generally, as in Fig. 1-1, this network can be
combinations of a thyristor switched capacitor (TSC) and a thyristor controlled
reactor (TCR) [16, 17]. Proper operation and coordination of these controllable

passive elements can contribute to fast and precise reactive power compensation



suitable for mitigation of the impact of random load variations on grid voltage
fluctuation; thereby, improving the overall power system stability [18, 19].

Since the SVC can be recognized as a controllable impedance network, its shunt
current characteristics are influenced by the grid nodal voltage at the point of
common coupling (PCC), thus, the reactive power. In contrast, the VSC based
STATCOM supplies (absorbs) reactive power to (from) the grid by varying the
magnitude of the synthesized voltage behind phase interfacing reactors or
transformer relative to the grid at the PCC, as shown by Fig. 1-2. It contains the DC
bus capacitor bank, IGBT/IGCT stack, and interfacing reactors or transformer. The
use of self-commutated power switching devices allows the VSC to smoothly turn-on
and turn-off the LC energizing path at high frequency, which reduces the hardware
volume. Also, flexible modulation techniques and independent active reactive power
control are available. Since it can generate an arbitrary and independent voltage
vector in the shunt branch to regulate the quadrature current, the VSC based
STATCOM decouples the relationship between the shunt current and grid voltage.
Therefore, it is expected that full capability can be guaranteed, even under voltage
droop conditions [20-23].

Grid

Reactor

VSC

Fig. 1-2. STATCOM configuration using a VSC.

1.1.2. Series Type FACTS Devices

Series compensation devices are series connected into the power line, thus can adjust
the line effective impedance to change the power flow and improve stability.
Practically, this kind of device is vulnerable during fault conditions; therefore, it
should be installed in parallel with thyristors switched protector for bypassing under
fault conditions. Thyristor-valve and VSC (using self-commutated IGBT/IGCT)
based series FACTS devices are usually named as a thyristor controlled series

compensator (TCSC) and static synchronous series compensator (SSSC) respectively.



TCSC is mainly used as a damping device such as for the inter-area oscillation or
sub-synchronous resonance (SSR) problems, to stabilize the overall system [24]; and
naturally, the power flow can be regulated by smooth adjustment of the line
impedance. Its typical configuration is shown in Fig. 1-3(a), where SW represents the
bypass protection valve and T, is fired to supply compensation. By tuning the output
characteristic of the thyristor controlled block, the impedance of the fixed main
capacitor bank becomes variable, thereby is able to suppress potential unstable
factors and track the power flow command to respond to load transitions [25, 26].

Short-circuit current limiter (SCCL) is another kind of widely used thyristor series
device, as shown in Fig. 1-3(b), where a thyristor protected series capacitor (TPSC)
is included. During normal operation, the SCCL behaves like as TCSC by tuning the
composite network impedance. When a short-circuit occurs, the capacitor is shorted

rapidly by the thyristor and the series reactor will effectively increase the output

impedance to limit any sharp rise of the line current [27].
o

SW

T, V2

"

b)

Fig. 1-3. Typical series FACTS devices with thyristor-valves protection: (a) TCSC and (b) SCCL.
The VSC based series compensation device of Fig. 1-4 at the transmission level is
called a SSSC. It contains a DC-link capacitor bank, IGBT/IGCT stack, local filter
and a series injected transformer. By inserting a quadrature voltage source that is
always perpendicular to the line current, the effective line impedance can be adjusted,
thus, the power flow and stability are influenced. The SSSC also requires a thyristor
valve as a protection switch because of the low overload capability of power
semiconductors. Due to high installation costs and the fact that a TCSC can meet
most of the grid requirements currently, the SSSC has not achieved practical
penetration, although it is superior in terms of control range and flexibility.

Alternatively, a VSC based series device in a voltage control mode, called dynamic



voltage restorer (DVR), has gained wide application as a voltage maintainer at the
distribution level or grid area with large scale intermittent renewable energy

incorporation, providing sag/swell restoration, flicker mitigation, and unbalanced
compensation [28-30].

|—— ]

Vi * V>

VSC

Fig. 1-4. SSSC configuration using VSC.

1.1.3. Shunt-Series Type Devices

With the increasing diversity of load conditions and grid structure complexity, power
flow dispatch becomes more important to better utilize transmission capacity and
balance regional power supply-demand.

A shunt-series FACTS device using thyristor-valves is called the dynamic power
flow controller (DPFC), and is used for power flow controllability improvement. It
employs a fractional PST that provides a phase-variable voltage source in series with
a chain of TSC and TCR devices which are employed to respond to fast load
transitions, as in Fig. 1-5. This facility is able to augment power line transmission
capacity utilization and fulfil current power flow control requirements. The PST
maximum tap-changer ratio, the maximum capacitance, and maximum reactance,
together define the power flow control range of the DPFC [31, 32].

The VSC based shunt-series device is called unified power flow controller (UPFC),
which consists of a shunt connected VSC and a series-connected VSC sharing a
common DC-link. The UPFC is usually viewed as a combination of STATCOM and
SSSC, as in Fig. 1-6; therefore, it supplies independent power flow controllability as
well as a free degree for voltage regulation. Since the DC-link is shared by the two
VSCs, an additional active power flow path is offered by the UPFC, meaning an
independent voltage vector relative to the line current can be injected into the grid,
extending the power flow control range. Like the SSSC, the series VSC of the UPFC

installation also requires a thyristor bypass switch in case of overload [33, 34].
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Fig. 1-6. Diagram of the UPFC configuration using VSC.

Several multi-bus power flow controllers can be derived from the UPFC
configuration such as the interline power flow controller (IPFC) and the generalized
power flow controller (GUPFC). The IPFC structure is shown in Fig. 1-7(a). It
employs two series connected VSC via a common DC-link, where the active power
is able to circulate through this path. Then the power flow on the two lines can be
regulated rapidly. Compared with the IPFC, the more complex GUPFC device
incorporates an extra shunt connected VSC; and a scalable number of series VSCs
are coupled to the same DC-link, as in Fig. 1-7(b). Therefore, a group of buses can
be integrated and regulated through a GUPFC acting as a hub, which significantly
improves the flexibility and capacity of the power transmission [35-38]. Many of the
considered multifunction FACT devices may suffer from the long distance between
the various optimally located shunt and series connected devices, as illustrated in Fig.

1-7(a), for example.

I I— (O
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Fig. 1-7. VSC based multi-bus power flow controller: (a) IPFC and (b) GUPFC.

1.1.4. Back-to-Back Devices

Back-to-back (B2B) configured devices are usually used to supply full-range power
flow control. Typically, a HVYDC system as in Fig. 1-8 offers side-by-side decoupling
and provides the ability to integrate AC grids with different frequencies
(asynchronous connection), avoiding synchronization problems in pure synchronous
AC systems.

Conventional HVDC using thyristor based line-commutated-converter (LCC) can
only control the active power, not reactive power. This lack of independence on
power control largely constrains the operation range of the LCC-HVDC station. It
also requires large sized passive devices for filtering due to the low order harmonic
distortion introduced by an LCC. Given the high power capacity of the thyristor, the
LCC-HVDC station is competitive at high power levels [11, 12].

VSC-HVDC is called light HVDC (by ABB), and offers more flexible control,
higher response speed, and more operational convenience in power flow control. A
VSC-HVDC system offers four-quadrant operational ability at both terminals and
provides independent active/reactive power control. Reactive power control can
significantly improve the utilization and transmission capacity of the power cable.
The VSC self-commutated power switches allows voltage synthesizes with only high
frequency harmonics, the filtering element size is smaller, relative to a LCC
converter [14, 39]. B2B devices with fragmental power rating can be viewed as a

DC-link coupled STATCOM, which can also exchange active power with the grid.
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Fig. 1-8. B2B HVDC transmission system with two grid terminals.
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1.2 Motivation

VSC based FACTS devices have advantages in terms of independent control of
active and reactive power, reduced footprint, and better dynamic response than
conventional thyristor based solutions. In modern power system, VSC topologies for
FACTS devices should meet the requirements of high power density, low power
losses, low harmonic components, small footprint, etc.

The conventional two-level converter is able to synthesize better quality output
voltage than the LCC by the use of self-commutated power switches and various
high frequency pulse width modulation (PWM) methods. However, it suffers from
DC rail low utilization (thus, large DC capacitor size and footprint), high switching
losses, and high dv/dt (electromagnetic interference, EMI and stray capacitor currents)
seen by the AC side.

The multilevel converter was introduced to reduce the voltage stress per switch and
extend the power rating without using direct series connection of power switches.
Compared to a two-level converter, it can improve the AC voltage waveform quality
by stepping through multiple intermediate voltage levels at the converter output
terminal. As a result, the dv/dt (EMI) and switching losses are decreased.

To improve the power density of a two-level converter, modulation techniques that
directly or indirectly utilize the zero sequence components were developed, such as
the triplen injection sinusoidal PWM (TSPWM), space vector modulation (SVM)
and selective harmonic elimination (SHE). However, these improvements are minor
due to the hardware constraints. The incorporation of voltage-lift cells into each
phase-leg of a two-level converter is suggested in this thesis as an effective way to
extend the output voltage range (thus, achieving high power density). Several
modelling and control challenge problems that arise from the existence of numerous
energy conversion stages from the input to output, have been solved to ensure proper
operation.

Direct AC-AC converter is an alternative solution for AC voltage control without
using bulky DC-link capacitors; so it is able to reduce the footprint, improve the

power density, and increase the service life. The decoupled regulation of the AC



voltage amplitude and phase-angle (active and reactive power) are required in this
kind of converter; especially when acting as power flow and power quality
controllers.

The research in this thesis explores new VSC topologies that are advantageous in
medium and high voltage applications, particularly in FACTS devices. High DC-rail
utilization topologies, multilevel converters, and direct AC-AC converters are the

focus.

1.3 Objectives

In this thesis, two-level, multilevel and direct AC-AC converters are reviewed to
identify their main attributes and limitations from the point of view of FACTS
devices. Then novel converter topologies within these categories are to be exploited
in this thesis to achieve the following system improvements:

e Improved power density and DC-link voltage utilization are preferred to
extend the power control range of STATCOM and SSSC by overcoming
the DC voltage limit for reactive power generation compared to the two-
level converter (for the same dc link).

e High efficiency and high power density multilevel converter topologies
for medium and high voltage applications are investigated to facilitate
scalability, high reliability and better steady-state performance.

e Direct AC-AC converter with independent active and reactive power
control, modularity and small energy storage can save the DC-link stage,
making the overall system light and economical without discount in the

performance as typical FACTS devices.

1.4 Thesis Organization

This thesis is organized into ten chapters. The arrangement is elaborately interpreted
as follows:

Chapter 1 (Introduction of FACTS):

This chapter presents the background and evolution of the FACTS devices. The
functions of different FACTS controllers are interpreted. Then, the motivation and
objectives of this research are outlined, where three main categories of converters
including the two-level converter, multilevel converter and direct AC-AC converter

are to be investigated for FACTS applications.
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Chapter 2-4 (Two-level converter):

In chapter 2, the brief review of two-level and full-bridge converters as well as
different modulation techniques is carried out. Also, system level behaviour and
control strategies for key FACTS devices are analysed and derived based on the two-
level converter.

Chapter 3 proposes an ACVD-VSC topology which uses a voltage-lift cell in each
phase to improve output voltage range and power density. Modelling and control
schemes are presented to achieve high quality AC voltage and current. Simulation
and experimentation substantiate the effectiveness of the converter.

Chapter 4 develops the ACVD converter to be applied as a FACTS device. The d-q
frame control schemes for an ACVD-STATCOM and SSSC are described; and their
extended power control ranges are compared to two-level VSC solutions, and
verified through simulation.

Chapter 5-6 (Multilevel converter):

Chapter 5 presents a detailed literature survey of multilevel converter topologies. The
main contributions and limitations of these converters are analysed and compared
Chapter 6 proposes a novel multilevel converter with the CTFB topology, which
offers low power losses and high power density. Converter dimensioning and
modulation strategy for cell energy balancing are investigated. Simulation and
experimental results confirm the validity of the proposed converter. The CTFB
converter used as a STATCOM is demonstrated.

Chapter 7-9 (Direct AC-AC converter):

Chapter 7 summarizes the different kinds of AC-AC converters that are viable for
FACTS devices, where the advantages and disadvantages are highlighted.

Chapter 8 considers the operational principles of a three-phase delta-connected AC
chopper system and its scalable version - the M2AHC. Using heterodyne modulation,
output AC voltage amplitude and phase control can be decoupled, allowing
independent regulation of active and reactive power. The feasibility of this approach
is verified with simulation and experimentation.

Chapter 9 employs the M2AHC to generate a new breed of FACTS devices based on
direct AC-AC conversion. The configuration, modelling, and control algorithms are
interpreted and verified by simulation.

Chapter 10 (Research Conclusion):

11



This chapter highlights the main achievements of this research; and the expectations

for the future research are also presented.
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CHAPTER 2

Operational Principles of FACTS Devices Using Two-level VSC

This chapter presents a detailed literature survey of the two-level and full-bridge
voltage source converters (VSCs). The survey focuses on power electronic systems
and other converter issues, including modulation techniques and application to
FACTS devices, such as the STATCOM, SSSC, UPFC, IPFC/GUPFC, and back-to-
back solutions. Operating principles of selected FACTS devices are explained and
supported by simulations. Some of the control strategies established and observations

drawn in this chapter are used in the subsequent chapters.
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2.1 Background

The conventional AC power system has dominated electric energy transmission and
distribution by its effectiveness and continence on the voltage amplitude adjustment,
isolation and fault protection (with wide use of transformers and circuit breakers) [1].
But during long distance power transmission, the voltage may drop if reactive power
IS in short, which means the capacity of the transmission power line will be
significantly discounted with length increase [2-7]. The fast developing power
system decentralization and increasing consumer load diversity, forces the grid
topology to be highly meshed [8-12]. These all necessitate the incorporation of
power flow and power quality control which is implemented by FACTS controllers
[13, 14]. VSC-FACTS devices such as the STATCOM, SSSC and UPFC are
theoretically superior and promising in terms of power decoupling, power flow
control range, response speed and accuracy [15-20]. They significantly improve
power transmission line capacity utilization.

The two-level converter is the basic VSC topology for AC-DC and DC-AC power
conversion, and employs self-commutated IGBT/IGCTs as power switches. With
appropriate modulation, four-quadrant operation can be fulfilled and a low harmonic
distorted voltage waveform with decoupled amplitude and phase angle can be
generated. Then the full range control of active and reactive power can be
implemented and decoupled; with lighter and smaller filtering passive elements than
with the line-commutated-converter (LCC), which in turn improves system dynamic

response [21, 22].

2.2 Two-level VSC Topology and Modulation

The three-phase two-level VSC topology is shown in Fig. 2-1, where, in each phase,
the two switches conduct complementarily. Then relative to the mid-point of the DC-
link, three-phase bipolar output voltage waveforms can be synthesized.

Two-level VSC modulation techniques have been intensively researched. In principle,
all modulation methods aim to lower harmonic distortion in the output voltage and
current, improve dc link utilization, and minimize switching losses, among which
there should be a trade-off to achieve balanced converter performance under all
operating conditions.

Generally, sinusoidal pulse width modulation (SPWM) generates a train of pulses
with a voltage-second area the same as that of the reference signal over one
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switching or fundamental period. Its downside is that the maximum linear
modulation index is limited to 1pu, and the switching devices experience the carrier
frequency. Third harmonic (triplen) injection SPWM (TSPWM) extends the
maximum modulation index to 1.155pu, but inherent are all the other features of
SPWM, and the introduced zero-sequence components in the phase voltage do not
contribute to the three-phase load currents. Space vector modulation (SVM) is
developed from the space vector representation of the inverter output voltage in the
a-f plane. The dc voltage utilization is 1.155pu, and it offers additional flexibilities
in terms of pulse placement and switching patterns selection, hence switching losses
can be optimized. SVM is suitable for real-time and digital implementation. But it
assumes a perfect three phase grid/load in terms of phase and magnitude. Selective
harmonic elimination (SHE) controls the fundamental voltage and eliminates specific
harmonics by directly calculating the switching instances. In this manner, it generates
high quality output voltage at a lower switching frequency than other modulation
methods, and a relatively high modulation index (exceeding 1.155pu) is achievable
in three-phase systems [23-29].

+Va/2__

+

“Va/2—

Fig. 2-1. Three-phase two-level VSC topology.

As a comparative study of the modulation techniques, the two-level VSC in Fig. 2-1
is employed in the inverter mode with the specifications listed in Table 2-1. Four
modulation techniques including SPWM, TSPWM, SVM and SHE are analysed,
where my represents the ratio of the switching frequency to fundamental frequency,
and m, is the modulation index [30-32].

If Vi, is the peak value of the line-to-line fundamental output voltage, the DC-link
voltage utilization index A, defined by (2.1), reflects the voltage transfer limit and is

restricted to 1.1 for a square wave mode.
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The harmonic performance is usually evaluated by the total harmonic distortion

A

2.1)

(THD). However, low order harmonics contribute the most significant current
component to the load in practise. So the weighted THD (WTHD) is employed in
this section to indicate the effective quantity of harmonic contents in the output
voltage waveform. (2.2) is the WTHD definition and an upper limit of the 75th order

harmonic is used in this comparative study.

WTHD = /i(\%)z V1 2.2)

Table 2-1. Simulation results for different modulation methods of two-level VSC.
Three-Phase Two-level VSC, Vdc=100V, fo=50Hz

SVM(mf=30, |SHE(ma=1.16,9

SPWM(mf=30, | TSPWM(mf=30, o Square-Wave
ITEMS ma=1, Pattern 2 switching .
ma=1) ma=1.1547) Inversion
sequence) angles)
fsw (kHz) 15 1.5 1.5 0.95 0.05
MV i1p/Vde) 0.866 0.9977 0.9977 1.0046 1.1026
THD (%) 68.62 52.62 52.55 56.66 31.09
Order | Vp(%) | Order | Vp (%) | Order | Vp (%) | Order | Vp (%) | Order | Vp (%)
26 1.8 26 10.43 17 1.4 29 4.61 5 20
28 31.79 28 25.94 19 1.95 31 2.01 7 14.28
First 8 32 | 3179 | 32 | 2594 23 5.44 35 | 3001 11 9.09
Significant

B} 34 1.83 34 10.41 25 11.92 37 29.55 13 7.69
Harmonics on

baseof Vip | 55 | 335 | 53 | 354 | 29 | 2337 | 41 | 911 | 17 | 588
59 | 1815 | 55 | 1027 | 31 | 2338 | 43 | 453 | 19 | 526

61 18.13 59 7.55 35 11.89 47 1.19 23 4.35

65 33 61 7.57 37 5.38 61 3.6 25 4
WTHD (%) 1.57 1.36 1.35 1.24 4.64

The VSC specification with its four modulation strategies and the detailed
quantitative results including the DC voltage utilization, for the first 8 significant
harmonics percentages with respect to the fundamental, and the WTHD, are shown
in Table 2-1. For the modulation techniques at maximum linear output, the various
positions and widths of the rectangular trains in the synthesized voltage waveforms
contribute to the different maximum fundamental voltage and harmonic spectra, as
indicated in Fig. 2-2 and Fig. 2-3, respectively. In Fig. 2-3, the DC bus voltage is the
base used to normalize the spectral component magnitudes, thereby allowing

performance comparison between each modulation method.
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Fig. 2-2. Maximum peak value of the output line-to-line voltage for 4 different modulation methods.

i) SPWM: From Fig. 2-2, the DC voltage utilization of basic SPWM is 0.866,
and Fig. 2-3(a) shows the corresponding spectrum of output line-to-line
voltage. According to Table 2-1, the WTHD of SPWM is 1.57%, and all the
significant harmonics are concentrated around the sidebands of the switching
frequency components.

i) TSPWM: In Fig. 2-2 and Table 2-1, optimal injection of the 3rd harmonic
into the modulating wave extends the linear modulation index to 1.155 that of
SPWM and the output 3rd harmonics in each phase cancel on the line-to-line
output voltage in a three-phase system. The WTHD is decreased to 1.36%
due to the increased fundamental voltage. Harmonic distribution is shown in
Fig. 2-3(b).

iii) SVM: SVM can generate waveforms with a same maximum fundamental
output as TSPWM, as shown in Fig. 2-2 and Table 2-1. The corresponding
WTHD is 1.35%. However, there will be deviation from the ideal situation as
the sidebands around the first switching frequency manifest as low order
harmonics in Fig. 2-3(c).

iv) SHE: The WTHD under SHE modulation with an equivalent frequency of 19
times the fundamental (which is lower than for the other methods) is 1.24%
and the first significant harmonics are the 29th and 31st, as shown in Table
2-1 and Fig. 2-3(d). In SHE, by defining the maximum linear modulation
index to 1.16, which is slightly higher than that of SVM and TSPWM, nine
controllable switching angles eliminate up to the 25th order harmonic.
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(d)
Fig. 2-3. Line-to-line voltage spectra for different modulation methods (peak value normalized
by V¢c) versus Harmonic order: (a) SPWM (mf=30, ma=1); (b) TSPWM (mf=30, ma=1.1547); (c)
SVM (mf=30, ma=1.1547); and (d) SHE (9 angles, ma=1.16).

I

Fig. 2-4 shows output line-to-line voltage THD varying with the modulation index
for SPWM, TSPWM, SVM and SHE. The switching frequency for SPWM, TSPWM
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and SVM are the same; while SHE employs a lower switching frequency (dependant
on the number of switching angles). As is shown, the THD decreases with increasing
modulation index.

250 A =—4—SPWM TSPWM == SVM SHE

200

150

THD(%)

100

50
02 04 05 06 07 08 09 10 11 12

Modulation Index

Fig. 2-4. Total Harmonic Distortion (THD) versus Modulation index.

The total number of commutations per cycle directly influences device switching
losses. The multiple ways to achieve fixed composite space vector output offers
opportunity to optimize the switching sequence in SVM, hence switching losses can
be minimize. SHE offers the lowest switching frequency, while the harmonic
performance is better than that of the other modulation methods. However, generally,
switching losses are determined by not only the switching frequency but also the
switching location distribution and the load current at each switching instance.
Realization of each modulation technique can be either in real-time or through a pre-
calculated look-up table. The real-time or on-line running mode can be supplied by
directly observed variables, allowing a flexible control strategy to correct deviations.
However, significant real-time calculation increases processor requirements and any
deviation from the real value can introduce output distortion, involving low order
harmonics. A look-up table or an off-line mode employs several pre-computed local-
data tables to avoid the on-line calculations, making the control decisions
instantaneous. However, reduced control flexibility becomes the penalty and a large
quantity of data has to be downloaded into the read-only memory before the
converter activation.

When incorporating feedback to control the converter, the running mode of each
modulation method influences the practicality and realization complexity due to the
principle of modulating itself. Generally, algorithm complexity and commercial

processor speeds are considered.
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For SPWM, TSPWM and SVM, the output voltage amplitude is linearly dependent
on modulation index over a wide range, making control calculation simple and
efficient. Given available processor speeds, an on-line operational mode is viable and
able to monitor all status parameter and variables. However, for SHE, significant
arithmetic processing is needed to implement the algorithm, so an off-line mode with
look-up tables and interpolation, is preferred. The switching instances for different
modulation indices are stored as local data so that a specific output voltage can be

obtained by an interpolation method.

2.3 Full-bridge VSC Topology and Modulation

For high voltage, the three-phase two-level converter in Fig. 2-1 has several
disadvantages, among which the low DC-link voltage utilization becomes a
constraint. It requires either a high DC-link voltage or a bulky step-up transformer
for voltage adaption.

The full-bridge topology in Fig. 2-5, consisting of two legs per phase, is able to
generate a maximum of twice the output voltage of the conventional two-level
converter, by reversing the output voltage polarity. Also, this converter is able to
generate ‘+1°, ‘0’ and ‘-1’ voltage levels, reducing the THD. The disadvantage of the
full-bridge topology, other than more semiconductors, is the need of independent

transformer windings for the multi-phase system in Fig. 2-5.

E E E R N E
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Fig. 2-5. Three-phase full-bridge VSC with transformer.

For the full-bridge, since the output voltage polarity can be reversed, both unipolar
and bipolar modulation can be implemented. The single-phase full-bridge converter
is simulated under various modulation methods to evaluate its performance [33].

I. Bipolar SPWM with mf=30 and ma=1
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The bipolar SPWM (Bi-SPWM) modulates two legs at same switching frequency
and both positive and negative voltage levels are synthesized in one switching period.
From Fig. 2-6, the calculated WTHD is 2.59% and the maximum fundamental output
is equal to Vdc for a Bi-SPWM modulated singe-phase full-bridge converter.
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Fig. 2-6. Harmonics distribution normalized by fundamental vs Harmonic order for Bi-SPWM.

ii. Unipolar SPWM with mf=30 and ma=1
The maximum fundamental output voltage using the unipolar SPWM (Un-SPWM)
still equals Vdc. The simulated harmonic result is displayed in Fig. 2-7, from which

the WTHD is calculated to be 1.21%.
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Fig. 2-7. Harmonics distribution normalized by fundamental vs Harmonic order for Un-SPWM.

The distribution of the switching frequency harmonics and its sidebands in Un-
SPWAM is different from that in Bi-SPWM. For the latter, both positive and negative
voltages are generated in each switching period, but for the former, one leg is
operated at fundamental frequency, while the other leg is switched at the switching
frequency to obtain {*+1°, <0’} in positive half-cycle and {*-1°, ‘0’} in negative half-
cycle. Hence, lower THD and lower switching losses are achieved with Un-SPWM
than with Bi-SPWM.
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iii. Unipolar SPWM with Frequency Doubling — SPWM-FD (mf=15, ma=1)

Traditional bipolar SPWM supplies an output voltage with bipolar rectangular trains
in one leg. Here, frequency doubling, employing a pair of phase-inverting
modulating waveforms or carriers to control each leg separately, achieves a unipolar
voltage waveform with similar output quality as common unipolar SPWM but with

half the switching frequency.
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Fig. 2-8. Harmonics distribution normalized by fundamental vs Harmonic order for SPWM-FD.

Simulation at a modulation index of 1 achieve a maximum output voltage equal to
Vdc. Fig. 2-8 shows each voltage harmonic percentage normalized by the
fundamental voltage. These values can be used directly in the calculation of WTHD,
and the result is 1.38%. With frequency doubling, the high order harmonic
distribution is similar to that in traditional Un-SPWM.

iv. Bipolar SHE with 9 Controllable Switching Angles

The bipolar pattern of SHE (Bi-SHE) is employed to control the low order harmonics
to be zero and achieve a higher fundamental voltage output in this simulation. Fig. 2-
9 gives a WTHD of 3.28% when up to 75™ order harmonics are considered, however,
since Bi-SHE with 9 switching angles is able to control the fundamental voltage plus
the first 8 harmonics components, it is expected the WTHD within this range will be
lower than SPWM methods. In the single-phase full-bridge system with Bi-SHE, the
fundamental component is marginally improved due to the necessity of 3 harmonic
elimination; while in a three-phase system as shown by Fig. 2-5, the DC voltage
utilization can be improved because 3™ order harmonics cancel in the line-to-line

output voltage.
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Fig. 2-9. Harmonics distribution normalized by fundamental vs Harmonic order for Bi-SHE.

v. Unipolar SHE with 9 Controllable Switching Angles
Compared to Bi-SHE, unipolar SHE modulation (Un-SHE) generates a lower WTHD
of 1.68% with a similar fundamental output voltage peak value, which agrees with

the theoretical analysis.
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Fig. 2-10. Harmonics distribution normalized by fundamental vs Harmonic order for Uni-SHE.

As is explained, in a three-phase full-bridge system, SHE has the capability to extend
the fundamental voltage component and suppress the selected lower order harmonics.
Both TSPWM, (bipolar or unipolar), and SVM with two-level or three-level vector
space are expected to be viable and superior in improving DC voltage utilization.

2.4 Operating Principle of Typical FACTS Devices

In this section, system level operational principles for typical FACTS devices
including STATCOM, SSSC, DVR, UPFC, IPFC, GUPFC and HVDC system, are
analysed based on a three-phase two-level VSC in Fig. 2-1. VSC-based FACTS

devices can solve many grid problems, such as reactive power compensation, voltage
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control, and power flow control, which are verified in this section by illustrative

examples.

2.4.1 Static Synchronous Compensator (STATCOM)

A STATCOM using a three-phase two-level VSC is shown in Fig. 2-11(a), and its
equivalent circuit is interpreted by Fig. 2-11(b), where L is the interfacing reactor
leakage inductance, V. is the grid voltage at the point of common coupling (PCC)
(referred to the converter side before transformer is Vg ), and the vector V represents
the VSC output voltage with controllable phase angle and amplitude.

Grid Line Impedance VIOCC Ve
Shunt
Transformer
Vg
IshT L
Interfaci *
nterfacing
Reactor Ve
(@) (b)

Fig. 2-11. STATCOM diagram: (a) device level model using two-level VSC and (b) system level
equivalent circuit.

The STATCOM is mainly used as a reactive power and voltage amplitude controller
and the isolated DC capacitor is employed to support the DC link voltage. The DC
voltage is stable, since there is no active power exchange between STATCOM and
the grid, if all losses are neglected. Assuming Vg is the input of the phase-locked-
loop (PLL); its quadrature component and the shunt current i, projection onto the
direct axes are always equal to zero; therefore, the shunt current and reactive power
exchange can be expressed by (2.3), where w is the angular frequency of grid voltage;

Psh and Qs are the active and reactive power exchange respectively [34-36].

V, -V
Ish,d :0; Ish,q = da)L =
(2.3)
V., - -V
Psh =0; Qsh =& (\ZC)dL gd)

The STATCOM injects positive shunt current, thus capacitive reactive power, to the

grid when V¢>Vgqg; While negative shunt current, that is, inductive reactive power
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will be absorbed by STATCOM when V¢<Vyq. The phasor diagrams for the two
cases are clarified by Fig. 2-12.

i L =Lipq QoL i L= 4
VeV 1 Ve VeVe
=7 VeV Quol”
e R

(@) (b)

Fig. 2-12. Phasor diagram of STATCOM vectors when: (a) STATCOM generates capacitive
reactive power to the grid and (b) STATCOM absorbs inductive reactive power from the grid.

For STATCOM inductive reactive power absorption, the control range boundary is
usually defined by the current limit of the power semiconductor devices since the
VSC output voltage vector can be far lower than the grid voltage; however, for
capacitive reactive power generation, typically, the limited voltage amplitude
synthesized by the VSC will contribute to determine the maximum injected reactive
power before the switches reach their current limits. Therefore, the reactive power
control range of the STATCOM is usually asymmetrical. In some situations, the DC
bus of the VSC can be connected to active sources such as a battery bank. Then the
STATCOM can also influence grid active power. The overall power control range,

considering practical limitations, are shown in Fig. 2-13.

1 Ap (pu)
—
DC voltage limit
Q (pu)
1 0 i
1 —

Fig. 2-13. The overall power flow control range of STATCOM considering both the VSC device
current and synthesized voltage amplitude limits.
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The two-layer control strategy for the STATCOM in synchronous reference frame
(SRF) is summarized in Fig. 2-14, where the PCC voltage is the PLL input to get the
reference angle 6. Using Park transformation, the direct-quadrature components of
the shunt current can be achieved as igq and their reference values in the d-q frame
are generated by the outer layer DC voltage controller and reactive power (or PCC

voltage amplitude) controller respectively[15, 37].

Ved 9
e !
dq0
—
Va[v*r .
abc

Fig. 2-14. Control diagram of two-level VSC based STATCOM in SRF.

If 0 is the duty cycle of the upper switches in the two-level VSC, by manipulation of
time domain state space equations with Park transformation, the d-q frame
differential equations for the ac side are obtained in (2.4), in a time-invariant form.
The coupling terms iqq and disturbance terms vgqq Will influence the dynamic
performance of the VSC system, thus, a feed-forward method as in (2.5) is
introduced into the control block to decouple the d-q components and improve the
response speed. yqq represents the output value of the iqq compensator (such as a

proportional and integral, PI controller).

d |l ril iq Vi d, 1|V
e A P o R

{V{d =Yy Vg —a)L-iq 25)
Veg = Vg T Vg T 0Ly

In order to design the DC voltage controller outer layer, the converter active power
consumption should be considered. From the law of energy conservation, the active
power should be balanced between the DC and AC sides as interpreted by (2.6).
Since the converter output voltage has a small phase shift relative to PCC voltage,

Veg=0 is reasonably assumed. Then the DC voltage differential equation is expressed
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as in (2.7). From this analysis, the direct shunt current reference can be produced by
the outer layer DC voltage controller as in (2.8), where the PI method is used with
parameters of {Kgcp, Kdci}-

vy Gy Mee _y i v (2.6)
dt
dvdc —_ Veg id +chiq ~— ddid (2 7)
dt v,.C, C, '
I; = _[kdcp (V;c _Vdc) + kdci J. (V;c _Vdc)dt] (28)

According to (2.3), the quadrature current reference can be obtained by the outer
layer PCC voltage amplitude controller or the reactive power controller as shown in
(2.9) and Fig. 2-14. {Kacp, Kaci} and {kqp, kqi} represent the corresponding pairs of

controller PI gains.

I; = kacp( _‘Vpcc )+ kaciJ‘(‘V;cc _‘Vpcc
or iy =kgy(Q —Q) +ko [ (Q"—Q)dt
As an illustration, a two-level VSC based STATCOM shown in Fig. 2-11(a), with

specifications in Table 2-2, is simulated in SIMULINK/MATLAB. The interfacing
transformer and AC transmission grid parameters are shown in Table 2-3 and Table

*
v pcc

)dt
(2.9)

2-4 respectively.

Table 2-2. Specifications of VSC model in STATCOM.

Two-level VSC

Apparent power rating Scon 40MVA
DC link voltage Vg 41kV
DC link capacitor Cyq 2200uF
Shunt inductor Lg, 12mH
Converter switching frequency 2.5kHz

Table 2-3. Specifications of transformer installation.
Shunt transformer

Power capacity 40MVA
Voltage ratio 110kV/17.32kV
Per unit impedance (0.0005+j0.08)

Table 2-4. AC transmission system parameters.
Grid parameters for shunt compensation
Nominal line voltage 110kV(RMS)
Line impedance (0.466+j9.322)
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Fig. 2-15. Simulation for STATCOM in voltage supporting mode: (a) active and reactive power
exchange between STATCOM and grid; (b) PCC voltage amplitude during load transitions; (c)
DC-link voltage of STATCOM; (d) shunt current in d-g frame; (e) time domain waveform of
PCC voltage; and (e) time domain waveform of shunt current.

In this simulation, the STATCOM operates in a voltage supporting mode and the
shunt current positive direction is from the converter to the grid as defined in Fig. 2-
11(b). The PCC load power flow is set to increase by 20MW-j40MVAr at t=3s and
10MW+j60MVAr at t=5s. From Fig. 2-15(a), the STATCOM absorbs reactive power
during 3-5s; while it generates positive reactive power into the grid during 5-7s to
support the PCC voltage. Thus, the PCC voltage amplitude can be maintained
constant during load transitions as shown in Fig. 2-15(b). Fig. 2-15(c) is the voltage
of the STATCOM DC-link capacitor that is maintained constant during disturbances
and the d-g components of the shunt current transit, shown in Fig. 2-15(d), regulate
the injected reactive power. Time domain waveforms of the PCC voltage and shunt

branch current are displayed in Fig. 2-15(e) and Fig. 2-15(f) respectively.
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2.4.2 Static Synchronous Series Compensator (SSSC) & Dynamic Voltage
Restorer (DVR)

The two-level VSC based SSSC installation is shown in Fig. 2-16(a) and Fig. 2-16(b)
is the equivalent circuit. Vs, represents the series injected voltage vector and L is the
power line reactance. During ideal conditions, the SSSC exchanges zero active
power with the grid, which means the series injected voltage vector should always be
orthogonal to the line current. If line current is used as the PLL system input, the
injected voltage and line current can be achieved as in (2.10). The line current is
expressed by (2.11), where the SSSC functions as variable reactance. This means the
injected current introduced by SSSC is always aligned with the grid line current,
either positive or negative. Therefore, the incremental active power and reactive
power are in proportion that is depended on the bus voltage d-q axes values.
Accordingly, the active power flow is chosen as the control target during typical
SSSC operation, and its increment can be calculated by (2.12). The power exchange
between the grid and SSSC device in steady state is shown in (2.13).

Vi Traies:"ioersmer Va v
Lx
Local Filter +
T v
Vz-
@ (b)

Fig. 2-16. SSSC diagrams: (a) device level model using two-level VSC and (b) system level
equivalent circuit.
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Vd 'Vseq
(2.12)
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{Pse=0
(2.13)

AP =-—

Qg =iy Vg
The SSSC phasor diagram is interpreted by Fig. 2-17. When the series inserted
voltage increases the net value of the voltage vectors quadrature components, SSSC
can augment the power flow transmission ability of the power line, see Fig. 2-17(a);
while if the SSSC contributes a negative value to the grid voltage to improve the

effective line reactance, the power flow will be decreased as in Fig. 2-17(b).

o

\
qu Ve
y d-axis v d-axis
@ (b)

Fig. 2-17. Phasor diagram of SSSC vectors when: (a) SSSC increase the power flow and (b)
SSSC decreases the power flow.
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Fig. 2-18. Control diagram of two-level VSC based SSSC in SRF.

In practise, a small amount of active power is absorbed by SSSC from the grid to
because of internal losses and to maintain the DC-link voltage. The dynamic
relationship can be written as (2.14) based on the energy conservation law. Also,
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from (2.12), the grid active power flow is directly regulated by the quadrature
component of the series injected voltage. Now the SSSC control strategy is clarified
by Fig. 2-18. The d-q components references of the SSSC series injected voltage can
be obtained by (2.15), where {mycp, Mqci} and {mpp, mpi} are the corresponding
controller pairs [38, 39].

dv,, — Vsaha *Vsqhq — Vahg
dt v, .C, C,

(2.14)

Veed = mdcp (Vdc - Vdc) + My J- (Vdc ~Vie )dt

N N X (2.15)
Vieg =—LMe, (P = P)+my, [ (P" — P)dt]

To verify this analysis, the SSSC based power flow control is simulated with the
specifications in Table 2-5 to Table 2-7. The active power flow command is set to
300MW initially, and stepped up 40MW at t=3. Then, the reference is progressively
increased by 20MW at t=4s and t=>5s.

Table 2-5. Specifications of VSC model in SSSC.

Two-level VSC

Apparent power rating Scon 20MVA
DC link voltage Vg 41kV
DC link capacitor Cyq 2200uF
Filtering inductor L; 12mH
Filtering capacitor C¢ 80uF
Converter switching frequency 2.5kHz

Table 2-6. Specifications of transformer installations.
Series transformer

Power capacity 20MVA
Voltage ratio 20kV/3.9kV
Per unit impedance (0.0002+j0.05)

Table 2-7. AC transmission system parameters.
Grid parameters for series compensation
Nominal line voltage 347kV(RMS)
Line impedance (0.466+j9.322)

The simulated results are displayed in Fig. 2-19. The actual active power controlled
by the SSSC tracks the reference smoothly, from Fig. 2-19(a). Fig. 2-19(b) and (c)
show the corresponding power exchange from the SSSC to the grid and the series
injected voltage in the d-q frame, respectively. In Fig. 2-19(d), the time domain
waveforms of the SSSC injected voltage and the line current for phase a are nearly

perpendicular since zero active power is exchanged between the SSSC and the grid if
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the internal losses are neglected. The SSSC capacitor bank DC-link voltage is

maintained constant during the step transitions, from Fig. 2-19(e).
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Fig. 2-19. SSSC simulation for active power flow control: (a) active and reactive power
transition in the power line; (b) active and reactive power exchange between SSSC and grid; (c)
converter output voltage in d-q frame; (d) time domain waveforms of the series injected voltage

and grid line current; and () DC-link voltage of SSSC during step changes.

At the distribution level, the VSC based series compensation device is termed a DVR.
It functions in a voltage control mode and the DC-link is connected to active sources
as in Fig. 2-20 to generate an independent voltage output, used for voltage
compensation during local in feed problems such as the power flow flicker, load

unbalance or voltage amplitude sag/swell, etc [40, 41].

Fig. 2-20. Diagram of the DVR installed for voltage compensation.
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The phasor diagram of the vectors is drawn in Fig. 2-21. The DVR output voltage
can have an arbitrary angle relative to the grid current, thus is able to contribute both
active and reactive power to restore the voltage quality on a critical bus.

Fig. 2-21. Phasor diagram of vectors in a DVR.
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Fig. 2-22. Control blocks of a two-level VSC based DVR: (a) PR controller in time domain and
(b) Park transformation and PI controller in SRF.
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The time domain DVR control strategy offers independent regulation of each phase
voltage, making the control structure simple in response to unbalanced disturbances.
However, the time variant system with a PI controller will create steady-state-error;
whence the proportional resonance (PR) control method provides an alternative
implementation that reduces the steady-state-error, shown in Fig. 2-22(a). To achieve
better accuracy results, symmetrical components analysis can be employed to resolve
critical voltage and current into positive and negative sequences, where the variables
become DC components, thus are suitable to obtain zero steady-state-error using the
Pl method. In Fig. 2-22(b), the variables projected into positive and negative
sequence SRFs are controlled independently to handle unbalanced compensation,
and their output signals are summed to form the reference signal for VSC voltage
synthesis. This method requires a complicated control structure and large amount of
calculation for mathematical transformation.

The converter level DVR model, with specifications as in Table 2-8 to Table 2-10, is
assessed. A single-phase 30Q2 load is connected between phase a and phase b at t=2s;
then removed at t=4s. During these transitions, the DVR is employed to maintain the

load bus voltage.

Table 2-8. Specifications of VSC model in DVR.
Two-level VSC

Apparent power rating Sco, 20MVA
DC link voltage Vg 41kV
DC link capacitor Cyq 2200uF
Filtering inductor L 12mH
Filtering capacitor C; 80uF
Converter switching frequency 2.5kHz

Table 2-9. Specifications of transformer installations.

Series transformer

Power capacity 20MVA
Voltage ratio 20kV/10kV
Per unit impedance (0.0002+j0.05)

Table 2-10. AC distrib

ution grid parameters.

Grid parameters for series compensation

Nominal line voltage 66kV(RMS)
Short circuit level 2GMVA
X/R ratio 20

The disturbed unbalanced voltage waveform is shown in Fig. 2-23(a); and the
corrected critical bus with the DVR installed is as in Fig. 2-23(b). The series injected

38



voltage and total load current waveforms are shown by Fig. 2-23(c) and (d),
respectively. The angle between the series injected voltage and line current in Fig. 2-
23(e) verifies that both active and reactive power can be exchanged between the
DVR and the grid. Fig. 2-23(f) shows that the load bus voltage amplitude for each
phase are controlled to maintain the reference during transitions, and correspondingly,
the injected phase voltage amplitudes are displayed in Fig. 2-23(g). In the d-q frame,
the positive and negative sequence components of the DVR injected voltage are seen
in Fig. 2-23(h).
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Injected Voltage in d-q Frame (kV)
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Fig. 2-23. DVR for unbalanced load compensation: (a) disturbed voltage by unbalanced load; (b)
compensated voltage using DVR; (c) three-phase injected voltage by DVR; (d) total load current
during unbalanced condition; (e) series injected voltage and grid line current in phase A; (f)
critical bus voltage amplitude during disturbances; (g) DVR injected voltage amplitude
variation; and (h) DVR injected voltage in d-q frame.

Power flow influences caused by DVR action are shown by Fig. 2-24. The active and
reactive power at the load bus for each phase can be observed in Fig. 2-24(a). As
expected, the DVR contributes a different power flow for each phase to restore the
bus voltage as in Fig. 2-24(b); and its d-q frame interpretation in both the positive

and negative sequences are shown in Fig. 2-24(c) and Fig. 2-24(d).
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Fig. 2-24. DVR power flow influence: (a) DVR injected active and reactive power for each phase;
(b) critical bus power flow for each phase; (c) DVR injected active and reactive power in
positive sequence; and (d) DVR injected active and reactive power in negative sequence.

A DVR is also potentially able to compensate the harmonic distortion caused by
nonlinear loads. However, this function will is not considered in this thesis because
its implementation requires high switching frequency to fully respond to the

reference which is practically not desirable at the distribution level of a utility.

2.4.3 United Power Flow Controller (UPFC)

A UPFC configuration is shown in Fig. 2-25, which can be viewed as a typical
STATCOM and SSSC coupled via a common DC-link. Thus, the shunt connected
VSC controls the voltage amplitude or reactive power at the shunt transformer PCC
and maintains the DC-link voltage; while the series type VSC manages the power
flow on the grid line [42-48].
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Fig. 2-25. UPFC diagram using two-level VSC.

Since the DC-link voltage can be regulated by the shunt VSC, the series VSC output
voltage can be an arbitrary angle to the line current, which means the possibility of
active power exchanged between the UPFC and the grid. In this sense, the shunt type
converter of the UPFC operates in a typical STATCOM mode where the control
strategy in Fig. 2-14 is inherited; and for the series VSC, the two control degrees of
freedom can be assigned to realize various control targets such as active/reactive
power, active power/apparent impedance, active power/voltage amplitude, etc.

The upper level supervisory control and data acquisition (SCADA) system resolves
the voltage reference for the local controller of the series type VSC in a UPFC as in
Fig. 2-26. For example, if the direct axes voltage is fixed at zero and the quadrature
voltage reference comes from the active power flow manipulation, the series
converter operates in a typical SSSC mode. Since the VSC DC-link voltage is
maintained constant by the controller, if all internal losses are neglected, the total
active power exchange between the DC-link and the two VSCs (grid) should be zero

as in (2.16), by considering the energy conservation law.
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Fig. 2-26. Control block of series VSC in a UPFC.
P, +P. =Re(V,, x1,*)+Re(V, x1,*)=0 (2.16)
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If the active power flow is the control target and the UPFC exchanges zero active
power with the grid; simulation is based on following specifications: converter DC-
link voltage: 41kV; grid line-to-line RMS voltage: 110kV; shunt transformer:
110kV/16.78kV with the leakage impedance of 0.0005pu+j0.08pu; series transformer:
20kV/10kV with the leakage impedance of 0.0002pu+j0.05pu. Fig. 2-27(a) and (b)
confirm that the UPFC is able to stabilize the voltage magnitude at the shunt
connection terminal and maintain the DC link voltage. Fig. 2-27(c) shows the
reactive power generated by the UPFC shunt VSC for terminal voltage regulation.
Fig. 2-27(d) is the power exchange between series converter and the grid. Then, the

power flow between two buses is manipulated to track reference, from Fig. 2-27(e).
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Fig. 2-27. UPFC power flow influence: (a) voltage amplitude at the PCC for shunt type
converter; (b) DC-link voltage of UPFC; (c) power exchange between shunt converter and grid;
(d) power exchange between series converter and grid; (e) power flow of the grid line.

2.4.4 Interline Power Flow Controller (IPFC) & Generalized Unified Power
Flow Controller (GUPFC)

Based on a DC-link common coupling configuration, complicated multi-bus power
flow controllers based on the VSC can be derived [49-52].

The IPFC integrates multiple series converters via one DC-link, to regulate the power
flows on a group of power line branches from the same substation. It is able to
enhance the utilization of the power line transfer capacity in existing grid facilities.
The basic case of an IPFC installation with two VSC units is shown in Fig. 2-28(a).
For an IPFC system with my buses (VSCs), there are 2my-1 controllable power
system quantities due to the law of active power conservation. This constraint can be
interpreted by (2.17) if the DC-link voltage is maintained constant by a VSC using
the typical SSSC control strategy in Fig. 2-18. Then, the other VSCs will each have
two control degrees of freedom for grid variables with the control diagram inherited
from Fig. 2-26.
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Fig. 2-28. Configurations of typical multi-bus power flow controllers based on two-level VSC: (a)
IPFC and (b) GUPFC.

As a UPFC expansion, the GUPFC incorporates more than one series type VSC onto
the common DC-link. It is appropriate for explicit control of the grid nodal voltage
and managing the power flow over multiple power lines. A basic case that has three
VSCs (one shunt and two series) is displayed in Fig. 2-28(b). The operation
constraint of a GUPFC based on energy conservation is shown in (2.18) and the
control strategies for each VVSC unit can be inherited from the UPFC, see Fig. 2-14
and Fig. 2-26.
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2.4.5 Back-To-Back (B2B) VSC Devices

B2B VSC devices offer four-quadrant operation ability to realize full range control
of active and reactive power flow in both terminals. In fractional power flow control
devices, they can be viewed as a B2B STATCOM to supply an auxiliary power
transmission path for the existing grid. In a full power rated power flow control
system, the VSC-HVDC solution is formed [53-59].

The VSC-HVDC system configuration using the two-level converter topology is
shown in Fig. 2-29. Similar to the STATCOM derivation process from (2.4) to (2.9),
the local control strategy for the VSC based converter station in the HVDC
transmission system can be described by Fig. 2-30. The direct axes current reference
is set by the active power or DC-link voltage controller in the outer-layer, while the
grid voltage amplitude or reactive power regulator is responsible for determining the
command current in quadrature axis. A HVDC system is able to realize a wide range
of power system control targets such as power flow control, voltage control,

frequency support, asynchronous integration, etc.
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Fig. 2-29. Configurations of HVDC system using two-level VSC.
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Fig. 2-30. Control block for two-level VSC based HVDC system.
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2.5 Summary

The first part of this chapter reviewed the conventional three-phase two-level
converter and the full-bridge converter, including their modulation schemes.
Established modulation techniques such as SPWM, TSPWM, SVM and SHE were
analysed and compared quantitatively using simulations. The second part of this
chapter used the two-level converter to illustrate the operational principles of key
FACTS devices such as STATCOM, SSSC, DVR, UPFC, IPFC, GUPFC, and B2B
VSC. A number of illustrative simulations for typical cases confirmed the
effectiveness of FACTS devices. Key observations are:

e The two-level converter has a maximum DC utilization of 0.5 within the
linear modulation range; while a full-bridge converter using SPWM can
generate twice the AC voltage magnitude relative to the two-level converter;

e Compared to basic SPWM, the TSPWM, SVM and SHE improve the DC
voltage utilization for three-phase VSC systems by the introduction of 3™
order harmonics into the converter phase voltage;

e In two-level and full bridge converters, the power switches sustain full DC-
link voltage; thus, high switching losses and high dv/dt promote the use of
multilevel converters in FACTS applications, which can also reduce the
output voltage THD and filter size. This will be discussed in later chapters;

e To reduce VSC footprint and cost in medium and high voltage conditions,
new topologies with improved DC voltage utilization (power density) and
direct AC-AC converter without a DC-link will also be researched in this
thesis;

e Operation principles of typical FACTS devices were demonstrated using the
two-level converter; and these system level control strategies are applicable to

other VSC topologies.
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CHAPTER 3

AC Side Voltage-Doubled High Power-Density VSC with Intrinsic

Buck-Boost Cells and Common-Mode Voltage Suppression

In this chapter, a three-phase AC side voltage-doubled VSC topology with intrinsic
buck-boost cells is presented and analysed. The AC side voltage is doubled with the
phase peak value equal to the DC-link voltage. The proposed converter uses its buck-
boost cell as virtual voltage source to synthesize the negative part of the output
voltage by modulating its output AC phase voltage around the negative bus (which is
the real zero when grounded). This permits the average CM voltage to be suppressed
to zero, and loads connected to the converter AC side do not withstand any DC
voltage stress (reducing the insulation requirement). Modelling and control design
for both the rectifier and inverter modes of this converter in the synchronous
reference frame (SRF) are investigated to ensure four-quadrant back-to-back system
operation. Experimental results are shown to verify the feasibility and effectiveness

of the proposed configuration and the designed control strategies.
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3.1 Background

Power electronics based energy conversion systems have penetrated low, medium
and high voltage applications such as power transmission and reactive power
compensation, grid interfacing of renewable energy, machine drives, etc. Since
traditional AC grids still dominate power systems, AC power conversion involving
amplitude regulation, phase and frequency control, active power and reactive power
management for utility/micro-grid applications draw the attention of both academia
and industry.

The back-to-back (B2B) VSC based configuration is widely used in AC conversion
due to its control simplicity and better dynamic performance over current source
converter based solutions [1, 2]. This is because it offers four-quadrant operational
ability, decoupling of the two connected AC sides, and independent control of
active/reactive power. The VSC together with its B2B configuration have taken over
the traditional power traction area and spread into utility applications, such as PV
(photovoltaic) grid connection, wind energy interfacing, flexible AC and high
voltage DC transmission systems (FACTS and HVDC), etc. [3-9].
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Fig. 3-1 Three-phase two-level voltage source converter.

The three-phase two-level converter depicted in Fig. 3-1 is widely used for AC-DC
and DC-AC power conversion systems, in research and industry. However, in this
topology, the peak value of AC side voltage per phase cannot exceed half the DC
link voltage with traditional sinusoidal pulse width modulation (SPWM). Although
triplen sinusoidal pulse width modulation (TSPWM), space vector modulation
(SVM), and selective harmonic elimination (SHE) methods have been developed to
extend the fundamental voltage output range on the AC side, the increase is limited
(15.5% for TSPWM/SVM, and slightly higher for optimized SHE) [10]. Generally,
three-phase balanced conditions should be guaranteed to insure this voltage

utilization extension; otherwise, low order harmonics are observed in the line-to-line
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voltages and line currents. This is because zero sequence components emerge in the
phase voltage when it goes beyond the envelope of the positive and negative DC-link,
and they can only be neutralized under three-phase balanced situations. Therefore,
operation in medium and high voltage applications requires a high DC-link voltage
(minimum twice of the peak fundamental voltage) or a bulky step-up transformer for
voltage matching, which in turn increases system cost, size and weight.

The three-phase two-level VSC in Fig. 3-1 may impose DC voltage stress on the AC
side loads depending on the adopted grounding arrangement [11, 12]. When the
negative terminal is grounded, the output phase voltage relative to real ground varies
around half the DC-link voltage, and this requires AC loads to be able to withstand
DC voltage stress [13]. Furthermore, the voltage fluctuation around half the DC-link
on the load neutral point may exacerbate bearing voltage problems in machine drives
such as in wind turbine interfacing. The split DC-link capacitor with parallel
balancing resistors can be employed to address the problem of DC voltage stress and
reduce the impact of the CM voltage. However, this solution is less attractive as it
introduces additional loss and cost.

A specific case under the spotlight recently is the transformerless PV integration area
where effort is made to suppress the CM current through the parasitic capacitor
between the PV arrays and ground. By introducing extra auxiliary switches, the H5,
H6 and HERIC schemes are candidates to suppress the CM leakage current [14].
However, the CM voltage component still exists and remains constant in these
situations. The virtual DC bus concept [15] and HA4S converter [16] have been
promoted to eliminate the CM voltage by direct connection between ground
terminals. Unfortunately, all these solutions are in single-phase applications and
originate from the full-bridge topology. Thus, it is difficult to transfer these derived
converters directly into three-phase applications.

In this chapter, a three-phase AC side voltage-doubled (ACVD) converter with
intrinsic buck-boost cells (IBBCs) is proposed, which can generate an AC phase
voltage with a maximum peak value equal to full DC-link voltage, doubled the
output range of the traditional three-phase two-level VSC. Alternatively, the DC-link
can be halved when a given output voltage is demanded. Therefore, either the line
transformer or the DC capacitor bank can be reduced to form a compact, cost-

efficient system. In addition, the power density of the proposed converter can be
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increased. Since the proposed topology inherits a real ground fixed at the negative
bus, its output phase voltage is modulated around this ground. As a result, DC
voltage stress exerted on AC loads is minimized to zero, which will suppress the CM
voltage magnitude to an average of zero, as seen by the load neutral point. Hence,
reduced bearing voltage/current can be expected. Further a composite hardware
configuration or an optimized modulation strategy can eliminate the CM voltage high
frequency components, which is not considered in this chapter [17-19]. The ACVD
converter is capable of being employed in PV integration, wind energy interfacing,
and distributed FACTS areas. The remainder of this chapter is organized as follows:
the operational principle of the proposed converter is described in 3.2. 3.3 analyses
the voltage and current stresses on the power switches and presents some design
issues for the passive components. In 3.4, the modelling process of three-phase
ACVD-VSC for inverter and rectifier modes in a synchronous reference frame (SRF)
is established. Then, 3.5 presents the control strategies design; with experimental
verification presented in 3.6 to validate the proposed converter. Finally conclusions

drawn and major findings are summarised in 3.7.

3.2 Operational Principle of the ACVD Converter

The proposed three-phase ACVD-VSC is shown in Fig. 3-2(a), where an IBBC is
inserted into each phase of a two-level converter to achieve an extended AC output
voltage range. The single-phase circuit under inverter mode depicted in Fig. 3-2(b)
clarifies the topology structure. The IBBC consists of L; and Cy, while L, and C,
make up the output stage filter. The power switches S; and S, conduct
complementarily. Vq is the input voltage, and iy, vy, iz and v, represent the four state
variables of the passive components L;, C;, L, and C, respectively. v; is reversed
relative to the input voltage to ensure magnetic reset of the flux linked in L;.
Similarly, i; and i, are in opposite directions to maintain voltage balance on C;.
Operation of the proposed converter can be described in two modes as follows:

Mode 1: S; is turned on. Output voltage v, fed from Vy. is generated relative to
ground. Also, this mode creates a zero voltage loop for inductor L; and capacitor C;
for charging the buck-boost capacitor with a reversed polarity as V.

Mode 2: When S; is on, the IBBC capacitor is employed as a virtual voltage source to
generate the negative voltage at the output. The inner inductor L; is charged to store
energy, ready for energy transfer in the subsequent switching cycle.
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Fig. 3-2. Proposed ACVD converter: (a) three-phase configuration (without output filter) and (b)
single-phase unit operated in the inverter mode.

Fig. 3-3 shows the steady state waveforms of the proposed converter at a fixed
operating point, where vy, i, are positive and iy is negative. The output voltage v, is
always within the envelope created by the input voltage and the IBBC voltage, which
guarantees inductor energy balance. Similarly, the inductor currents i; and i, charge
and discharge the capacitors in each switching cycle to give the composed voltage

output.

" //\/\/
Fig. 3-3. Steady state waveforms of the proposed converter at a stationary operating point when
vy, i, are positive and iy is negative

Four-quadrant operation of the ACVD-VSC is shown in Fig. 3-4. In Fig. 3-4(a) and
Fig. 3-4(b), i, flows out of the converter to the load; accordingly iy should either
discharge C; or feed its stored energy back to the DC-link. The alternative situation
is where i, flows into the converter from the load and i; draws energy from the DC
side, delivering it to C; as in Fig. 3-4(c) and Fig. 3-4(d). Thus, it is concluded that the

proposed converter qualifies for four-quadrant operational VSC applications.
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Fig. 3-4. Switching modes of the proposed converter when implementing four-quadrant
operation: (a) S; turns on with outflow load current; (b) S, turns on with outflow load current;
(c) S; turns on with inflow load current; and (d) S, turns on with inflow load current.

Based on this analysis, the differential equations that describe the dynamics of the
proposed converter are interpreted in (3.1),
di;

Ll E = U(Vl _Vdc) +Vdc
Cl% = U(iz _il)_iZ
d.t 3.1)
i
L, d_2 =UVg — V) + (v, —V,)
t
dv, . .
Cz d_tz =L -1,
where u is the switching function defined as (3.2),
1 Siturnson
= (3.2)
0, Saturnson

When the switching frequency f, is sufficiently high compared to fundamental
frequency of the AC voltage being synthesized, the assumption that the state

variables can be viewed as constant is valid. Therefore, the derivative terms in (3.1)
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can be set to zero, and the average value of the switching function u over one

switching period is equal to the duty cycle D. Then equation (3.1) is reduced to:
D(Vl _Vdc) +Vdc =0

D(I,~1)~1,=0 \s
DIV, V) +(V,~V,) =0 (3:3)
1, -1, =0

After algebraic manipulation of the first and third equations in (3.3), the voltage
transfer ratio of proposed converter is obtained as:
Vv, 1

M=-2=2_= 3.4
v 5 (34)

dc
Fig. 3-5(a) shows the plot of M versus D, where a bipolar voltage output is achieved

when the duty cycle varies around 0.5 (4<D<1).

Voltage Transfer Ratio vs. Duty Cycle
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Fig. 3-5. Voltage output range and modulation for the proposed converter: (a) voltage transfer
ratio versus duty cycle; (b) AC side output voltage range; and (c) open loop modulation strategy
based on transfer ratio.

From Fig. 3-5(b), the maximum modulation index is 1pu for the peak value of phase
voltage (Vqc), which is twice that in the two-level converter (¥2Vq). Due to this large
extension in the DC rail utilization, reduced DC-link voltage and dv/dt can be
achieved. With the specifications of: fy,=5kHz; V4.=200V; L;=2mH; C;=10uF;
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L,=5mH; C,=10uF, the proposed converter has been accessed with single-phase
configuration in several cases. The simulated output voltage and modulating signal
are shown in Fig. 3-6 with predefined duty cycle range of 0.33 to 1.

D- Converter duty cycle
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Fig. 3-6. Simulated output voltage and modulating signal for ACVD converter: (a) duty cycle
and (b) normalized three-phase output voltage.

As in a conventional two-level converter, triplen injection can further improve the
DC-link voltage utilization of ACVD converter by 15.5%. The modulating signals
and output voltages for this case are shown in Fig. 3-7, where the fundamental output
voltage can exceed 1pu. This conclusion can be generalized to all modulation
methods that indirectly utilize the 3™ harmonic or other forms of zero sequence
components to increase fundamental output voltage, such as SVM, switching
frequency optimal (SFO) and SHE. However, the main drawback of the methods that
exploit zero sequence harmonics is the appearance of the low order harmonics in the
output voltage according to (3.4), predominantly the 2" and 4™. These low order
harmonics can be actively controlled with small modulation index sacrifice,

especially when the load current is high.
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Fig. 3-7. Simulated output voltage and modulating signal for ACVD converter with triplen
component injection: (a) duty cycle and (b) normalized three-phase output voltage.

Additional improvement of DC link utilization improvement can be achieved when a
negative DC bias is injected into modulating signal. Based on (3.4), the duty cycle
range from 0.2 to 1 corresponding to the output phase voltage (relative to negative
bus) from -3Vy. to V4. By cancellation of the DC bias in line-to-line voltage of the
three-phase system, the DC utilization of the ACVD converter can be doubled to 2pu,
but increasing the power switch voltage stresses. This is verified by simulation in Fig.
3-8. Due to practical semiconductor voltage rating limits and a requirement for zero
average CM voltage, the remainder of this chapter does not utilize the zero sequence
component or negative DC bias injection.
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Fig. 3-8. Voltage output range and modulation for ACVD converter using DC bias cancellation:
(a) duty cycle and (b) converter voltage transfer ratio; and (c) normalized output voltage.

The inner capacitance is significantly less than that of the DC-link because of its
fluctuating voltage. The asymmetry between the two voltage polarities synthesized
during modes 1 and 2 potentially distorts the output voltage by even order harmonics
when the modulation strategy in Fig. 3-5(c) is adopted. As a result, proper converter
operation with sinusoidal AC side voltage and current requires modulation strategy
counter-measures to neutralize the negative impact of such distortion, which is

investigated in later sections.
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From this discussion of single-phase ACVD-VSC, it is seen that the DC-link and AC
side share the common ground. Consequently, in the three-phase three-wire system,
the average CM voltage between the DC-link ground and AC neutral point is zero for

balanced conditions.

3.3 Performance Evaluation of Voltage/Current Stresses and the Integrated
Magnetic Design
In this section, analysis of the voltage/current stresses of power switches and some
design issues of the passive components, are considered. Since the IBBC exerts extra
voltage/current stresses on the devices, it is important to explore the quantitative
relationship between switch electrical stresses and output power. An integrated
magnetic technique can be employed to integrate the two inductors into one magnetic
core, compacting the installation and reducing the magnetic cost.
A. Voltage Stress Analysis
According to (3.3), the voltage on C; and C; are given by (3.5) and (3.6) respectively.
The opposite polarity of V4. and V; offers the possibility to generate the bipolar
voltage on C,.
V, =(1-1/D)V,, (3.5)
V, =(2-1/D)V,, (3.6)
Consequently, the reverse blocked voltage of the power switches S; and S; can be
calculated from:
Vg =V, -V, =V, /D (3.7)
Since the maximum output-input voltage ratio is An, the voltage stress is then given
by (3.8).
Vg =(2—-M)V,, =(2— Ansinat)V,, (3.8)
In Fig. 3-5(a), the duty cycle D varies from 0.33-1.0 at the maximum output
condition (#V4c) when Anis 1. The maximum voltage stress on the power switches is
twice the DC voltage plus the peak of the output phase voltage. Compared with the
two-level topology, the voltage stresses are increased by 50% during extreme
conditions, but the AC output voltage is twice of that in two-level topology. This
attribute is achieved by the incorporation of IBBCs. The fluctuating voltage across
C, makes small value AC capacitance viable but this is traded for increased power

switch ratings [20].
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B. Current Stress Analysis
Manipulation of (3.3) for the current state variables, gives equations (3.9) and (3.10),
where currents iy and i, are in opposite directions, which is necessary for the energy
balance of C;.
I, =(1-1/D)I, (3.9
l,=V,/R=1, (3.10)
The current of the IBBC inductor i, passes through either S; or S, to alternatively
store and release energy. From Fig. 3-4, the total power switch current is the sum of
the absolute value of the two current state variables. Since I; and I, are in opposite
directions, the total current stress of each switch is expressed as (3.11).

Lo =[] +]1,] =], = 1] (3.11)
In general, the power switch current is (3.12), where ¢ is the power factor angle, w is
the angular frequency of the output voltage, and Iy, is the maximum load current.
. =[1, = 1,]=(I,, / D)-sin(et + ¢) (3.12)
Considering (3.4), equation (3.12) can be developed as in (3.13):
I.=(2—-A,sinat)l . sin(at + @) (3.13)
Second order harmonic current is introduced by the IBBC. The peak power switch
current occurs when (3.13) reaches the maximum. An approximate margin of three
times the load current should be considered in a practical ACVD converter design.
The output current of this converter is approximately half that of two-level topology
under for the same DC-link and same power rating, since its output voltage is

doubled, which reduces the current stress levels.

C. Passive Device Selection

(@) (b)

Fig. 3-9. Equivalent model of the power path for the inner capacitor C, of the ACVD converter:
(@) S, ison, S is off and (b) Sy is on, S, is off.

Since L, and C, form the output filter, L, and C, can be selected based on the filter
design methods of the conventional two-level VSC, as presented in [21]. L; and C;

are selected based on the switching model from an AC point of view since all the
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state variables are AC. The equivalent power paths for the inner capacitor C; are
shown in Fig. 3-9. When S; is on and S; is off, inner capacitor C; is in series with
output filter inductor L, as in Fig. 3-9(a). In order to make the AC component of the
voltage across C; follow the output voltage and avoid a large high frequency
oscillation on Ci, the resonant frequency of C; and L, is placed between the
fundamental and switching frequencies (fo and fg,). With L,, C, and fg, known; the
geometrical mean in (3.14) is used to calculate C;.

f,=1/(@x-CL,) =11, (3.14)

In the proposed ACVD converter, the inner inductor L; is employed as a buffer for

energy transfer from the DC-link to C; in the periods where the upper switch of each
phase leg is on. It has similar function as MMC arm inductance in limiting inrush
current from capacitor C; when the upper switch of each phase leg is on [22]. In Fig.
3-9(b), Ly and C; are in series. Large L; causes a large fundamental voltage drop and
limits the magnitude of the high frequency current ripple. In this sense, the
characteristic impedance of L; and C; in (3.15) should be used as a compromise

between the output power range and ripple current demand.

z,=JL/C, (3.15)

D. Potential Magnetic Integration

v
o
Y

L

< \ i

Fig. 3-10. Principles of the integrated magnetic solution.

In order to improve the power density, magnetic integration of L; and L, into one
core is viable for the IBBC inductor and output filtering inductor [23-25]. Fig. 3-10
interprets the solution for the magnetic integration, where a three-leg EE type
magnetic core is employed per phase. Air gaps are inserted into the two outer legs
while no air gap exists in the center leg (thereby presenting low reluctance to fluxes
from the legs). The IBBC inductor L; is wound around one outer leg and the filtering
inductor L, is inversely wound around the other outer leg. In this way, the magneto-

motive force will be distributed mostly on the outer legs due to the high reluctance
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produced by the air gaps and the two inductors can be decoupled effectively (low
reluctance in the center leg). Fig. 3-10 shows that the flux linkages of the two
inductors oppose, so the average flux component in the center leg is reduced; thus, a
smaller cross section area center leg can be used. The power density and the
efficiency can be enhanced with the proposed magnetic integration method. However,
this approach is restricted to low and medium power stages due to the limited

window area of commercial high magneto-conductivity cores.

3.4 Three-phase ACVD-VSC Modelling and Analysis in the Synchronous
Reference Frame
The Park transformation based decoupling model for the three-phase two-level VSC
is generally used to implement independent control of active and reactive power.
Since the references become DC values in the SRF, zero steady state errors are
expected with a proportional-integral (PI) controller. In this section, the proposed
ACVD-VSC is modelled in the SRF to give insight into the control design. Resistive
load conditions are assumed and in the following control design section for
simplicity. In other load conditions, the load current can be treated as a new state
variable, which increases the order of state space equations and transfer functions.
However, the general design procedure remains the same.
The ACVD converter can form a three-phase four-wire system, when the DC and AC
grounds are connected. Thus, each phase can be controlled independently. This
configuration can be employed in UPS and aero-space applications. However, the
following analysis is based on a three-phase three-wire system.
A. The Inverter Mode

Fig. 3-11. Rearrangement for the proposed three-phase inverter.
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Rearrangement of the three-phase ACVD-VSC as a standalone inverter is depicted in
Fig. 3-11. From the instantaneous state space equations in (3.1) and the assumptions
in (3.16), the three-phase AC side equations can be expressed as in (3.17).

L =L,=L,=L;,

C,=C,, =6, =C,

R=R —R - R, (3.16)
n=r,=r,=r,
d laz = o v V% ia2 I Va2 = Vh2
Lza by —lop [=| Yy =Vo | =1y |y — gy Voo = Voo
ic2 —l _Vc —Vq ic2 ia2 Vea = Va2
d _Va2 Vb2_ ia2 b2 Vaz = Vb2
Rcza Voo =Veo [ = R ib2 le2 Voo —Ve2
:ch Va2 | |c2- a2 Vea = Va2 (3.17)
Iab2 Vab I.slb2 Vabz
Lz a ibc2 Vi I ibc2 Vic2
A _icaz Vca icaz Vca2
d Vab2 iabz Vabz
RC, —| V2 |=R ibc2 | Voc2

\Y | \'

ca2 ca2 ca2

where {va, Vi, Vc} represents converter output phase voltage (measured from poles
0={0,,0,,03} relative to ground), and V. is the DC side input voltage. R and r, are
the load and filter reactor L, resistances respectively.

With the definition of u in (3.2), the extended three-phase switching function can be
denoted as in (3.18). The converter output voltage is then defined in (3.19). The
proposed converter exhibits some time-variant behaviour that makes the decoupled
large signal modelling infeasible. Thus, approximations are made to facilitate the
development of the fundamental average model which is necessary for control design

and analysis simplicity.

1, Si turnson
ui= (i=a,b,c) (3.18)
0, Siz turnson
v, u, 1-u, 0 0 ||Vy,
Vo [=|Uy Vee+| O 1-u, 0 [V, (3.19)
v, U, 0 0 1-u.|vy
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To synthesize sinusoidal output voltages based on (3.5), the IBBC voltage can be
expected to contain both DC and AC components. According to (3.13), second order
harmonic current emerge in the IBBC inductor. Therefore, the IBBC capacitor AC
voltage contains both fundamental and second order harmonics. When neglecting the
second order harmonics, (3.20) is obtained. After application of the classical average
method to the switching function, equation (3.19) is rearranged into (3.21), which
can be simplified to (3.22),

al Vdc Va
e AR E T (3.20)
Vcl Vdc Vc
v, | Td, d-1 0 0 VeV
v, [=|d, V+| 0 d,-1 0 ||V,.-v, (3.21)
V_c . 0 0 d.—1] Vdc_v_c
v, | [2-1/d, m,
v, [=|2-1/d, |V, 2| m, |V, (3.22)
v. | |2-1/d, m,

where {d,, dp, dc} is the duty ratio for each phase, {m,, my,, mc} is the equivalent
transfer ratio and ‘— is the averaging operator over one switching cycle.

By defining {map, Mpe, Mea}={ma-my,, my-m¢, me-my}, the switching averaged AC side
equations can be derived as in (3.23). Park transformation of the form in (3.24) is
then applied to obtain the equivalent time-invariant system. The decoupling model of
the proposed ACVD inverter in the SRF becomes (3.25).

d @ mab @ Vab2
L2 a Ibi = mbc Vdc - r2 Ibi ~ 1 Vie2
ica2 mca Ica2 Vca2
_ (3.23)
d VabZ Iab2 1 Vab2
Cz a Viez |= Ibi - E Vo2
VcaZ icaZ VcaZ
5 cosmt  cos(wt—27/3) cos(wt+2713)
T =3 —sinwt  —sin(ot—27/3) —sin(wt+27/3) (3.24)
7 % %
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dlhg | 1V {0 | [l | 1, [T +\i{md}
dtLi2q L, Vaq o 0 | i2q L, i2q L, | m,
d [V :ig{o —w]_\a_ 1 [ vy
@t v, | G| Lo 0]|v,| RS |v,

The mentioned second order harmonic distortion problem must be treated separately

(3.25)

with additional control loops to ensure pure sinusoidal output voltage and current,
and will be covered in later part of this chapter.
B. The Rectifier Mode

Fig. 3-12. Rearrangement for the proposed three-phase rectifier.

Fig. 3-12 shows the proposed ACVD-VSC when configured as a rectifier. The AC
side and DC side equations are shown in (3.26), in which {Vgan, Vghe, Vgca}={Vga-Vgn,
Vgb-Vge, Vge-Vgat represents the AC input voltage, vqc is the output voltage, and icon in
(3.27) is the total current from the converter to the DC side.

The second order current component in the IBBC inductor is neglected temporarily.
From (3.9) and by utilizing the switching average operator, (3.27) develops into
(3.28). After substituting (3.22) and (3.28) into (3.26), the standard form of the

proposed rectifier model is given as in (3.29).

d Lab2 Vab Lab2 Vgab
de_ boc2 | = | Voe |7 2| boez || Vabe
IcaZ Vca Ica2 Vgca (326)
dv,, i Vge
d ~ Tcon
dt R,
la2 la1
ion =—[Us U, U]-|ib2|-[1-u, 1-u, 1-u.]-|in (3.27)
ic2 icl
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con — [ma m, m, ] o2 |5~ [mab My mca] | Yoe2 (328)
c2 ca2
d lab2 m., a2 Vaab
I‘2 a boeo [ =] Mye (Voo =] b2 |~ ngc
Icaz mca Ica2 Vgca
- (3.29)
d —_ Iab2 —_
Vv —
dc dc
d = _[mab mbc mca] The |75
dt 2 | TR,
Icaz

Using Park transformation to achieve (3.30), which clarifies the model of the

proposed ACVD rectifier in the SRF.

Al | 1]V {0 —60] o |1y [T +£{mﬂ
dt | i, v | L@ O J]iy| Liy| LM

—_— i_ —_—
CLISE S N
d  C, R,C,

by

Similar as the inverter mode analysis, the o axis is omitted in (3.30) for three-phase
three-wire rectifier system. Second order harmonic distortion occurs in the line
current if no suppression is applied. Thus, an extra control loop is necessary to
calibrate the modulating signal to obtain line current with low total harmonic
distortion (THD).

C. The Second Order Distortion

The second order distortion can be explained by using the classical transfer function
method. The quasi-static analysis is employed to reveal the system gain scheduling at
different operational points.

Using the single-phase inverter in Fig. 3-2(b) with resistive load R, as an example,
the switching average large signal model is shown in (3.31). The Taylor series based
linearization method is employed for a fixed operation point to obtained state space
equations and the transfer function for perturbations near the selected state. Then,
(3.31) can be linearized into (3.32). Using Laplace transformation yields the transfer

function G4, Which is shown in (3.33).
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di, ,—
le_tl =d(v; —Vi) +Ve

dv - T —
Cld_tlzd(lz_ll)_lz
B v, )+ - )
dt
dv, = v,

(3.31)
L2

2dt  * R

(o]

dAi,
dt
C, d?t"l — _(1-D,)Ai, - D,AI, + (1, - 1)Ad

L, S8 = 0 D,)av, -, -V, )ad - v,

L ——1 = D,AY, +(V, -V, )Ad

(3.32)

dAv,
dt

. Av
=Ai,—-—%
R

0

CZ

AV, (s) V, +As+A,Ss?
0 Ad(s) D?+Bs+B,s?+B,;s+B,s*

A= L1(1_ Do)(lz - |1)
Vdc
A = Llclg

0
_ d- Do)z L, + D02L2
R

0

B, = L.C, + D,’L,C, + (1- D,)’LC,

s, - LCL
RO

B4 = L1C1 chz

Bl

(3.33)

Assuming the DC input voltage is 1pu and the modulation index is 1, when the
operation point varies sinusoidally, the loop gain Kyz¢ is not constant as it is for a
two-level converter. Periodical oscillation occurs mainly focused on fundamental and
second order components as shown in Fig. 3-13. Both the zeroes and poles drift due
to the duty cycle variation. The proposed converter exhibit second order distortion
and a minimal third order component as by-products when operated in open loop.
With a normal time-domain PI controller, the output voltage will be distorted due to

the non-uniform loop gain distribution and the floating poles/zeroes. As a result, zero
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steady state error is difficult to be obtained by instantaneous value control, especially

under heavy load situations.
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Fig. 3-13. Loop gain scheduling along sinusoidal operation points: (a) loop gain versus transfer
ratio and (b) FFT analysis of the loop gain oscillation.

The reason for this phenomenon is that the proposed converter exhibits internal
inertia, thus cannot be viewed as an ideal amplifier to the modulating signal due to its
time variant features. The same applies when investigating the transfer function Gijyq
for the single-phase ACVD rectifier. Although passive components sizing can
alleviate this problem to some extent, the design degree of freedom will be
constrained and the passive devices will be large. So a software solution is preferred,
which is considered in the next section.

3.5 ACVD-VSC Control Strategies for Inverter and Rectifier Modes

In this section, the controller designs for both the inverter and rectifier modes are
facilitated in state space. Based on the converter decoupling model in the SRF, the PI
controller is sufficient to achieve zero steady state error. The transfer functions can
be investigated by using root locus analysis to determine the proportional gain and

integral rate for the closed loop in each control layer.

3.5.1 Control Design for Standalone Inverter Mode

The ACVD converter operates as a standalone inverter in the voltage control mode,
where the main objective is to establish a stiff AC voltage bus across the load with a
pre-fined frequency. Based on the SRF model in (3.25) where the voltage vector is
aligned with the d-axis, the decoupling control scheme summarized in Fig. 3-14(a) is

developed. The detailed transfer function is derived as follows.
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Fig. 3-14. Control structure in standalone inverter mode: (a) two layers decoupling control and
(b) overview of the control diagram including the second order harmonic eliminating loop.

Rewriting (3.25) into (3.34) for simplification, the terms {xq, xq} and {44, Aq} can be

obtained from the PI controllers in the closed loop system.

i_izd :i Xd _n g
dt{ g | L[ X | L|kg

- (3.34)
i Vaa | _ 1 Ag 1]V
dt | V2q C, ﬂ“q RC, | Vyq
Xa =VaeMy —Voq + 0L, = K; iz —ipg) + Kiij(i;d — iy )dt
Xq :Vdcmq —Vyq _a)LZiZd = Kip (i;q - iZq) + KiiJ.(i;q _izq)dt (3.35)

g =log + OCVq = K\ (Vog =Vyq) + KviJ.(V;d —Vyq)dt
Aq =l =@C Vg = Ky (Vo =Vq) + K,y [ (V3 =V )t
From (3.34), (3.35) and the definition in (3.36), the state space equations for the

direct axis current and voltage loop can be derived as in (3.37).
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Fizd = j (i;d - i2d )dt

) (3.36)
Fv2d :I(szj _Vzd)dt
. CKeth K] Ky,
d } Sl F {} .
I - 2 2 | + I—z b
dt _Fi2d 1 0 FiZd 1 (3 37)
) KoR+1 K, Kip '
d | Vaq | ~ Vag ~ |
— = RC, C, | +| C, [Vyq
dt _szd _1 0 I:v2d 1

In (3.34), since the quadrature axis has the same structure as the direct axis, the

transfer functions can be similarly derived as in (3.38).

G. :iz_d:iZ_q: Ki +sK;,

Py g Ky+s(n+Kp)+sL, .38)
G _Vag _Voq _ Ky +5K,,

YV Vy Ky +S(L/R+K)+5°C,

Consequently, the current controller reference and the modulating signal into the
PWM module can be derived as (3.39), which is in accordance with Fig. 3-14(a).

U;d =74 +Voq —a)inzq

'U*;q =YgtV t+ oLy, (3.39)

g = Ag —@C,V,,

ipq = A, +@CyVyy
The outer loop of the control structure in Fig. 3-14(a) regulates the AC voltage at the
load and sets the reference currents (iog* and i»q*) to the inner current loop. The inner
current loop regulates the load current and prevents converter over-loading, and also
generates the first version of the modulating signals {map, My, Mo}, Which will be
modified to {m,, my, mc} and then {d,, dy, dc} for the modulator to generate the
gating signals for the switching devices.
The ACVD converter has the same structure in the SRF for all frequencies where nw
(where n=+1, £2, £3...) is the rotational rate under balanced conditions. Thus, the
second order distortion problem can be solved by adding an eliminating loop in the -
2w SRF that forces its d-g components to zero as shown in Fig. 3-14(b). The
decoupling control block for the harmonic eliminating loop is the same as that for the

fundamental voltage and current in Fig. 3-14(a). Low pass filters (LPFs) produce the
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d-g components for each frequency. The supplementary loop output that suppresses
the second harmonic is added to the fundamental voltage and current loop that is
responsible for power transfer between the converter AC and DC sides.

3.5.2 Control Design for Rectifier and Grid-connected Inverter Modes

For completeness, the control diagram for the proposed converter in a rectifier/grid-
connected inverter mode is shown in Fig. 3-15(a), where the outer control layers that
generate the reference currents for the inner current controllers are determined by the
operational circumstances and control targets. In the rectifier mode, unity power
factor is of concerned, thus the quadrature current command is set to zero, while the
direct current is decided by the DC voltage controller. In distributed energy resource
(DER) applications where energy management is necessary, the active power (DC
side voltage) and reactive power control layers generate the references for d-axis and
g-axis currents respectively. If the DER interfacing inverter is connected to a local
microgrid, then a voltage support function may be needed, where the point of

common coupling (PCC) AC voltage is controlled in the outer layer [26, 27].
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Fig. 3-15. Control structure in rectifier/grid-connected inverter mode: (a) two layers decoupling
control and (b) overview of the control diagram including the second order elimination loop.

Taking the rectifier mode as an example, the transfer functions for the two-layer
controller can be derived as follows. Rearranging (3.30) into (3.40), where the terms

{74, 9} and » are obtained from the PI controllers in closed loop.

£|:i2d:|:i|:7/dj|_r_2|:i2d:|
dt i2q I-2 7q Lz i2q (3.40)

dvdc _ i Vdc

i c, | RC,
Va = VgcMy _ng + a’inzq = Kilp (i;d _i2d)+ Ki'iJ.(i;d _i2d)dt
j/q = Vdcmq _ng _a)LZiZd = Kilp (Izq - iZq) + KIIJ'(Izq _i2q)dt (341)

i ' * ' *
n= —I:md mq:l'{iw } = Kvp (Vdc _Vdc)+ KviJ.(Vdc _Vdc)dt
2q

From (3.40), (3.41) and the definition in (3.42), the state space equations for the

direct current control loop and DC voltage regulation loop can be derived as in (3.43).

Fioa = I(i;d — iy )t

! (3.42)
dec = I(Vdc _Vdc)dt
~ K.+, K.
ali, 1 |-t Kl 9 (Bl
T = L, L, | L [l
dt _Fi2d 1 0 i2d 1
‘ . (3.43)
Ty KoRi+1 Ky |ry 1 [Ka
dc T S A~ A~ dc *
— = R.C C, | +| C, |V,
dt _decj| _dl ‘ Od |:decj| 1d «

76



In (3.40), since the quadrant axis has the same structure as the direct axis, the transfer

functions can be achieved as in (3.44).

G'2 =i2_d — I2q — : Ki‘i +S|I<i‘p
by g Ki+s(n,+Kp)+s%L, (3.4
Vg K\‘,i + SK\',IO
UV, Ky +S@A/R, +K,,) +5°C,

Since the g-axis reference is zero, the actual quadrature current is small. Based on
this approximation, the direct current reference and the modulating signal into the
PWM module are shown in (3.45), which is in accordance with Fig. 3-15(a).

U;d =74 Vg —a)inzq

Ujy = 7 +Vgq + @Lyigg (3.45)
g =—1
The outer layer with the active power controller, reactive power controller or DER
DC voltage controller situations can be similarly solved by the proposed state space
approach. The overall control scheme, including second order current elimination, is
demonstrated in Fig. 3-15(b).

3.6 Experimental Verification

To substantiate the discussion and analysis in previous sections, a 2.5kVA three-
phase ACVD converter based on Fig. 3-2(a) is experimentally accessed with the
following specifications: 200V DC-link voltage; AC side phase voltage is 170V
(peak value); 10kHz switching frequency (fs); 470uF DC capacitance (Cgy); 2mH
IBBC inductance (L;); 10uF IBBC capacitance (C;); 5mH AC side inductance (Ly);
and 10uF AC side capacitance C,. The maximum AC output phase voltage is 200V.
Compared with the 400V voltage stress for a conventional VSC, the IGBT voltage
stresses in ACVD converter fluctuates around 400V with an AC component equal to
the AC output voltage (this fluctuating voltage reduces the capacitor size). The AC
side capacitor voltage and inductor current are equal to the output voltage and current
respectively. In this demonstration, a Texas Instrument DSP TMS320F28335 is
employed for digital implementation of the modulation and control systems.

Initially, the prototype is operated in an inverter mode to show its ability to cope with

different power factors (unity, leading and lagging).
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Fig. 3-16. Photographs of (a) prototype for the power circuit of the proposed (three-phase) and
its drivers and (b) integrated design of magnetic parts (L, and L,).
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Fig. 3-17. Voltage and current waveforms of the state variables (5ms/div): (a) IBBC inductor
current (5A/div) and IBBC capacitor voltage (20V/div) and (b) voltage across the two windings
in the integrated magnetic component (50V/div).
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Fig. 3-18. Open loop output voltage with second order harmonic distortion: (a) output voltage
waveform (20V/div, 2ms/div) and (b) distribution of the base band harmonics.

The footprint of the prototype is shown in Fig. 3-16(a). To demonstrate the

effectiveness of the integrated design of L; and L, discussed in 3.3, such an inductor,
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shown in Fig. 3-16(b), is tested when the inverter is operated as a single-phase
standalone inverter from a 50V DC-link without second harmonic compensation. The
IBBC voltage and current waveforms are displayed in Fig. 3-17(a), where the results
in Fig. 3-17(b) show that the integrated design L; and L, can function independently
in one core without noticeable interaction. (The fluxes do not interaction, having
been shunted by the low reluctance center limb.) Therefore, the magnetic integration
technique is an effective solution in confined space applications where a compact
hardware design is required. The open loop output voltage and its spectrum in Fig. 3-
18 exhibit a second order harmonic, which is in line with the presented analysis. In
Fig. 3-18(a), the zero-crossing point drifts by 0.4ms and 3.7% second harmonic is
observed in Fig. 3-18(b). This distortion is expected to be aggravated as the power
increases, necessitating a second order harmonic mitigation mechanism within the
converter controller.

To eliminate the second harmonic from the output voltage (thus, the output current),
the control strategy depicted in Fig. 3-14(a) and (b) involving both fundamental
regulation and harmonic elimination, is adopted for three-phase operation of the
ACVD converter.

Fig. 3-19. ADC synchronization for asymmetric ripple compensation.

Fig. 3-19 shows the ADC synchronization scheme employed to compensate the

asymmetric deviation from the average value during positive and negative half cycles.
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r, and r, are the reference values 180%apart, while Sy and S, are the corresponding
state variables. The ADC time ts; causes some drift from the mid-point. Since the
voltage/current slopes in the positive and negative half cycles are asymmetric for the
ACVD converter, some DC bias will appear when the micro-controller samples one
point (multi-times) per switching cycle. That is, the sampling process must strictly
obey the Shannon principle, which demands the sampling speed be at least twice the
switching frequency. So the ADC module is synchronized at double the frequency of
the PWM generator. In this way, the extra samples can compensate the asymmetrical

deviation from the actual value and eliminate the DC bias.
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Fig. 3-20. Output waveforms for standalone inverter mode (2ms/div): (a) line-to-line voltage
(100Vv/div) and (b) line current with 22Q resistive load (5A/div).

Fig. 3-20 shows the line-to-line voltage and three-phase currents during standalone
operation of the proposed converter operating as an inverter. The THD for the
voltage and current waveforms in Fig. 3-20, from FFT analysis up to 13 order
harmonics, are both lower than 1% and meet IEEE and IEC harmonic standards. The
peak line-to-line voltage of 295V is achieved from a 200V DC-link, which is beyond
the DC utilization of 0.866pu for a conventional two-level VSC. This confirms the
extended output voltage range of the proposed converter.

Fig. 3-21(a)-(c) demonstrate the operability of the proposed ACVD converter as an
islanded inverter with resistive, capacitive and inductive loads. These plots establish
that this converter is able to operate under such operating conditions, without any

performance deterioration.
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Fig. 3-21. Phase voltage/current waveforms of the ACVD-VSC under different load conditions

(5ms/div): (a) phase voltage (100V/div) and phase current (L0A/div) with 22Q resistive load; (b)

phase voltage (100V/div) and phase current (5A/div) with 22Q +100uF capacitive load; and (c)
phase voltage (100V/div) and phase current (L0A/div) with 15Q +30mH inductive load.

Fig. 3-22(a) show a snapshot of the load neutral point voltage relative to ground,
which is fixed at the negative DC bus. The CM voltage has no DC component and
has a switching bipolar nature around zero (real ground). This reduces the isolation
requirement on the load connected to the AC side. The energy conversion efficiency
as a standalone inverter with resistive load is compared with a two-level inverter with
the same DC-link voltage, modulation index and power rating. In Fig. 3-22(b), the
ACVD inverter overall efficiency is marginally lower than that of the two-level
inverter. This is because the current stresses are nearly the same for the two

converters in this application.
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Fig. 3-22. CM voltage and efficiency examination for proposed converter: (a) CM voltage
between DC ground and AC neutral (100V/div, 20ps/div) and (b) efficiency performance for
standalone inverter mode.

The feasibility of proposed converter for unity power factor rectifier application is
also assessed using the prototype in Fig. 3-16(a). The AC input phase voltage is
150V (peak), and the DC output voltage is regulated at 200V with load resistance of
47Q. The control system for rectifier operation shown in Fig. 3-15 is used. The DC
output voltage, input phase current, and grid voltage waveforms are displayed in Fig.

3-23, where the input AC current is in phase with the grid voltage.
"\““\“"!"“\““Jr“"!"“\““\“"!"“
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BiWde 100, ¥, dms; o0 T b b b b

Fig. 3-23. Grid voltage (100V/div), phase current (5A/div) and DC output voltage (100V/div) for
ACVD rectifier with 47Q load (5ms/div).

Based on the inverter and rectifier operation results demonstrated in this section, the
bidirectional operational capability of the proposed ACVD converter is confirmed.

It is concluded that the ACVD converter qualifies as a four-quadrant VSC with an
extended AC voltage output range, high power density (twice the output voltage of
the two-level converter with the same DC-link voltage), and high conversion
efficiency. Additionally, the CM voltage has no DC component. Although higher
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current stress is generated by the IBBC, the output power can be twice that of the
two-level converter since the AC output voltage can be doubled. This means there is
no appreciable degradation on efficiency performance with the ACVD-VSC.

3.7 Summary

In this chapter, a three-phase voltage source converter with doubled AC side voltage
and suppressed DC common mode voltage was proposed. Due to the introduced
IBBC, the DC-link utilization is extended to 1pu for the phase voltage (twice that of
the two-level converter). Thus, the DC-link capacitor and interfacing transformer
sizes are reduced. Due to the inherent ground of the negative terminal of DC-link, no
CM voltage DC component is seen on the AC side neutral. Since the IBBC
synthesizes the negative half of the output voltage, second order harmonics are
introduced into the AC side voltage and current when operated in open loop. The d-q
SRF models of the proposed converter in islanding or grid connected modes were
presented, which are used to design the necessary control loops for fundamental
power transfer and elimination of the second order harmonic distortion. This chapter
also considered the voltage/current stresses on the semiconductor switches.
Experimental results substantiated the claimed attributes of the ACVD-VSC,

including its four-quadrant operational capability.
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CHAPTER 4

ACVD-VSC Based High Power Density FACTS Devices with
Extended Control Range

This chapter proposes a new family of flexible AC transmission system (FACTS)
devices based on the AC side voltage doubled voltage source converter (ACVD-VSC)
in Chapter 3, which has twice the DC-link utilization of a two-level VSC, hence
improved power density per unit DC-link voltage. This means its DC voltage limit
for reactive power generation is higher than that for the conventional static
synchronous compensator (STATCOM) and static synchronous series compensator
(SSSC). Therefore, extended control ranges result for all members in the proposed
family of FACTS devices. Also the ACVD converter has zero DC common mode
voltage between the AC side neutral point and the DC-link negative terminal,
reducing the insulation level for the interfacing transformer when the negative DC
bus is grounded. The basic ACVD-VSC operation principles are reviewed. Then, it is
used in FACTS devices to perform voltage or power flow control as shunt or series
compensators. The STATCOM and SSSC using the ACVD-VSC are analyzed and
tested under different control modes including transients. Simulation results are

presented to verify the feasibility of the proposed schemes.
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4.1 Background

The rising interest in developing smart grids encourages the decentralization of
traditional power systems; thus, making the grid structure more flexible, reliable but
increasingly complex. Consequently, the networking of distributed generation and
regional power transmission require fast and reliable power flow controllers to
achieve flexible power management targets [1-8].

The voltage source converter (VSC) based flexible AC transmission system (FACTS)
uses self-commutated devices to realize various functions such as voltage magnitude
regulation, reactive power compensation, and power flow control [9, 10].

The static synchronous compensator (STATCOM) and the static synchronous series
compensator (SSSC) are two FACTS devices used to achieve these targets by shunt
and series compensation respectively. Based on these devices, a group of multi-bus
FACTS devices such as the unified power flow controller (UPFC), interline power
flow controller (IPFC), and generalized unified power flow controller (GUPFC) can
be created by sharing a common DC-link capacitor [11, 12]. This chapter mainly
focuses on the STATCOM and SSSC.

Basically the STATCOM reactive power absorption limit is defined by the current
limit of the power devices, while its reactive power generation limit is constraint by
the available DC link voltage to synthesize the maximum ac side voltage behind the
phase interfacing reactor or transformer. The low DC voltage utilization of all half-
bridge (two series devices across a DC link) based topologies, such as the two-level
VSC, constrains their ability to generate the necessary AC voltage necessary to inject
sufficient reactive power to the grid without raising the DC-link voltage.
Consequently, the STATCOM reactive power rating tends to be asymmetrical [13].
An SSSC injects a series voltage that is seen as a variable reactor by the power line
to regulate the active power flow in a given branch. Its control range is determined
by the maximum AC voltage inserted in series with the transmission line [14].
Consequently, the control range of conventional VSC based FACTS devices is
largely constraint by the DC link utilization. The use of space vector modulation
(SVM) improves the DC utilization by about 15%, offering a limited extension of the
power control range [15]. This limit is imposed by the hardware constraint that the
instantaneous value of AC side voltage cannot extend beyond half the DC-link

voltage. In Chapter 3, the AC side voltage doubled (ACVD) converter topology is
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presented to circumvent this hardware constraint and has twice the DC utilization of
a two-level converter.

This chapter assesses the suitability of the ACVD-VSC in two representative FACTS
devices, namely, the STATCOM and SSSC. By analyzing their performance, it will
be shown that the ACVD-VSC based STATCOM is able to synthesize higher AC
voltage from a given DC-link voltage, surpassing the DC voltage limit and
approaches the current limit for reactive power generation, in contrast to the
conventional two-level VSC counterpart. Thus, the STATCOM with a symmetrically
extended reactive power control range can be achieved with the ACVD-VSC. The
ACVD-SSSC offers a larger control range than its equivalent two-level-SSSC due to
its ability to insert higher series voltage into the tie line for a given DC voltage. Also,
in all ACVD solutions, the negative DC bus can be grounded without introducing
any DC voltage stress to the transformer neutral (the internal LC cell acts as a

temporary source to generate negative voltage relative to the negative DC bus).

4.2 ACVD-VSC with Doubled DC Utilization and AC Side Common Mode
Voltage Suppression

The schematic of the ACVD-VSC is shown in Fig. 4-1(a), and its operational

principle will be discussed. The detailed ACVD-VSC converter level analysis can be

found in Chapter 3.

@
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Fig. 4-1. Comparison between the ACVD-VSC and the conventional two-level VSC: (a) ACVD-
VSC topology; (b) two-level VSC; and (c) voltage transfer ratio versus duty cycle.

Compared with the conventional two-level VSC in Fig. 4-1(b), an LC cell is inserted
into each phase of the ACVD converter to achieve an advanced voltage transfer
characteristic. Taking phase ‘a’ for example, ACVD-VSC operation can be described
in two modes as follows [16]:

Mode 1: when S,1 is on and S, is off, output voltage is generated at pole ‘A’ relative
to ground. This mode creates a zero voltage loop that comprises inductor L, and
capacitor Cys for charging the capacitor with reversed polarity relative to Vc.

Mode 2: when S;; is on and S;; is off, C,s is employed as a virtual voltage source to
generate the negative voltage at the output. This mode creates another loop to
energise the inner inductor L,s; and this stored energy can be subsequently
transferred to the capacitor, as per mode 1.

Assuming d is the duty cycle of an upper switch in both VSCs (two-level and ACVD
VSCs with upper and lower switches in each phase operating complementarily), Vi,
is the peak value of the AC side phase voltage and V. is the DC-link voltage, the
voltage transfer ratio m can be defined by (4.1). For the two-level VSC, m=d; while
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m=2-1/d for the ACVD-VSC. The relations between m and d for the two VSCs are
displayed in Fig. 4-1(c). The ACVD-VSC has an output voltage range V4, and the
average voltage at the AC side neutral point of the ACVD-VSC is equal to the real
ground (zero) of the DC-link; while the two-level converter output voltage ranges
from 0 to Vy4, and AC neutral point voltage is %2V4.. Consequently, in the two-level
VSC, the DC-link is usually split into two with the mid-point grounded to suppress

the DC common mode voltage.
m=V_ [V, (4.1)

In summary, the proposed ACVD-VSC has double the output voltage range of the
conventional two-level VSC, and its AC side neutral point has zero DC common
mode voltage relative to the negative terminal of the DC-link, which, practically, can
decrease the insulation level of any associated transformer compared with the two-
level VSC when the negative DC bus is grounded.

As a four-quadrant operational converter, when the ACVD-VSC acts as a FACTS
device, several advantages are expected:

e STATCOM: Due to the improved power density of the ACVD-VSC, the
shunt current (voltage, reactive power) control range is extended for the same
DC-link voltage as the conventional solution.

e SSSC: The series voltage control range for a given DC-link voltage is
increased for the proposed converter. Conversely, for the same control range,
the required DC-link voltage is virtually halved.

e UPFC: If taking a UPFC as comprising a STATCOM and a SSSC, both the
previous attributes are inherited.

Analysis of the ACVD-VSC in FACTS applications is addressed in following

sections.

4.3 Performance Analysis and Control Design for FACTS Applications

This section presents discussion of two ACVD-VSC based FACTS devices,
specifically the STATCOM and the SSSC.

4.3.1 STATCOM Performance and Control Design

Fig. 4-2 shows the system diagram of the ACVD-VSC configured as a STATCOM,
where By is the slack sending bus, and B; is the PQ (load) bus. The STATCOM being
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studied is connected to the point of common coupling (PCC) through its phase
interfacing reactor Xs, and a shunt interfacing transformer T, with a turns ratio N.

If the PCC voltage vq is used as the input to a phase-locked-loop (PLL) and aligned
with the d-axis, no active power is exchanged between the grid and the STATCOM
DC side capacitor, except for negligible internal losses. Neglecting the transformer
and phase interfacing resistance and assume the transformer leakage reactance are
combined with the phase interfacing reactors X, the converter voltage Veqq, shunt

current igq, and injected power Psp+jQs, are (4.2) and (4.3).

V., =V / v (v, =V !/
= e Vod /'N Q- od (Veg —Vaa /' N) (4.3)
Xsh N Xsh

The STATCOM generates capacitive reactive power to the grid when vy is larger
than vga/N. Assuming a fixed DC side voltage V¢c and m is the modulation index, the
output voltage of the ACVD-VSC is mVy. compared to ¥2mVy for a two-level VSC
in SPWM mode. Therefore, for grid connection, a shunt transformer with turns-ratio
of 2N is needed for a two-level converter.

If an active source or energy storage device is connected to the DC-link capacitor,
the STATCOM is able to exchange active power with the grid, and the bidirectional
d-axis current and active power flow in the shunt branch is determined by (4.4).
Practically, the power control range of an active sourced STATCOM is constrained
by the current limit of the power switches (the under excitation region) and the
maximum synthesized voltage on the converter side for reactive power generation
(the over excitation region).

Vv V.4V

. cq gd “cq
ig=——, Py= (4.4)
Xsh N Xsh
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Fig. 4-3. Power control range comparison between ACVD-VSC and two-level VSC STATCOMs.

To compare the power control range of the two versions of STATCOM (ACVD-
VSC and two-level VSC based), the same DC-link voltage and the same current
rated power switches (IGBT or IGCT) are assumed. Since the AC side maximum
voltage is doubled with the ACVD-VSC, considering the power switch capacity, the
rated output current should be reduced in the ACVD-VSC; and according to Chapter
3, its maximum output current is %5 to 'z of that in the two-level VSC, depending on
the power factor (%2 for zero power factor and Y5 for unity power factor). As stated,
due to the doubled AC side voltage range, the shunt transformer Tg, has half the
turns-ratio of the conventional two-level VSC solution. From (4.3) and (4.4), the
maximum shunt current of ACVD-VSC based STATCOM injected to the grid is %
to 1. Therefore, the control range of the two STATCOM versions is clarified by Fig.
4-3, where the arc of the circle and ellipse are the power switch current limit of the
two-level and ACVD solutions respectively. However, in the right half plane where
STATCOM capacitive reactive power is generated, the voltage amplitude is the main
limitation for the conventional two-level VSC, because its AC side voltage is
constraint to %2V, such that at maximum reactive power generation the current limit
is not reached. But for the ACVD scheme, the converter terminal ac voltage is
doubled. From (4.3), the reactive power generation range of the ACVD STATCOM
is significantly extended and has a higher possibility to reach the pre-defined power
device current limit ellipse that leads to a symmetrical control range.

The STATCOM is mainly employed as a reactive power control device (without an

active DC side source). From Fig. 4-3, the increased horizontal length for the ACVD
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solution shows its extension of the reactive power control range. This advantage is
because the ACVD converter uses higher voltage and lower current (compared to
two-level VSC) to transfer a given power.

Fig. 4-3 is drawn for the same DC-link voltage and the same current rated power
devices. Another perspective is, since the proposed converter has an improved power
density, at most four times power can be generated from the same DC-link voltage to
the same load condition, compared with two-level VSC, provided higher capacity
power devices are used.

The control diagram of the proposed STATCOM scheme is summarized in Fig. 4-4,
where the PCC voltage Vgan is the PLL input to produce the reference angle 8 and ianc
is the shunt current. In the dq frame, the outer layer DC voltage controller and
reactive power (PCC voltage amplitude) controller are used to generate the direct and
quadrature current references respectively. The inner layer current controllers
generate the dg commands of the converter output voltage. Also, in this layer, a
proportional-resonant (PR) controller is used to eliminate the 2" order component
generated by each LC cell.

Vgabe Vedyq Vabe
l > :_dqol T \_' m
[abe d
g I [ PWMsignal
. | Lod |
labe ! dqo0 PWM

Fig. 4-4. ACVD-VSC based STATCOM control diagram.

a) Inner Layer Fundamental Current Controller
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The ACVD-VSC voltage transfer ratio is defined as m=2-1/d, and d is the duty cycle
of the upper switches. Then, the differential equations describing the ac side
performance are show in (4.5) and (4.6), where ki, and k;; are the current controller

proportional and integral (P1) parameters.

d id _1 Vd r id
il &

{yd =V, =V, + oLy = ki (5 —ig) + k; [ (5 =iy et

(4.6)
Vo =VeeM, —Vgq —@Liy =k, (i; —ig) +k, [ (i i, )t

o

To facilitate control design in state space, the Pl controller integral terms are defined
in (4.7). Substituting (4.6) and (4.7) into (4.5), the same full state space equations for
direct and quadrature axes are achieved, in (4.8). With Laplace manipulation, the dq
current loop transfer functions are also identical and are clarified by (4.9), which is
employed to tune the control parameters. From Fig. 4-4 and (4.6), the voltage
command Vqq* for the ACVD-VSC can be obtained from the Pl output and feed-

forward terms, expressed in (4.10).

Fo = [ (5 =i )dt

o 4.7)
Fy = [ Gi; =i, )dt
—_ - . + d
dt_ id _| i _1 O_ _Fid 1 48
e T o K, (48)
dlq__PL f Iq}fi*
dt] % | 1 o)t
G_:iizii: ki +ski, (4.9)
by iy kg +s(r+kg)+s’L
{v:d =74 +Vy — oL, @.10)
Vg = ¥ T Vg + 0L

b) Inner Layer 2nd Order Current Eliminating Controller
In Chapter 3, it was shown that the ACVD converter inner cell introduces 2" order

harmonic distortion into the AC side, which can be eliminated by adding a parallel
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decoupling control loop with the same structure as the fundamental loop but counter-
rotating at twice the fundamental angular frequency.

In this chapter, a PR controller is employed in the inner layer to suppress the 2™
order harmonic current. Compared with the method in Chapter 3, a PR controller can
simplify the overall control design and enhance the dynamic performance since it
does not require large bandwidth, phase and gain margins, as with the proportional-
integral method, to ensure stability [17, 18] .

The modified PR controller in (4.11) is adopted, where ky, is the proportional
coefficient, ko, is the resonant gain, w, is the angular frequency of the 2" order
harmonic (the quantity to be controlled), and wg is the band-pass window width used
to avoid potential system instability caused by frequency quantization drifting and
round-off error.

K,, @5S

" +2w,5+$°

T, =k,, (4.11)

c) Outer Layer DC Voltage Maintaining Controller

Assume P, is the internal losses that may cause a DC voltage drop. Since the
converter voltage has a small phase shift relative to the PCC voltage, v¢=~0 and mg=0
(the modulation index quadrature component). Thus the state space equations
describing the dc side are as in (4.12). The active power (internal losses) P, through
an isolated STATCOM is small; therefore v4 and mg can be considered constant.
From the third equation of (4.12),  can be generated by the outer layer DC voltage
controller as in (4.13) where the integral term is denoted as Fq4.. Then, the state space
equations of the DC voltage closed loop is expressed in (4.14), and by Laplace
manipulation, the DC voltage transfer function is (4.15). (4.16) produces the direct

current reference.

B P _1

&G c

P, =V, +chiq RV 4ly (4.12)

n=-m, mq]-{:d}z—mdi

q

n= kdcp (V;c - Vdc) + kdci I(V;c - Vdc)dt

) (4.13)
Fio = [ (Vi — Vi)t
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d Vie _kdﬂ & Vi deP *
dt ch 0 ch 1
K, +SK
Gvdc — V_(ic — dci dcp2 (415)
Vie  Kig +SKgep +8°Cy
iy = Tp (Vi —Vee) K [ (Ve Vi )dlt] (4.16)

d) Outer Layer AC Voltage/Reactive Power Controller

From (4.3) and Fig. 4-4, the quadrature current reference is set by the outer layer
PCC voltage amplitude controller or the reactive power controller as shown in (4.17).
The gains for these controllers are determined using a trial-and-error searching

method to realize the optimal time domain performance for the overall system.
= kacp( - ‘Vpcc ) + kaci J‘ (‘V;cc - ‘Vpcc )dt

=k (Q -Q)+kg [ (Q - Q)at

4.3.2 SSSC Performance and Control Design

Fig. 4-5 shows the ACVD-VSC configured as a SSSC, where the reference bus By
exchanges power flow of P+jQ where B3, X;; and X, are the line impedances, and Tse

*
v pcc

Q %

_ (4.17)
or 1

Q o+

is the series transformer with a turns-ratio N:1.

The grid current i, is the PLL reference, and no active power is exchanged between
the SSSC and the grid if internal losses are neglected. Also, the line impedances are
assumed to be purely inductive. Therefore, the injected voltage v, is perpendicular to
the line current. voqq and viqq are the bus voltages and the SSSC voltage Vseq o €quals

1/N the converter output voltage Vcqq. Then (4.18) and (4.19) are obtained.

Vsed,q X Vidg
B,

ACVD-VSC
Fig. 4-5. Diagram of the ACVD-VSC configured as an SSSC.

Veed = 0i 11 =0,Vpyq =V =Vq (4.18)
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i|d _VOq _qu _Vseq ’ P_ng (VOq _qu _Vseq) (419)
X|1+X|2 X|1+X|2

Equation (4.19) indicates that vsq is the only control variable that can be manipulated
to regulate the power flow in the line being considered. Thus, the active power
control range is determined by the variation range of vsq. Different to a shunt
connection, there is no voltage adaption requirement for series compensation; so the
fixed DC-link voltage and the same series transformer are assumed to compare the

power flow control range of the ACVD and two-level SSSC versions.

q-axis

d-axis

Fig. 4-6. Phasor diagram of an SSSC based on the ACVD-VSC.

The SSSC phasor diagram is shown by Fig. 4-6, where X; is the total line reactance at
the power frequency and I, is the line current before compensation. The net voltage
vector across the line is vo-v1 before SSSC injection; and by the series voltage v,
the excitation voltage is controllable to either vy’ or vo ', which means the net voltage
vector in the g-axis can be increased or decreased to regulate active power flow.

If the DC-link voltage is Vqc, the voltage control range in Fig. 4-6 is doubled by using
an ACVD-VSC, compared to a conventional two-level converter. From (4.19), the
incremental active power flow is given by (4.20), and is linearly dependent on the
series injected voltage amplitude. This means the power flow control range is

doubled by using the proposed SSSC scheme. Thus reactive power exchange
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between the VSC and the grid is also doubled according to (4.21), at the expense of

using twice current rated power switches.

Vad " Vseq

AP=—— 4.20
2 (420

Qssse :ild "Veeq (4.21)

Fig. 4-7 is the control scheme of ACVD-SSSC, where the line current i is the PLL
input to get the reference angle 6 and v anc represents the injected voltage. In the dg
frame, an outer layer DC voltage controller and power flow controller are used to
generate the direct and quadrature series voltage references respectively. The inner
layer controllers set the dg commands of the converter output voltage. Also, in this
layer, the PR controller in (4.11) eliminates the 2" order component caused by the
LC cells.

Since the grid line current i, is the PLL reference, and SSSC active power exchange
with the grid (internal losses) is small, i;;=0 and vy is assumed constant. Then, the
state space equations for dc side performance is given by (4.22). p can be obtained by
the outer layer DC voltage controller as described in (4.23), denoting the integral
term as Wy to facilitate the state space derivation. Similar to (4.14) and (4.15), the
DC voltage transfer function for the SSSC mode is as in (4.24), and the injected

direct and quadrature voltage references are given by (4.25) and (4.26) respectively.

l dq0

PLL a | l PWM signal

3 Vsedq
Vse.abe I dq0 PWM
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P 1

a

dt v,.C, :ap
Pa :Vsedild +Vseqilq :Vsedild (422)
iId
=4V
P Vdc sed

pP= mdcp (V;c - Vdc) + My _[ (V;c - Vdc)dt

) (4.23)
Wdc = I(Vdc _Vdc)dt
. m,. +Sm
T e = V% — dci dcp2 (424)
Voe My +SMy, +5°Cy
V:ed = mdcp (V;c _Vdc) + mdci .[ (V;c _Vdc)dt (425)
Vg =—[Me, (P = P)+m,, [ (P" ~ P)dt] (4.26)

In summary, the improved power density of the ACVD-VSC allows more power
from a given DC-link, compared with a two-level VSC. Generally, ACVD based
STATCOM, SSSC and UPFC can all double (pure reactive power) or quadruple
(both active and reactive power) the control range, with higher capacity power
switches. For the case of the ACVD-STATCOM, from Fig. 4-3, even when the same
current rated power devices are used as a conventional converter (reactive power
absorption ability is also the same), its capacitive reactive power generation ability is
significantly improved due to better DC voltage utilization.

4.4  Performance Assessment and Extended Control Range Verification
Simulation results for the ACVD-VSC based STATCOM and SSSC can verify the
effectiveness of the proposed ACVD-VSC and its control strategies in FACTS
applications.

Table 4-1. ACVD converter specification for simulation

ACVD-VSC

Apparent power rating Scon 40MVA
DC link voltage Vg, 40kV
DC link capacitor Cq 2200uF
Shunt or filtering inductor Lg/Ls | 12mH
Filtering capacitor C; 80uF
Internal cell capacitor Cs 8uF
Internal cell inductor L 8mH
Converter switching frequency | 2.5kHz
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Table 4-2. Converter transformer parameters
Shunt transformer

Power capacity 40MVA
Voltage ratio 110kV/34.64kV
Per unit impedance (0.0005+j0.08)
Series transformer

Power capacity 40MVA
Voltage ratio 20kV/3.9kV
Per unit impedance (0.0002+j0.05)

Table 4-3. AC transmission system parameters
Grid parameters for shunt/series compensation

Power rating 367TMVA
Nominal line voltage 110kV(RMS)
Line impedance (0.466+j9.322)

The ACVD-VSC specification is listed in Table 4-1, while the parameters for the
shunt/series interfacing transformer and the AC power grid are shown in Table 4-2
and Table 4-3 respectively.

441 STATCOM Simulation Results

This section presents simulation waveforms when the ACVD-STATCOM injects
variable reactive power into the grid, when:

t: 0~3s, Qsn = -40MVAr, STATCOM absorbs Q;

t: 3~6s, Qs = 0, no Q exchange in the shunt branch;
t: 6~9s, Qs = 12MVAr, STATCOM generates Q;
t: 9~12s, Q¢ = 36MVAr, STATCOM generates Q.

The simulation results when the STATCOM reactive power command varies
according to these conditions are displayed in Fig. 4-8. Fig. 4-8(a) shows that the
STATCOM reactive power output tracks the reference and almost zero active power
is exchanged with the grid. The voltage amplitude at the PCC varies with
STATCOM reactive power injection into the grid, and correspondingly, also the
shunt current; see Fig. 4-8(b) and (c). Fig. 4-8(d) and (e) present the expanded
waveforms of the PCC voltage and shunt current. DC-link voltage and internal cell
capacitor voltage waveforms are shown in Fig. 4-8(f) and (g).

In this simulation, zero reactive power exchange between the STATCOM and the
grid is achieved at 0.7 modulation index (modulation index is defined based on the
full dc link voltage). Also, the STATCOM maximum reactive current limit is set to

H KA (equivalent to #315A referred to the grid side), which is implemented as
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saturation at the output of the reactive power controller that defines the reference
shunt current within the control block.

To verify the extended reactive power control range of the proposed STATCOM
shown in Fig. 4-3, the results in Fig. 4-8(a) and (c) are re-examined. The preset
control range of -40MVAr to 36MVAr is reached before modulation index saturation.
As a comparison, in the conventional two-level VSC case, the zero power injection
point should be equivalently kept at a modulation index of 0.7. Since modulation
index is defined based on ¥ dc-link voltage for two-level VSC, as in Fig. 4-1(c), its
converter side ac voltage becomes half that of the ACVD converter. This means the
shunt transformer voltage ratio of the two-level STATCOM has to be double the
value specified in Table 4-2 to adapt the grid voltage. Fig. 4-9 summarizes the
reactive power control range for the two-level STATCOM superimposed on that of
the ACVD-STATCOM. The two-level solution exhausts its full modulation linear
range (reaching its reactive power generation limit) before the ACVD-VSC based
STATCOM, and the injected shunt reactive power range of the proposed ACVD-
STATCOM is much wider and nearly symmetrical compared to the two-level case,
see Fig. 4-9(a) and (b). These results are achieved with the equivalent parameters for
the two VSCs, so that the zero power injection points of both STATCOMSs occur at
70% of their linear modulation range. The ACVD converter has a wider voltage
variation range around its zero power point than the two-level converter due to its
doubled DC link utilization. Therefore, the extended reactive power envelope of the
ACVD-STATCOM in the over-excitation region where it generates capacitive

reactive power to the grid, is verified as indicated in Fig. 4-3.
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Fig. 4-8. ACVD-STATCOM simulations: (a) power exchange between the STATCOM and the
grid; (b) PCC voltage amplitude; (c) shunt current step changes; (d) expanded PCC voltage; (e)
expanded shunt current; (f) DC-link voltage; and (g) internal cell capacitor voltage.
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Fig. 4-9. Verification of the control range extension of the ACVD-STATCOM: (a) reactive
power generation comparison and (b) modulation index.

4.4.2 SSSC Simulation Results
Fig. 4-10 presents simulation results when the ACVD-SSSC varies the per phase
power flow command as follows.

»  t:0~3s, P"=265MW, SSSC decreases net voltage;

= t:35~65, P" = 340MW, SSSC gives zero voltage;

»  t:65~9s, P" = 375MW, SSSC increases net voltage;

= t:95~12s, P" = 415MW, SSSC increases net voltage.
In Fig. 4-10(a) and (b), the grid active power flow control and the reactive power
exchange between the SSSC and the grid are displayed, respectively. The transient
processes of the series injected voltage are given in Fig. 4-10(c). From Fig. 4-10(d),
the injected voltage is perpendicular to the line current as discussed; with nearly zero
active power exchange with the grid (the small active power drawn from the grid is

to maintain the SSSC dc link voltage and feed losses).
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Fig. 4-10. ACVD-SSSC simulation: (a) power flow changes in the grid; (b) power exchanges
between the SSSC and the grid; (c) series injected voltage step changes; and (d) expanded line
current and injected voltage.

The interfacing transformer is the same for the comparison between two-level and
ACVD converter SSSCs. In order to make a valid comparison, the modulation ranges
for the two converters are both set to 270% of their full range. Fig. 4-11 summarizes
the comparison results of active power flow control range and reactive power
exchange for the two cases. Within the same linear modulation range, the ACVD-
SSSC is able to realize an extended power flow control range compared to

convention solution, as described in 4.3.
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Fig. 4-11. Verification of the control range extension of the ACVD-SSSC: (a) active power flow
control range comparison and (b) reactive power exchange.

45 Summary
This chapter presented new FACTS device topologies that use an AC side voltage
doubled (ACVD) converter with higher power density than existing topologies. It has
been shown that the proposed FACT devices are able to operate as shunt and series
compensators, typically as STATCOM and SSSC, and offer the following
advantages:
= STATCOM DC voltage limit for reactive power generation is increased,
extending (nearly symmetrically) the reactive power compensation range
without recourse to increasing the dc link voltage, as needed with half-
bridge solutions.
= The control range, when the SSSC injects voltage to regulate the power
flow, is increased, benefiting from the doubled DC utilization in the ACVD
converter.
= The power density is significantly improved with the ACVD converter,
which means more power from a given DC link voltage.
= ACVD FACTS devices do not expose their interfacing transformers to DC
stress even if the negative terminal of DC link is grounded.
Based on the discussions in this chapter, it can be deduced that the back to back
configuration of ACVD-VSCs can act as a UPFC, with all the ACVD advantages

inherent.
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CHAPTER 5

Literature Review for Multilevel Converter Topologies

To reduce the voltage stress on power switching devices, limit the EMI caused by
high dv/dt, and minimize the harmonic distortion of the two-level VSC, the
multilevel converter is introduced. This chapter reviews the evolution of multilevel
converter topologies by investigation of conventional clamping technique based
solutions, cascaded full-bridge converter, and the modular multilevel converter
(MMC). The unique features of these state-of-art candidates are discussed and

compared.
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5.1 Background

Multilevel converters are widely accepted for their attractive features such as lower
device voltage stress, reduced dv/dt, and low output voltage THD. One of the
important groups of multilevel topologies is based on the clamping technique, such
as the diode clamped multilevel converter (DCMC) and the flying capacitor
multilevel converter [1].

The three-level DCMC, also called the neutral point clamped (NPC) converter, was
proposed by Nabae et al. in 1980 [2] and later extended to general multilevel cases in
1983 [3]. Then, the flying capacitor multilevel converter was introduced [4]. Derived
from these two original prototypes, many new topologies developed, such as the
active neutral point clamped (ANPC) converter, hybrid clamped multilevel converter
(HCMC), and multilevel clamped multilevel converter (MLC2) [5-7].

However, these topologies suffer from a rapid increase in complexity of power
circuit (device installation) and modulation when the voltage level number is high.
Also the power switching device losses of these topologies are not evenly distributed
between the switches in each arm, which challenges losses analysis and thermal
design. Alternatively, motivated by pursuing modularity, the cascaded full-bridge
converter was put forward, which offers straightforwardness and simplicity for the
topology derivation and control design under high voltage level conditions. However,
it requires separate DC source such as photovoltaic (PV) panels or batteries for each
module, which is not desirable when a common DC-link is necessary or multiple DC
sources are unavailable [8, 9].

Using a common DC-link, the modular multilevel converter (MMC) with half-bridge
(HB) cells was proposed and has several advantages including reduced power switch
losses, modularity for voltage level number extension, minimized voltage harmonics,
cell capacitor voltage balancing ability, and system redundancy [10].

Motivated by HVDC application demand, DC fault reverse-blocking capability that
can avoid the use of DC circuit breakers became of interest. As a result, the full-
bridge (FB) cell MMC was developed to offer ride-through ability during DC-link
voltage collapse but with twice the power switches and doubled the conduction
losses. The mixed cell MMC contains both HB and FB cells in its arm; thus, it is able
to block any AC side inrush current but with compromised power switch losses. The

FB cells can also generate voltage with reversed polarity to the DC-link to boost the
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AC side voltage and supply power to the grid when the DC voltage drops, but at the
expense of challenging the cell capacitor voltage balancing implementation and
increase the voltage stress on the power switches [11-14].

To reduce the footprint and cost of the conventional HB and FB MMCs, new
topologies, termed hybrid multilevel converters (HMC), has been proposed. For
example, the alternate arm multilevel converter (AAMC) and the AC side FB cell
cascaded multilevel converter, etc. [15]. Since the arm current in these HMCs may
be discontinuous due to the use of two-level chopped switches, voltage balancing

implementation becomes critical.

5.2 Diode Clamped Multilevel Converter

The single-phase three-level DCMC topology is displayed in Fig. 5-1, where D.; and
D¢, are clamping diodes utilized for zero-voltage-level synthesis relative to the DC
capacitor mid-point. The four self-commutated switching devices (S1, Sz, S3 and S4)
with freewheel diodes sustain half the DC-link voltage stress. During zero output
voltage status, the positive and negative half DC-link capacitors are charged or
discharged by the load current flowing through the relevant clamping diode and main
switching device into or out of the neutral point.

The output voltage va, has three voltage levels {+%Vy., 0, -¥2V4}. The rail-to-rail
HV . states are realized when the two switches in either the upper or lower arm are
synchronously turned on; while the zero-state is achieved if the gate signals for S,
and Ss are triggered and the clamping diodes D.; and D, are activated to exchange
current between the DC-link mid-point and the AC side. These switch combinations
for single-phase three-level DCMC are summarized in Table 5-1.

In the general N-level case, for each phase of the diode clamped converter, (N-1)
capacitors are required to divide the voltage levels by their series connection across
the common DC-link; and the total number of power semiconductor devices is 2>{N-

1) self-commutated power switches plus (N-1)>(N-2) clamping diodes.
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_‘
Fig. 5-1. Single-phase three-level DCMC topology.

Table 5-1. Operational states of single-phase three-level DCMC.

Output
Sl Sz 83 S4
voltage Vao
on on off off ¥ Ve
off on on off 0
off off on on AV

The DC-link mid-point voltage can be distorted by the charging and discharging
processes during a zero-voltage-state if the mid-point current integration is not zero
during every fundamental period. Although, theoretically, this integration should be
zero in a three-level DCMC, the non-ideal hardware and controller parameters cause
deviation; also in five or more level situations, the net current throughput of the mid-
point is not equal, which causes operation malfunction and the topology degenerates
to a three-level converter. Therefore, mid-point voltage balancing in a DCMC is
challenging [16].

This can be solved by using independent DC sources or voltage balancing resistors at
the expenses of increased total cost or losses. Alternatively, voltage balancing
algorithms for DCMC are required to maintain normal operation. Due to
unidirectional clamping of the diodes, the redundancy of the single-phase DCMC
topology is limited and voltage balance is achieved by adjusting the dead-time in
[16]; while in a three-phase system, the implementation of capacitor voltage
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balancing can be realized by the rearrangement of the redundant vectors in SVM and
the zero-sequence component injection method [17-23].

Taking the three-level DCMC in Fig. 5-1 as an example, although the anode (cathode)
of the upper (lower) clamping diode D¢; (D) is solidly connected to the DC-link
mid-point; the other terminals of the diodes are floating between the series-connected
power switches. Because of the unidirectional conductivity of the diodes, the stray
inductance voltage drop cannot be released after commutation and this may cause
further unbalance voltage stresses between the loosely clamped power switches. In
order to overcome this practical problem, an auxiliary balancing resistor across the
two clamping diodes is installed but introduces additional cost and losses [24]. To
solve the uneven distribution of switching losses between the power devices in the
NPC converter, the ANPC topology using active switches for clamping was
developed [25].

The rapidly increasing device number and control complexity is the main DCMC
topology constraint when applied in more than a five-level case. The complicated
hardware installation makes water cooling system unreliable, thus limiting its
maximum power capacity beyond 10MVA. The large number of devices and the
severe DC capacitor voltage imbalance problem necessitate the use of external
circuitry and time-consuming on-line algorithms to ensure normal operation, which

devalue its practical viability.

5.3 Flying capacitor multilevel converter

The flying capacitor topology is another basic multilevel converter. Different from
the DCMC, the flying capacitor multilevel converter employs capacitors with
floating connection to clamp the output voltage to different levels. In a general N-
level flying capacitor multilevel converter, (N-1) DC-link capacitors and %2(N-1)(N-2)
flying capacitors in total are required for each phase. The nominal voltage stress on
each power switch is equal to V4/(N-1). As an example, the single phase three-level
flying capacitor multilevel converter is shown in Fig. 5-2, and all the switching
combinations and possible output voltage levels are outlined by Table 5-2.

Similar to the DCMC topology, the flying capacitor multilevel converter is not
appropriate for high voltage level applications due to reduced reliability and

increased cost. Also, the modulation complexity and severe capacitor voltage
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imbalance also limit its application is medium and high voltage power conversion
[26].

—@ L

Fig. 5-2. Single-phase three-level flying capacitor multilevel converter.

Table 5-2. Output states of single-phase three-level flying capacitor multilevel converter

Output
Sl Sz 83 S4
voltage Vao
on on off off ¥V
on off on off 0
off on off on 0
off off on on AT

5.4 Other Multilevel Converter Clamping Techniques

Capacitor balancing regimes for diode and flying capacitor clamped converters are
limited by power factor and other non-ideal factors due to the lack of converter
redundancy. In an attempt to incorporate extra degrees of freedom for capacitor
voltage balancing by using more clamping devices, the hybrid clamped multilevel
converter in [7, 27, 28] was developed, where diodes, active switches and capacitors
are utilized to insure the full range of voltage balance. However, these schemes all
require a large number of devices and are not cost-effective.

The multilevel-Clamped multilevel converter (MLC2) was proposed in [6, 29],

where the multilevel clamp concept is introduced to increase the voltage level
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number and improve the modularity. The MLC2 power losses are analysed in [30]
and the SVM using virtual vectors is implemented for voltage synthesis in [31].
However, the high voltage application of MLC2 is hindered due to the complex
modulation algorithm and hardware configuration. Also, the capacitor voltage

balancing strategy needs investigation.

5.5 Cascaded Full-bridge Multilevel Converter

The cascaded full-bridge multilevel converter in Fig. 5-3 was developed to achieve
true modularity which benefits manufacturing and maintenance by reducing the
topological complexity under high voltage conditions and introducing tolerance for
modular-block failures. As a result, the overall reliability and efficiency of the
control algorithm are optimized compared to those for clamping technique based
multilevel converters. The main limitation of the cascaded full-bridge converter is
the requirement of an independent DC source for each module, which is not
appreciable if a common DC-link is necessary or multiple DC sources are
unavailable. Thus, it is usually employed in the application involving photovoltaic
(PV) integration, electric or hybrid vehicles DC transformers, AC static VAr

compensation, etc. [32, 33].
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Fig. 5-3. Cascaded full-bridge multilevel converter.

5.6 Modular Multilevel Converter
The modular multilevel converter (MMC) was developed to achieve modularity and
energy balance without using independent DC sources. Therefore, its application

area is extended compared to the cascaded full-bridge converter. With different
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functionality considerations, various MMC cell structures and different control
strategies for cell capacitor voltage balancing, DC voltage ripple suppression, and
inner current cancellation, have been investigated [13, 34-39].

5.6.1 MMC Based on Half-bridge Cells

The MMC s first proposed with basic half-bridge (HB) cells, and is capable of
lowering switching losses and reducing the output voltage harmonics, based on a
common DC-link.

The single-phase HB-MMC diagram is displayed in Fig. 5-4. If N cells are adopted
in each arm, N+1 voltage levels can be synthesized on the AC side voltage with a
power switch voltage stress of Vy/N. In order to limit the inrush current in the loop
of DC-link and cell stacks, an inductor is used in each arm. The arm inductance can
also limit the harmonic components in the arm current as well as the current rising
slope during short-circuit. Due to the fluctuating voltage on each cell capacitor, the
arm current and output voltage will contain certain low order harmonics,

predominantly the 2" order [40, 41].
\ 4
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s,

— U : _{
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Fig. 5-4. Single-phase HB-MMC topology.

MMC energy balancing issues are solved by consideration of the arm current polarity
and cell capacitor voltage sorting results. Due to system redundancy, the proper
switching combinations can be selected to compensate the cell voltage errors in the
intermediate voltage level region [10]. If the cell number is few, carried based pulse

width modulation (CB-PWM) is used to generate a multilevel voltage with low THD;
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while when the cell number is high and the cell voltage resolution is high enough
relative to the AC side voltage, staircase modulation with direct reference tracking
can be adopted, reducing the switching instances and losses.

The main HB-MMC advantages include derated voltage stress per switching device,
reduced total switching instances, and average number of devices in conduction path
(switching and conduction losses), as well as minimized size of AC side filters due to
its improved voltage wave shaping ability [42]. However, the HB-MMC cannot
operate if the DC-link voltage drops to below the AC side peak voltage (the
rectification level) because the HB cells do not have the reverse-blocking ability for
the AC side current. Therefore, in a HVYDC transmission system, the HB-MMC is not
able to ride-through a DC short-circuit fault. In medium or high voltage applications
without long distance DC cables, such as renewable energy networking and FACTS
devices, the converter should be bypassed and blocked when the DC voltage drops
[43].

5.6.2 MMC with Reverse-blocking Cells

The MMC with full-bridge (FB) cells can block AC side reverse current due to the
opposite series-connected diodes and boost the output voltage by utilizing the bipolar
voltage generation ability of FB cells. Therefore, the FB-MMC is capable of
maintaining power control ability during a DC voltage drop in renewable energy or
in HVDC transmission applications [44].

Fig. 5-5. MMC reverse-blocking cell structures.
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However, for the same power rating, the FB-MMC conduction losses are almost
twice those of the HB-MMC due to the doubled number of power devices in the
conduction path. As a result, the overall FB-MMC power conversion efficiency is
low [39]. As a compromise, the mixed cell MMC, using both HB and FB cells in
each arm, was proposed, which is DC fault proof, with moderate power conversion
losses [45].

In these DC fault tolerant MMC topologies with reverse-blocking cell structures as in
Fig. 5-5, the use of FB voltage reverse ability improves the AC output voltage range
but increases the power device voltage stresses and challenges cell capacitor voltage

balancing implementation.

5.6.3 Muiltilevel Cell Structures

The three-level and extended multilevel cells for the MMC are also reported to block
DC fault inrush current with lower conduction losses than the FB-MMC [14, 46, 47].
The multilevel cell based converter provides a higher voltage level number than
conventional MMCs with the same number of cells in each arm; however, it uses
more power switching devices and capacitors for each cell. The use of different cells
can achieve a trade-off between power semiconductor losses and reverse blocking
range. The main drawback of the multilevel cell based MMC is increased modulation
complexity for cell energy balancing and voltage synthesis, which limits its practical

use.

5.7 Hybrid Multilevel Converter

The MMC is competitive in medium and high voltage applications due to its
modularity which reduces power conversion losses, has low dv/dt and high quality
AC voltage. However, as the voltage and power rating increases, the footprint of
MMC becomes large since a large number of cells are needed to sustain the full DC-
link voltage and to generate a high number voltage levels. This array of many cell
capacitors may also shorten converter service life due to the repeating charging and
discharging processes of the DC capacitors.

The two-level VSC contains no cell capacitors but only stacks of power switches,
thus converter size is smaller than the MMC. The hybrid multilevel converter (HMC)
employs a two-level conversion stage as a phase director to change the voltage

polarity; while the chain-links of the modular cells are responsible for optimize the
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voltage waveform quality by superposition of cell capacitors and DC-link voltages.
This combination can reduce the cell number required to generate a given voltage
level and power rating, as a conventional MMC, which is expected to contribute a
smaller footprint [48].
In these HMC topologies, since the arm current may be discontinuous due to the use
of chopped switches, voltage balancing implementation for each cell becomes critical.
The general laws for fulfilling energy balance can be summarised as follows:

e In a converter topology, there is a set consisting of a DC-link and modular

cells whose net energy exchange is zero during one fundamental period; and
e Each member of this set must have opportunity to periodically exchange

(increase or decrease) power with other members.

5.7.1 Alternate Arm Multilevel Converter

The alternate arm multilevel converter (AAMC) in Fig. 5-6 employs Sp and Sy as a
pair of directing switches in each phase to synthesize the positive and negative half
cycle voltage respectively. The chain-links of the modular cells tolerate half the DC-
link voltage; thus, half the number of cells is required per phase to generate a given
voltage level number. The directing switches are implemented by series connected
power switches sustaining a maximum voltage stress equal to half the DC-link
voltage. In the AAMC topology, the total number of devices in a conduction path is
reduced compared to the FB-MMC [49].

In normal AAMC operation, the directing switches operate at the line frequency,
while the chain-link cells are used to control the output voltage. Therefore, to realize
cell voltage balance, energy exchange path between the DC-link and the chain-links
should be facilitated. The first way is to use the zero output voltage periods to
conduct both directing switches; and in this period, the cells in the upper and lower
arms are modulated to exchange energy with the DC-link and compensate any
voltage errors [49]. A zero-sequence current injection method is presented in [50] to
decouple output voltage control and cell energy balancing.

In summary, the main AAMC contribution is a smaller footprint than the FB-MMC.
It has moderate efficiency performance compared to the HB and FB MMCs. A

scheme is necessary to maintain AAMC cell voltage balance.
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Fig. 5-6. Single-phase AAMC configuration.

5.7.2 Hybrid AC Side FB Cascaded Multilevel Converter

The HMC with AC side cascaded FB cells is shown in Fig. 5-7, which consists of a
two-level conversion stage for output voltage generation and a cascaded chain-link of
FB cells that acts as an active power filter to suppress associated low order voltage
harmonics from the two-level converter. The two-level converter stage is usually
modulated by selective harmonic elimination (SHE) at a low frequency (50-200Hz)
to offer fundamental voltage control ability, with a modest increase in switching
losses [51, 52].

Due to the cascaded structure of the AC side, no additional arm inductance is needed:;
but its AC side chain-link is restricted to sustain zero fundamental voltage in order to
guarantee cell energy balance over the full power factor range.

For low power factor applications, the chain-link of FB cells of the cascaded HMC
has been reported to be utilized to boost the output voltage [53]. In this way, twice
the voltage level number is achieved and an even smaller footprint is expected.

Since full load current flows through the two-level converter series-connected power
devices and the FB cells chain-link, the total conduction losses are expected to be
higher than the AAMC.
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Fig. 5-7. Single-phase AC Side FB cascaded HMC.

5.7.3 Other Hybrid Multilevel Converters

The parallel HMC topology using a wave-shaping circuit and phase directing
switches in parallel is proposed in [54, 55], where the three-phase chain-links are
series connected across the full DC-link. However, this converter fails to maintain
the cell voltage balance during low power factor conditions; in addition, the voltage
stress on the power devices depends on modulation index, which reduces reliability.
In [54], triplen component injection is employed to ease this difficulty.

The HMC with DC side cascaded FB cells was analysed in [56] with doubled power
density and DC voltage utilization. However, the total conduction losses are still high

due to its series connection of power devices.

5.8 Summary

This chapter summarized the evolution of multilevel converter topologies. The
clamping technique based multilevel converters; cascaded full-bridge converter;
state-of-art MMC and HMC were reviewed and compared. Among these candidates,
the MMC and HMC outperforms the clamped multilevel converters in terms of
modularity and scalability; and compared to cascaded full-bridge converter, the
independent DC input for each module can be avoided.

MMC requires a large number of cells per arm to synthesize the desired high quality
output voltage waveform. As motivation to reduce the MMC footprint, various HMC
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topologies have been introduced but are associated with increased power conversion

losses, compared to the HB-MMC.
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CHAPTER 6

Controlled Transition Full-bridge Hybrid Multilevel Converter with
Chain-links of Full-bridge Cells

This chapter proposes a controlled transition full-bridge (CTFB) hybrid multilevel
converter (HMC) for medium and high voltage applications, which employs a full-
bridge cell chain-link (FB-CL) between the two legs in each phase to generate
multilevel bipolar output voltage. The CTFB-HMC has twice DC voltage utilization
or power density of conventional converters due to the bipolar capability of its full-
bridge configuration. Hence, for the same power rating and same voltage level
number, its total cells per phase are quarter that in the MMC, which reduces the
hardware installation volume. Also, the total device number in the conduction paths
is the same as in the HB-MMC; thus, improving the efficiency performance. Also the
FB-CL current of the CTFB converter has no DC component, which offers the
potential to enhance the transient response. Comparative studies between the CTFB
and other multilevel topologies are carried out to show its main features. Modulation
strategies and parameter sizing of the proposed converter are investigated using a
generic case. Simulation and experimental results are used to verify the effectiveness

of the proposed approach.
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6.1 Background

With increasing penetration of voltage source converter (VSC) techniques into high-
voltage high-power applications such as machine drives, large scale distributed
energy source integration and power system control, the multilevel converter has
attracted research attention due to its reduced EMI emission and improved voltage
wave shaping ability compared with the two-level converter [1-8].

Amongst the various multilevel topologies, the modular multilevel converter (MMC)
contributes advantages of modularity, redundancy, hardware simplification and less
modulation complexity than the cascaded full-bridge converter and clamping
technique based solutions including diode and flying capacitor clamped converters
[8]. The basic MMC has half-bridge (HB) cells, and when extended to a full-bridge
(FB) cell MMC is able to offer ride-through ability during DC voltage collapse but
with doubled the power switch losses. As a compromise, the mixed cell MMC
employs both kinds of cells in the arm, facilitating reverse blocking capability with
lower conduction losses than the FB-MMC [6, 9-13].

In general, conventional MMCs require a large cell number to synthesize the voltage
waveform with a high number of voltage levels; thus, their footprints may be large
due to the array of cell capacitors and power switching devices. To combine the
advantages of the two-level VSC (low device number) and the MMC (less EMI and
switching losses), several new topologies have evolved and are termed hybrid
multilevel converters (HMCs).

The alternative arm multilevel converter (AAMC) presented in [14] employs a
directing switch made up of series connected power switches in each arm to
alternatively use the upper or lower full-bridge cell chain-link (FB-CL) for voltage
synthesis. In this way, the number of cells can be halved compared with conventional
MMCs. To ensure energy balancing of the cell capacitors, directing switch AC
voltage zero-crossing commutation is utilized. This overlap region of the upper and
lower arms allows both arms to operate as a typical MMC, thus allowing energy
exchange in the inner loop. Another method is to inject a zero-sequence current
component, which offers a path for power compensation between the cell stacks and
the DC-link [15]. These all increase control complexity. But successful commutation
between the upper and lower arms in the AAMC is not guaranteed when the AC side

voltage is distorted during fault conditions.
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The HMC with AC side cascaded FB cells offers an even smaller footprint with half
the cell number of the AAMC by moving the chain-links to the AC side in series
with the load, avoiding additional arm inductance [16]. In this topology, the two-
level converter is modulated by selective harmonic elimination (SHE), facilitating
fundamental voltage control and improve DC-link voltage utilization; while its AC
side FB-CL behaves like an active filter that attenuates low order voltage harmonics.
The energy balancing of cell capacitors can be fulfilled by modulating the cells
according to the reference signal, capacitor voltage sorting and phase current polarity.
Practically, the FB-CL needs a small fundamental voltage to compensate for internal
losses. The main shortcoming of this converter is high power losses due to the hard-
switched power devices in the two-level converter stage and the increased total
device number in the conduction paths.

Another topology with a HB cell based chain-link wave-shaping circuit and phase
directing switches in parallel has been reported in [17]. The three phases are in series
to support the full DC-link voltage. Its main drawback is the confliction between cell
voltage balancing and reactive power exchange, which will vary the voltage stress on
the power devices when the AC side voltage reference is adjusted, thus losing black-
start ability and hampering its practical exploitation.

A HMC with DC side cascaded FB cells is analysed in [18], where a FB two-level
converter is used as a phase director and the FB-CL is located in the DC side for each
phase. It is able to decouple the power flow control from the energy balancing of cell
capacitors by using the zero-state to parallel connect the chain-link and DC-link,
which is advantageous to that in [17]. The total required cell number for this
converter is the same as the AAMC topology. However, its disadvantage of high
power semiconductor losses persists, as in the AC side FB cascaded converter.

In this chapter, a novel HMC topology using the controlled transition full-bridge
(CTFB) configuration is proposed for medium and high voltage applications such as
flexible AC transmission system (FACTS) devices and machine drives. It has twice
the DC utilization and a quarter the cells of the HB-MMC for the same power rating,
thus high power density and small footprint are expected. The device number in the
conduction path in the CTFB-HMC is equal to that in the HB-MMC and significantly

less than other MMCs and HMCs; thus, conduction losses are minimized. It also has
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zero DC current in the chain-link, which may bring advantages over the MMC in

terms of dynamic performance.

6.2 Proposed Controlled Transition Full-bridge (CTFB) Hybrid Multilevel
Converter (HMC)

The schematic of the single-phase CTFB-HMC is shown in Fig. 6-1, where the FB-
CL is employed to dynamically clamp the voltage between two leg terminals “x” and
“y” to synthesize a true multilevel output voltage waveform v,y as shown in Fig. 6-2.
The maximum AC side peak voltage is equal to the DC-link voltage with 2N+1
voltage levels when the FB-CL has N cells. Therefore, to generate the same voltage
levels as the conventional MMC, the cell number per phase in the CTFB-HMC is a
quarter and both polarities of its FB cells are utilized; besides, the DC utilization is
twice of that with MMCs, AAMC and the AC side cascaded FB topologies, which
indicates a higher power density and smaller footprint for the CTFB-HMC. The
power switch voltage stress Vg in the CTFB-HMC is expressed as (6.1).

V=V, /N (6.1)

cell

Fig. 6-1. The topology of single-phase CTFB-HMC and cell structure.
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Controlled
transition region

Vdc

Vx2
Vi

Vdc

Vy2

Fig. 6-2. The maximum synthesized multilevel voltage and key waveforms of the main directing
switches for the single-phase CTFB-HMC.

To generate a true multilevel output from the CTFB-HMC, its FB-CL should be
activated to dynamically clamp the two leg terminals “X” and “y” to track the
reference, while the main directing switches {Sxi, S} and {S,1, Sy,} are operated
diagonally when the output voltage is clamped to #Vq.; thus allowing the energy
exchange between the DC-link and FB-CL. The gate signals and sustained voltage of
the main directing switches are interpreted in Fig. 6-2, where the transitions of Sy;
and Sy; occur when there blocked voltage is equal Ve in (6.1), thus the switching

losses and dv/dt can be largely reduced. The conditions for Sy, and Sy, are further
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improved, since they operate at zero voltage and current condition, which means they
do not create any switching losses. Also the directing switches only turn on and off at
a low frequency, thus their switching losses are minimal. From Fig. 6-2, the FB-CL
is responsible for voltage synthesis during the controlled transition region, while the
main directing switches are activated for rail-to-rail voltage clamping.

This time-division mode of the main directing switches and FB-CL is able to reduce
the device number in the conduction paths, thus minimizing the conduction losses.
As an illustration, the HB-MMC can generate the same AC voltage and power rating
as the proposed converter when its dc link voltage is 2V4. and with 2N cells in each
arm (4N per phase). So the total device and conduction path device numbers for HB-
MMC are 8N and 2N respectively, which are the same as for the CTFB-HMC.
Alternatively, if same DC- link V4 and number of cell per arm N are employed, the
power rating of HB-MMC is half of that in CTFB-HMC when the same load current
is assumed, and the total device and conduction path device numbers become 4N and
N. This means the total conduction loss percentage of the CTFB-HMC is generally
the same as that in the HB-MMC. Since HB-MMC offers lower losses than the FB-
MMC, AAMC and FB cell cascaded HMCs, it is expected that the proposed CTFB-
HMC is also superior in terms of efficiency [19]. In fact, from Fig. 6-1, the chain-
link current in the CTFB converter has no DC component. This implies that dynamic
response for the proposed converter is better than the HB-MMC at high power factor
high modulation index conditions when the total active power increases and the DC
component of the MMC arm current reaches its maximum.

In practise, the HMC with AC side cascaded FB cells in [20] can avoid additional
arm inductance for current limiting due to the series connection of the chain-link
with the load but at the expense of increasing the total conduction losses. For non-
cascaded topologies, the inductance is necessary to limit the potential inrush current
during energy exchange between DC-link and the cells. Also, the two-level
configuration of the directing switches in the CTFB-HMC determines the
discontinuous current waveform in the DC side. Therefore, a circulating valve with
parallel combination of inductance and clamping switch is introduced into its DC
path as in Fig. 6-3. The clamping switch is triggered when the energy exchange paths
between the DC-link and FB-CL are cut-off. This switch could be a diode in

unidirectional power flow applications such as renewable energy source integration
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without storage; however, to ensure the current limit function under four-quadrant
operation, a bidirectional switching device is employed. The voltage stress of this
device is low, leading to the negligible switching losses. To minimize the circulating
losses, an integrated gate commutated thyristor (IGCT) with a smaller forward
voltage drop is suggested. Compared to conventional MMCs with a pair of inductors
in each phase, the proposed converter is able to share a common DC side inductor for

multiple phases to limit the inrush current, thus reducing overall size and weight.

Circulating —|
Val
| v, Valve

i s

_|

Fig. 6-3. Grid-tied three-phase CTFB-HMC with DC side circulating valve for current limiting.

Vdc

'Vdc

Fig. 6-4. AC side phase voltage waveform with triplen components injection.

Since the main directing switches and FB-CL operate alternatively except during
short period, the energy balancing of the cell capacitors relies on the DC-link
conduction path, which means the modulation index is critical for voltage balancing
realization. To overcome this constraint, the triplen components are injected to
guarantee enough time for the reference signal to touch the boundaries defined by

V4. These triplen components can be neutralized in a three-phase system. The
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voltage reference for each phase is expressed in (6.2), where m is the required
fundamental modulation index, w is the fundamental angular frequency, 6, is the
phase angle relative to the phase-locked-loop (PLL) reference system and wt+6,
represents the real-time angle of the fundamental voltage. The waveform of output
voltage in the converter AC side is shown in Fig. 6-4. For typical three-phase system
in Fig. 6-3 with {0, -%sm, %mn} phase differences, the triplen components cannot
propagate and the secondary side line-to-line voltage between phase ‘A’ and ‘B’ is
calculated by (6.3), where n; is the turns-ratio of the adopted interfacing transformer.

Vy = Vg -mcos(at +6,) =V, - (m—1)-cos[3(at + &,)] (6.2)

Vpg = \/§ntvdC -mcos(at + 6, + % ) (6.3)
With the modulation scheme in Fig. 6-4, the injected triplen components can
guarantee the energy exchange between DC-link and the chain-link cells within short
duration, which is several sampling period. In low power factor applications such as
grid reactive power controller, there is theoretically zero energy exchange between
the chain-link capacitors and DC-link except for the internal losses. Thus, the inrush
current superposed to the directing switches is minor. However, for the cases with
large amount of active power transfer, the chain-link capacitors need to exchange
energy with DC-link, leading to the inrush current through directing switches and

chain-link when the modulation reference reaches ‘.

Vdc

'Vdc

Fig. 6-5. Modified modulating waveform for high active power applications.
The inrush current can cause extra power losses. By extending the clamping duration
of the chain-link voltage to ‘H’, more active power is transferred through the
directing switches, thus reducing the voltage deviation of the cell capacitors. Also for

fixed energy exchange, a longer period reduces the inrush current RMS. Therefore,
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the inrush current power losses can be effectively limited by the clamping time
increase. Such techniques are found in the literature such as trapezoidal modulation
but with low order harmonic emergence [21, 22]. To optimize the amount of low
order harmonics due to the voltage clamp (saturation), multi-slope trapezoidal
modulation is presented in [21]. Although the maximum AC voltage can be increased
with these methods, their modulation control range is limited due to the narrowed
wave-shaping ability. To further reduce the low order harmonics and extend the
modulation index control range, a new triplen component injection scheme is
introduced in Fig. 6-5.

If the targeted modulation index is m (fundamental voltage is mVyc), in Fig. 6-5, the
width-variant rectangular wave can be employed to represent the equivalent
fundamental voltage, where « is the angle of the rectangular waveform. Thus, (6.4) is
obtained from its Fourier series. At ar=a, the normalized fundamental voltage plus
the injected triplen harmonic is set to 1pu to ensure that the equivalent modulating
signal always touches 1 and -1 (which are equivalent to +Vy. and —Vy). AS a
approaches 60< the triplen component value (3« is around 180 ) asymptotes to zero
(represents a point of discontinuity), making the desired amplitude of triplen
injection high thus reducing the actual fundamental voltage in the clamped
modulating signal. To overcome this, a dead-zone is inserted to calibrate the angle
for triplen amplitude calculation as in Fig. 6-6.

_4 o o
m—écow, a<[0,90 ] (6.4)

90‘(1* —/

a,a<[0,50)UJ(80°,907]
o =180, ae[60,80]
a 50", @ €[50°,60)

o
0 60 90

Fig. 6-6. Modified clamping angle for triplen component injection.

Then, with " known (in Fig. 6-6) and solving (6.5), the amplitude of triplen injection
for different m can be achieved as m;, which is used to replace the term (m -1) in
(6.2).

msina +m,sin3a” =1 (6.5)
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By applying saturation to the superposed signal, the staircase voltage waveform
results are shown as in Fig. 6-5, which extends the AC side peak voltage beyond V.
and more precisely tracks the sinusoidal waveform on the slope and peak areas than
trapezoidal methods, thus reducing the lower harmonics. Although the dead zone
being adopted may introduce inaccuracies at lower modulation indices, this region is
only used briefly during system start-up. Otherwise, for practical reasons associated
with power loss and waveform quality, the entire P-Q and Q-V envelopes of the
proposed converter, when connected to grid as FACTS devices or inverters, is
usually designed to be realised with modulation index above 0.8, which is beyond the
imposed dead zone.

Notice that, the modulation method in Fig. 6-5 is recommended to be used in high
active power applications. In these cases, it can decrease the capacitor size and
reduce the DC side current by reducing the angle a. However, since the clamping
area may have overlap between phases if o is smaller than 60< the inrush current
limiting inductance should not be centralized in the DC-link as in Fig. 6-3. On the
contrary, the inductance can be distributed into each phase to limit the current
exchanges between phases. In high active power condition with the modified
modulation scheme, due to the extended voltage clamping period and reduced
cyclical cell energy wane, the total inductance remains similar value as that of the
configuration in Fig. 6-3 with low power factor and sinusoidal modulation.

In summary, all voltage clamping (saturation) methods can increase the power rating
(DC voltage utilization) and reduce the power losses as illustrated. These attributes
are achieved with the penalty of emerging low order harmonics in the AC side,
which may require a relatively small tuned-filter in order to satisfy the grid code.
Since the focus of this converter is as a candidate for FACTS devices involving small
amounts of active power (low power factor), the sinusoidal modulation scheme in

Fig. 6-4 is employed here after, unless otherwise stated.

6.3 Modulation with Cell Capacitor Voltage Balancing Algorithm

The algorithm for cell capacitor voltage balancing of the CTFB-HMC is presented in
this section. During intermediate voltage levels, the FB-CL uses both polarities as
well as zero-state to synthesize the AC side voltage and self-adjust the charging and
discharging status of each cell capacitor according to the voltage sorting and load
current polarity. When the reference reaches the DC-link, energy exchange occurs
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between the cell capacitors and DC-link, where the power exchange can be in either
direction depending on the operational quadrant of the converter.

FB-CL with N cells

TI‘L- ILl
n ...... n ...... ﬂz_ ...... N..
X y

vy With N, cells N, cells “+1” N, cells “-1” “0”

Fig. 6-7. Cell status distribution in the FB-CL during intermediate voltage levels.

Each CTFB-HMC phase with N cells in the FB-CL uses the reference in (6.2) to
synthesize the multilevel voltage waveform in Fig. 6-4. Considering high voltage
situations where the cell number N>10, the resolution of the cell voltage in (6.1) to
approximate a sinusoidal waveform becomes acceptable, Thus, staircase modulation
using nearest voltage levels to directly track the reference can be implemented,
which avoids extra switching action and saves the switching losses compared to
carrier based pulse width modulation (CB-PWM). The cell number required to
generate the target voltage is calculated from (6.6), where the negative N, represents
the negative polarity of the AC side voltage. Then, the rest of the cells should
produce a net zero output voltage. To better utilize these redundant switching cells
for energy balancing, the strategy in Fig. 6-7 is adopted, where the outmost pairs of
positive and negative statuses are employed to facilitate maximum energy exchange
between cell capacitors. The number of positive and negative pairs is obtained from
(6.7), and the zero-state cell number is either zero or one as shown in (6.8). The

summation of these cell numbers in difference states is equal to N, viz., (6.9).

N,y =round(v,, / V) e{-N, N} (6.6)
N, =N, =floor[5(N—|N,, )] (6.7)
N, =mod[» (N=|N,, [)] (6.8)

| Ngy [+N, +N_ +N; =N (6.9)

Considering the load current polarity during intermediate voltage levels, the three
voltage states of each FB cell are exploited to maintain the desired output voltage
and achieve energy balance by adjusting the behavioural polarities of the cells in the
conduction path. With proper arrangement, the cell capacitor voltage errors can be
limited to a marginal range via charging or discharging processes with the AC side.

When the staircase waveform approaches the peak of Vg, energy is exchanged
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between the FB cells and DC-link through the DC side inductor. In this way, the net
active power exchange over one fundamental period for the FB-CL is compensated
to zero. The generalized algorithm for cell capacitor voltage balancing of the CTFB-
HMC is summarized as follows:

e At the beginning of each sampling period, the capacitor voltages of N cells
are sorted in ascending order as in (6.10). The input data Vcn contains the
sampled instantaneous cell voltage values; while 1A and VA are the vectors
of the index and value for each cell capacitor voltage after ascending sort.

[ILA V.A]=sort(V,,, 'ascend’) (6.10)

e Based on the voltage reference value in each sampling period, the number of
cells with different states {Non, Np, Ni, No} are obtained from (6.6) to (6.8).

e Considering the load current polarity and the cell voltage sorting results, the
capacitors with smaller values are assigned to be charged by the AC side
current while the higher ones should be discharged. If Sy[N] is the array of
switching states for all the FB cells and each element has possible values of
{+1°, *-1°, ‘0’} to identify the polarity, the generic code for cell voltage
balancing can be interpreted in Fig. 6-8(a). An illustrative example with 11
cells per chain-link is presented in Fig. 6-8(b), where the numbers of cells
inserted with different polarities (positive, negative and bypassed) are

displayed.
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S [LA[i]]="+1"

N, >0,1,>0 N, >0,1, <0
fori=1:N fori=1:N
if(i<N,) if(i<N, +N,)
S, [LA[i]]="-1" S,[LA[]]="+1"
elseif i< N, +N,) elseif i<N,,+N,+N,)
S, [LA[]]="0" S [, A[i]]="0"
else else

S, [LA[{]]="-1"

S, [LA[]="+1"

N, <0,1,20 N, <0,1, <0
fori=1:N fori=1:N
ifi<-N,+N,) fU<N,)
S,[LA[]]="-1" S,[LA[]]="+1"
elseif (i<-N, +N, +N,) elseif i <N, +N,)
S [LAL]="0" S, [LA[]]="0"
else else

S.[LA[])="-1"

(@)

Number of Cells

: —Number of cells with positive polarity
i ==-Number of cells with negative polarity E \
—MNumber of cells to be bypassed *

A pouin g0 0an_ ooudn gl o
(b)

Fig. 6-8. The energy balancing scheme: (a) generic code for CTFB converter cell voltage
balancing and (b) number of cells in each state over a fundamental period (11 cells).

6.4 Converter Hardware Dimensioning

The FB-CL inserts a variable number of cell capacitors into the power path according
to the predefined modulating signal. This modulating signal is derived from the
voltage reference in (6.2). In order to simplify the analysis and estimation processes

for the chain-link component interaction and passive device sizing, the following

prioritized assumptions are made:
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e Sufficient FB cells are located in the chain-link to ensure enough resolution
for each cell voltage over the full AC side voltage so that a direct reference
tracking method can be used for voltage synthesis.

e Sufficiently high sampling frequency is used by the controller so that the each
cell status can be recognized and changed effectively; also, the reference
signal in (6.2) is proportional to the effective duty cycle for the FB-CL.

e Allinternal losses due to the non-ideal parameters are neglected to establish a
lossless system model.

With these assumptions and based on (6.2), the equivalent duty ratio of the duration
when FB-CL cell capacitors are inserted into the conduction path linearly changes
with the voltage reference and is calculated by (6.11).

deq =mcos(at +6) +(L—m)-cos[3(at + 6,)] (6.11)

Since in a typical three-phase system, the triplen components do not contribute to the
current, the AC side line current is pure fundamental and expressed in (6.12), where
I is the line current amplitude and 6, is the phase-shift angle relative to the PLL
reference. The effective current for cell capacitor charging or discharging can be
achieved by (6.13).

i, =1, cos(at+6) (6.12)

I, =dg -1, =1, -{mcos(ewt +6,) + (1—m) cos[3(wt + G,)]}- cos(wt + &)
= I?m -[mcos(8, — 6,) + mcos(2at + 6, + 6,) + (1—m) cos(2wt + 36, - 6,) (6.13)
+(1—m)cos(4at +36, +6,)]
Consequently, the averaged voltage fluctuation of each cell capacitor is obtained by
manipulation of (6.14), since the cell capacitors are assumed to be balanced.

1 . 1 1 ¢.
V. =— idt-—=——|idt 6.14
¢ CCE/N-[c N CCGJ.C ( )

From (6.11) to (6.14), the expanded expression for cell capacitor voltage is shown in
(6.15) with a constant term T.. The function of cell capacitor voltage v, of (6.15)
should be discontinuous in the time-domain due to step changes of the equivalent
topology at conduction instances of the main directing switches. From (6.11), when
deq=1 or deg=-1, the instantaneous value of the FB-CL voltage vy, reaches #/4. and
the main switches start to conduct and transfer energy between the DC-link and FB-
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CL. Thus, the cell capacitor voltage values at these points are both clamped to V¢/N,

then, substituting these relations into (6.15), (6.16) is obtained.

v, = M in(ot +36, + 6) + = sin(2et + 36, - 6,)
2C, 4w 20 (6.15)

+ Zﬂsin(Za)t +6,+06,)+mcos(g, - 0)t]+T,
(0]

%:_28 [— T sin(Ho—é?l) 27 =6, ~mcos(G, — )]+ T,

v (2k+1) 7 -0, (610
Yo _ m[ sin(eo—el) +————Lmcos(,—6)]+T.

N 2C, 4o w

By solving for {T.", T.'} from (6.16), the final equation for v, can be derived as (6.17)
with definitions in (6.18). Expression (6.17) becomes continuous only at the case of
6o=61 when the AC power factor is zero and the converter exchanges zero active
power with both the AC and DC sides, which is in accordance with the energy
conservation law for converter operation.

%_%&[AW(M B, (1)+Cy +5-meos(é, ~6)]

v, = y I (ot + 6, €[2kn, (2k + D) 7], k € Z) (617)
—e __m_[A(t)+B, (t)+Cy ———mcos(d, 6
N 2C. [Ay(®)+B, (1) +C, % (6 - )]

(0t +6, e[(2k + D7, (2k + 2) 7], k € Z)
1-m . 1-m .
AN (t) = ESII’](%O’[ + 390 + 91) + ESIH(Z(O’[ + 360 — 61)
B, () zﬂsin(Za)t+6?0 +6,)+mcos(g, - )t (6.18)

sin(6, - 6,) - mcos(6, - 6,)

CW__

-3m (4k +1) 7 - 26,
20

Based on (6.17), the magnitude percentage of the cell capacitor voltage ripple over
its nominal DC value (V4/N) is generally determined by the DC-link voltage level
(V4c), number of cells in the FB-CL (N), AC side current amplitude (Iy,) and the cell
capacitance (Cg). For CTFB converter design with known Vg and I, N is selected
according to the rated voltage of the power switching devices and the value of the Cce
is calculated to fulfil the demanded voltage ripple percentage. In (6.17), the cell
capacitor voltage of CTFB converter oscillates around the nominal DC value without

a fundamental frequency component for any power factor in contrast to HB-MMC.
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Recall (6.17) and (6.18), the total chain-link cell capacitor voltage deviation from Vg
before turn-on of directing switches (at the discontinuous points) is given by (6.19),
where 7 is the radian duration in one fundamental period that the directing switches
are enabled. V¢ can be either positive or negative depending on the sign of the term
cos(6o-61) (the direction of active power flow); and its absolute value is mainly
determined by the power factor and directing switch conduction period (z, radian). In
low power factor conditions, the voltage error is almost zero and minimal current is
exchanged between the DC-link and cell capacitors; while at high power factors, the
longer the directing switches are enabled, the smaller the voltage deviation and
charging/discharging current. Besides, the magnitude of V¢, determines the rising
slope of inrush current when the directing switches are turned on, and the
incremental current during charging time can be estimated by (6.20), where Lgc
denotes the current limiting DC side inductance. Based on this equation and the rated
pulse current for the selected power semiconductor devices, an optimized value of
DC side inductance can be obtained.
_(z—7)NI

V,, = e ™mcos(6, - 6,) (6.19)

|V, | mz(z—7)NI
Al = o= T | cos(b, -6, 6.20
dc a)de 20)2 decce | ( 0 l)| ( )

The net energy exchange from the FB-CL in the time-domain is derived and shown
in (6.21). Based on (6.17), due to the incorporation of the energy exchange with DC
side at certain instances, Ec. over one fundamental period is zero as in (6.22). In
further, the root-mean-square (RMS) value of Ec. can be calculated by (6.23), which
represents the total energy exchange between the chain-link capacitors and the AC

side when directing switches are disabled.

Ecl (1) = [l -v,, 0t =V, [l -d dt =V, [i,dt =C, Vv, (6.21)
T
E. (1) = 0 (6.22)
T T/2 — —
RMS[E, (t)]‘0 =20 VgV | = (7 = 1)Vl [ €056, ~6)| (6.23)
w
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6.5

Comparison with Typical MMC and HMC Topologies

The operating principle, energy balancing algorithm and main element sizing of the

CTFB-HMC have been discussed in previous sections. To reveal certain aspects of

its behaviour, a comparative study which involves the CTFB-HMC as well as typical

MMC and HMC topologies is presented in this section.

On the assumption of fixed apparent power, fixed AC side voltage (thus, same line

current) and same type of power switching devices (voltage and current ratings) for
each candidate, the converters including CTFB-HMC, HB-MMC, FB-MMC, AAMC

are investigated in Table 6-1, where the number of devices in the conduction path in

this case (fixed line current) reflects the percentage of conduction losses. Based on

Table 6-1, following summary can be made:

Compared to HB-MMC, the proposed CTFB topology requires half DC-link
voltage per unit power (thus, doubled power density); also, it uses a quarter
number of cell capacitors (smaller footprint) to synthesize same number of
voltage levels on AC side without discount in efficiency.

Similar conclusions hold between the CTFB-HMC and FB-MMC except that
the latter employs twice the number of total device for reverse-blocking
ability but at the expense of doubled conduction losses.

The proposed CTFB-HMC also contributes lower conduction losses, doubled
power density and fewer cell number than the AAMC.

The main limitation of the CTFB-HMC (as with the HB-MMC) is the lack of
reverse-blocking capability compared with other converters such as FB-MMC
and AAMC. However, this is not critical for the applications where there is

no long distance DC cable such as FACTS devices.

Table 6-1. Comparisons between CTFB-HMC and other typical multilevel converters.

The same power, AC side voltage/current and same type power switches for each candidate
Converter DC-link Cell number VIO Ita?e 'I_'otal CoerUCt.lon ffici
type required per phase eve devices per | path devices | Efficiency
number phase per phase
CTFB- .
HMC Ve N 2N+1 8N 2N High
HB-MMC 2V 4N 2N+1 8N 2N High
FB-MMC 2Vge 4N 2N+1 16N 4N Low
AAMC 2Ve 2N 2N+1 10N 3N Moderate
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To quantitatively show the efficiency performance for all these topologies, the loss
calculation for each converter is exploited. Since the HMC directing switches usually
operate at low frequency with multi-step voltage transitions, the switching losses for
multilevel converters are much smaller than conduction losses [23, 24]. Therefore, to
simplify the derivation, conduction losses are adopted for efficiency comparison and
harmonic components in the arm current are neglected.

Assuming the insulated gate bipolar transistor (IGBT) modules are used to build each
converter, the total on-state losses are the summation of IGBT and diode losses as in
(6.24). The forward voltage drop of IGBT and its anti-parallel diode are calculated
from (6.25), where {Vcg, Vp} are the voltage drop in conduction mode; {lc, Ip} are
the instantaneous value of the device current; {Vceo, Vpo} represent the device
threshold voltages; {Rv, Rp} define the equivalent resistances for IGBT and diode
respectively, and can be further obtained by (6.26) according to the nominal device

operation points {Vcen, lcn} and {Vpn, Ion} from the manufacturer datasheet.

PLoss = PIGBT + PD (6'24)
VCE = R\/ ’ Ic +VCEO (6.25)
VD = RD : ID +VDO
R, = Yemn ~Vero
|
o (6.26)
RD _VDN _VDO

The conduction loss calculation processes for HB-MMC and FB-MMC are the same
since only unipolar cell voltage state is utilized in the latter. The upper and lower arm
currents {i*, i’} in MMC are continuous and can be expressed by (6.27), where lq is
the DC side current per phase from the DC-link to the AC side.
i"=ly+xi =1,+%]1, cos(ot+6)
{i =l,-%i =1,-%I, cos(awt+6)

Based on this definition, the positive duration of each arm current flows through its

(6.27)

IGBTS, while the negative arm current passes the diodes. Based on the law of energy
conservation, (6.28) can be obtained, where ¢ is the power factor angle.
ly=%ml_cose (6.28)
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If the conduction angles for IGBTs and diodes are denoted in (6.29), due to the

symmetrical operation of upper and lower arms, the total IGBT and diode losses per

phase in the MMC

converters can be expressed by (6.30), where Fcon is the device

number in the conduction path. From Table 6-1, for HB-MMC, F,, equals to 2N;
and Fopn 1S 4N in FB-MMC.

Substituting (6.28)

a =c0s™( |2 4y = cos ™ (- % mcos ¢)
- (6.29)
S =cos™ (I—d) =cos (% mcos @)

m

Py = 2% _91+Q(Rv-i*+ Veeo )i ', d ot

IGBT o d0-
4 (6.30)
P, _2x—j A4V ) (=) F, dot

into (6.30), the final equations for device losses per phase of

MMC type topologies are shown in (6.31).

IGBT

P, =

I F
= n [(9R, I m?2 COS¢ +4R, 1., +8mcos ¢V )

167
+(3R,ml_cosp+8V. 4/4—m2cos 2
. (BR,ml @ ce0) o] (6.31)

-men [(2R,1.m? cosp® +4R 1 —8mcos gV, )

167
—(3R,ml_ cOSp—8V,,)\J4—m? cos ]

In the AAMC topology, the FB cells still operate in unipolar mode and the AC side

current alternatively flows through the upper and lower arms. Thus, the total

conduction losses for IGBT and diode in each phase of the AAMC can be derived
from (6.32), and simplified to be (6.33). Recalled Table 6-1, the total number of
devices in the conduction path per phase for AAMC is Fcon=3N.

P

P, =

l -6 +7l2—¢ ;

Peer :2X2_ a2 (R, +ip +Veeo)i Fpppd ot

. ”g . (6.32)
Py —ZXE QWZW(RD A, +Vpo)i Fdat

ImFCOI’l
joer = o 2 [R, - 1,,(m —@+sin@pcosp)+ 2V ., (1+cosp)]

| (6.33)
“‘2—7;"”[RD 1., (@—sin@cos )+ 2V, (1-cos @)]
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For the proposed CTFB-HMC, the FB cells are utilized to generate bipolar voltage.
Thus, although the total amount of device in conduction path is constant, the number
of IGBTSs or diodes that are used to carry current becomes continuously time-variant
according to the modulation reference. Since the line current is pure fundamental in
the three-phase CTFB-HMC, the injected 3™ order modulating signal has marginal
influence on the conduction losses. Therefore, with the AC side current defined in
(6.12), (6.34) represents the effective fundamental reference signal for the proposed
CTFB-HMC. Recall its voltage balancing strategy in Fig. 6-8, during the half cycle
with positive chain-link current, the numbers of on-state IGBT and diode are
calculated by the first and second equations in (6.35) respectively, where the total
number of devices in conduction path per phase is F¢o,=2N in Table 6-1. Considering
the symmetrical operation between the two half cycles with different current
polarities, the conduction losses of IGBT and diode created by the energy exchange
between DC and AC sides in one phase of the CTFB topology can be achieved by
(6.36), and in further to be (6.37).

M., = mcos(et + &) (6.34)

=51+M,)-F,,
N, %( eq) co (635)
Np = }/2(1_ Meq) ’ Fcon
1 r-6+x2 ] )
Poer = ZXE a2 (Ry i, +Vego)inrd ot
L o (6.36)
P, = 2xz 7%17”/2 (R, -i, +Vpo)i, Npdat
ImFCOH
Poer :TB”R\/ oy +1Veeo + (BR, - 1, +37V0)MCOS 9]
d (6.37)

P, :%[372'&3 A, +12V, — (B8R, - 1, + 37V, )mcos ¢]
Provided the power factor is not zero, the cell voltage will deviate from the rated
value, causing energy exchange between the DC-link and the chain-link capacitors.
Due to the use of the DC side inductor, the current from the DC-link can be assumed
constant during the directing switch enabled period (T,=t/w). For energy balance,
(6.38) is fulfilled; and from (6.19), is simplified to (6.39). Then, the power path
conduction losses for energy exchange between the DC-link and the chain-link in

one phase can be estimated by (6.40), where it is concluded that:
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e In low power factor conditions, P, is small due to the marginal voltage
errors between the DC-link and the chain-link capacitors.

e In high power factor conditions, the directing switch increased enable-time
(through the modulation method in Fig. 6-5) reduces power losses due to the
reduced voltage error and RMS current.

1C

2 [\(;e [Vd02 - (Vdc _Verr)z] ~ Idc (Vdc - }/ZVerr)TA (638)
1T, =~ = = la meos(g, )
| @ (6.39)
ly = =l mcos(6, - 6,)
10}
Pch = ; I:con | Idc|TA[(RV | Idc| +VCEO) + (RD ’ | Idc| +VDO)] (640)

Therefore, the unified expression for the CTFB-HMC per phase conduction losses
under arbitrary power factor and modulation scheme is obtained using (6.41).
R :PIGBT+PD+PCh

) (6.41)
As explained previously, the proposed CTFB-HMC topology has better efficiency
performance than FB-MMC and AAMC; and in further, it should be virtually the
same as HB-MMC for low power factor applications such as the reactive power
controllers and machine drives by evaluation the number of devices in conduction
path. In the proposed converter, the chain-link current is pure AC component, which

differs from that in HB-MMC.

Table 6-2. Total conduction losses comparison between CTFB-HMC and other typical
multilevel converter topologies.

Three-phase apparent power rating 687MVA and AC voltage 300kV (line-to-line RMS), N=135,
Vg:=300KV.
Three-phase total conduction losses
Converter type
_ _ n A P=600MW,
P=600MW, Q=0 P=0, Q=600MVar Q=300MVar (lagging)
CTFB-HMC 4.52MW (0.75%)" 2.72MW (0.45%) 4.93MW (0.82%)"
HB-MMC 2.69MW (0.45%) 2.34MW (0.39%) 2.84MW (0.47%)
FB-MMC 5.38MW (0.90%) 4.68MW (0.78%) 5.69MW (0.95%)
AAMC 4.43MW (0.74%) 4.43MW (0.74%) 4.78MW (0.80%)

* Data is achieved with modified triplen injection modulation in Fig. 6-5 for active power transfer.
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Based on the 4.5kV IGBT T1800GB45A parameters, the calculated conduction
losses for HB-MMC, FB-MMC and AAMC as well as the simulated result for
CTFB-HMC are summarized in Table 6-2. These results assume a 687MVA three-
phase power rating and a line-to-line RMS 300kV AC side for all the converters;
plus the DC link voltage of the proposed CTFB converter V. is set to 300kV and N
equals 135, for a maximum voltage stress of 2.25kV (50% of full rating) for the
employed IGBT. This means the other converters must use a 600kV DC-link voltage
and 270 cells in each arm (540 per phase) to transfer the same power, as explained in
Table 6-1. From Table 6-2, for low power factor conditions, the proposed converter
has a similar efficiency performance as the HB-MMC with sinusoidal modulation.
But for high power factor applications, with the modified modulation scheme in Fig.
6-5, the efficiency of the CTFB-HMC is virtually the same as the AAMC. Thus, the
CTFB is more competitive for low power factor applications, such as FACTS
devices and power drives. The FB-MMC has the highest on-state losses due to a

higher number of power devices in the conduction paths.

6.6 Control System Design

The d-g frame control diagram of the proposed three-phase CTFB-HMC under grid-
tied mode is summarized in Fig. 6-9. With this synchronous-reference-frame (SRF)
method, the critical variables become time-invariant. Thus, the proportional-integral

(PI) controller is sufficient for zero-steady-state reference tracking.

Three-phase CTFB-HMC

Ve PLL

2 - T _| oLt Transformer
Y vd‘ I " P T —
L g A =

Scrbc iy Vg
i —>| /dqo0 >

tdq + l *) Sabv
O~
. . P*=Vdc* / qu
Ved Veg Ld If P/ V,'_T Voltage
o V| balancing
+ L abc
Power | @[} T
calculation [P0 ¢ Vel _T 7 T t
0/|vy| 0 Veen[N]

Fig. 6-9. The control strategy for grid-connected three-phase CTFB-HMC in d-q frame.

If veqq represents the output pole voltage of the CTFB converter, its d-q frame AC

side differential equations are obtained in (6.42), where iqyq is the AC side line current;
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Vgd,q 1S the voltage at the point-of-common-coupling (PCC); L and r represent the

parameters of interfacing reactor.

A e
dt| 1, Lt —ig | L[ Ve | LJ| Vg

The reference signal for converter output voltage is set according to (6.43), where yqq
is the output of the inner layer current Pl controller. With the voltage and current
polarity defined in Fig. 6-9, the outer layer controllers that are used to generate the

reference signals for iq and iy can be expressed by (6.44) and (6.45) respectively.

Vo, =y, +V, —oLi
{ W e (6.43)
Veg =¥y +Vy T 0L,
IE = _[dep*(V;C _Vdc) + kdci*J- (V;c _Vdc)dt] (644)
or ij =ke, (P = P)+ky [ (P"—P)dt
i =K (Vo [ =V, )+ K | (V5 =V, dt
SR SO (AR -

or i; =kg (Q —Q) +ky j (Q" -Q)dt
For the current controller, DC voltage controller and active power controller designs,
the PI parameters can be arranged by state space analysis that incorporates the local
converter feedback and feedforward as presented in [25]. In reality, due to the
uncertainty and randomness of some grid parameters, the tuning of reactive power
and PCC voltage PI controllers are usually achieved by a trial-and-error indexing

method to find the proper gain combinations for the best time domain response.

6.7 Simulation Analysis

6.7.1 Three-phase CTFB-HMC with 11 Cells in Staircase Mode

A three-phase CTFB-HMC with 11 cells in the chain-link and staircase modulation is
tested in Matlab/Simulink with following specifications: DC-link voltage: 100kV;
power rating: 150MVA, cell capacitance: 2.2mF; current limiting inductance: 5mH.
Using the modulation scheme of Fig. 6-4 and energy balancing algorithm in Fig. 6-8,
the performance under unity power factor condition is evaluated. In Fig. 6-10(a), the
phase “a@” output voltage waveform that contains triplen component is displayed.
Since these triplen components will be cancelled in line-to-line voltage, three-phase
output current waveform in dominant fundamental frequency is obtained as in Fig. 6-

10(b). Fig. 6-10(c) shows the chain-link current of phase “a”, where the inrush
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current for energy exchange between DC-link and cell capacitors is limited to an

acceptable range. The cell capacitor voltage balancing results are demonstrated in

Fig. 6-10(d).
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Fig. 6-10. Waveforms for unity power factor condition with sinusoidal modulation: (a) converter
phase ‘@’ output voltage with triplen component; (b) three-phase line current in fundamental
frequency; (c) chain-link current of phase ‘a’; and (d) cell capacitor voltages.

In Fig. 6-10, for high power factor conditions, the energy exchange time between the
chain-link and the DC-link is short and is concentrated in the voltage peak area if the
modulation scheme of Fig. 6-4 is employed. This effect increases the power losses
and requires large DC side inductance to limit any inrush current. As seen in Fig. 6-5,
the modified triplen injection modulation is assessed in another simulation. By
extending the voltage level clamping duration, the cell capacitor voltage deviation
and inrush current can both be reduced as in Fig. 6-11(c) and (d) compared to the
results of Fig. 6-10(c) and (d). With the modified triplen injection modulation, a
small amount of low order harmonics emerge in the phase voltage waveform of Fig.
6-11(a) [22]. In this simulation, a tuned-filter for the 7™ order harmonic is used to
limit the current distortion, where the total harmonic distortion (THD) of line current
in Fig. 6-11(b) is 2.1%. To further improve the power quality, a double-tuned filter
with minimal reactive power consumption can be investigated [26, 27]. Also, with
the modulation scheme in Fig. 6-5, the DC side current waveforms, such as the
inductor current and the circulating current for high power factor condition, are
displayed in Fig. 6-11(e) and (f) respectively.
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Fig. 6-11. Waveforms for unity power factor with modified triplen injection modulation: (a)
converter phase ‘a’ output voltage with triplen component; (b) three-phase line current in
fundamental frequency; (c) chain-link current of phase ‘a’; (d) cell capacitor voltage; (¢) DC
side inductance currents; and (f) circulating valve device current.

If the power factor is set to about zero and the sinusoidal modulation in Fig. 6-4 is
employed, the phase output voltage and line current quality are shown in Fig. 6-12(a)
and (b). The inrush current in this condition is near zero since the active power
exchange is minimal, see Fig. 6-12(c). Thus, from Fig. 6-12(d), the cell capacitor
voltage ripple is also decreased. In low power factor conditions, the DC side current
is insignificant relative to the AC side current as shown in Fig. 6-12(e) and (f). In the
proposed CTFB topology, the DC inductor is located in the DC side and shared by
multiple phases, which reduces the total weight and cost compared to conventional
MMCs.

From these two cases that cover the full power factor variation range, it is concluded
that, with proper modulation schemes, the proposed CTFB-HMC is able to maintain
energy balance of its cell capacitors, while synthesizing the desired voltage under

various operational conditions.
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Fig. 6-12. Waveforms under zero power factor: (a) converter phase ‘a’ output voltage with
triplen component; (b) three-phase line current in fundamental frequency; (c) chain-link
current of phase ‘a’; (d) cell capacitor voltage balancing results; (¢) DC side inductance currents;
and (f) circulating valve device current.

6.7.2 Operation of Three-phase CTFB-HMC based STATCOM
The grid-connected CTFB-HMC model with 3 FB cells using PWM method is built
and tested in Matlab/Simulink to demonstrate two aspects:

e For a small number of cells per chain-link, operation in PWM mode is able to
achieve high quality output voltage with a modest increase on the average
switching frequency for each device.

e The proposed converter is suitable for FACTS devices and its control strategy
in Fig. 6-9 is verified with typical STATCOM operation.

Table 6-3. Specifications of CTFB-HMC model as STATCOM.
CTFB-HMC with 3 cells per phase

Apparent power rating Sco, 60MVA
DC link voltage Vg 40kV
DC link capacitor Cyq 470uF
Cell capacitor Ce 2200 uF
Shunt inductor L, 12mH
Converter switching frequency 2.5kHz

Table 6-4. Specifications of transformer installation.
Three-phase independent shunt transformer

Power capacity 60MVA
Voltage ratio 63.5kV/21.2kV
Per unit impedance (0.0003+j0.05)

Table 6-5. AC transmission system parameters.
Grid parameters for shunt compensation

Nominal line voltage 110kV(RMS)
Short-circuit power rating 2GVA
X/R ratio 20
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The parameters for CTFB converter, interfacing transformer and the grid are listed in
Table 6-3, Table 6-4 and Table 6-5 respectively.

Waveforms of the CTFB-HMC with PWM mode are presented in Fig. 6-13, where
the converter phase synthesized voltage with triplen components and chain-link
current are shown by Fig. 6-13(a) and (b) respectively. The inrush current in the
chain-link is minor due to the low power factor in typical STATCOM. Fig. 6-13(c) is
the cell capacitor voltage balancing results under PWM operation.
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Fig. 6-13. Waveforms of the PWM mode CTFB converter: (a) converter phase voltage with
triplen component; (b) converter chain-link current; and (c) cell capacitor voltage.
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As illustrated in Fig. 6-9, the direct axes controller is employed to maintain the DC-
link voltage in this illustration, while the quadrature controller regulates the reactive
power exchange with the grid. With the reference command shift, in Fig. 6-14(a), the
quadrature current iq is controlled to step from +300A to 0 at t=1s and then to -300A
at t=2s. Correspondingly, the reactive power exchanged with the grid will increase,
leading to a noticeable change in the PCC voltage magnitude as shown in Fig. 6-
14(b). Then, Fig. 6-14(c) and (d) manifest the DC-link voltage response and
modulation index self-adjustment for the CTFB converter. In further, the zoomed-in

PCC voltage and shunt current waveforms are displayed in Fig. 6-14(e) and (f).
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Fig. 6-14. Transient processes for three-phase CTFB-HMC based STATCOM: (a) grid side

shunt current in d-q frame; (b) PCC voltage amplitude; (c) DC-link voltage response; (d)
modulation index self-adjustment of the CTFB converter; (e) PCC voltage; and (f) shunt
current.

6.8 Experimental Verification

The single-phase CTFB-HMC converter with three cells in the chain-link is tested
under standalone operation as in Fig. 6-15. Since the number of cells is limited,
conventional CB-PWM method is used for voltage synthesis in this experiment. Due
to the unidirectional DC side current, the circulating valve for chain-link current limit

is implemented by the parallel combination of an inductor and diode. Also, in order
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to imitate the three-phase CTFB converter from a single-phase bridge operation, a
third order harmonic trap is installed in the AC side to remove the triplen current
component from load current. The harmonic trap consists of an inductor in parallel
with a capacitor, and the overall impedance seen by the 3™ harmonic voltage
component is infinite with proper tuning of the passive element parameters [28]. In
this way, the line current will contain no 3 order harmonic current as in the typical
three-phase system case.

The detailed converter specifications for this prototype are as follows: nominal
power rating: 1kVA; DC-link voltage: 200V; DC-link capacitance: 470uF; FB cell
capacitance: 2200uF; power switches: IGBT G4PC40FD; DC side circulating valve:
3.3mH inductor and anti-parallel diode in IGBT G4PC40FD; AC side L-C filter:
10mH inductor and 33uF capacitance; third order harmonic trap: 10mH inductance
and 110uF capacitance. To realize the modulation scheme in Fig. 6-4 as well as the
cell capacitor voltage balancing algorithm in Fig. 6-8, the Infineon DSP Tricore
TC1796 is employed as the controller in Fig. 6-15 to generate the IGBT switching

signals.
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Fig. 6-15. The experiment setup of single-phase 3 cells CTFB-HMC with harmonic trap.

The hardware installation photograph is in Fig. 6-16. Initially, the modulation index
is set to be 0.8 without triplen signal injection and the load resistance is 33Q2. By the
CB-PWM operation, the output multilevel voltage in Fig. 6-17(a) can touch the full
DC-link voltage; thus, energy balancing for cell capacitors is fulfilled but with a
noticeable ripple near the AC side peak voltage area as shown in Fig. 6-17(b). This is

caused by the short time duration for energy exchange between DC-link and the cell
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capacitors. Accordingly, the DC side inductor current shown in Fig. 6-17(c) is high

in order to balance the energy within the directing switch enabled time. The zoomed-

in version of the high frequency current waveform of the circulating diode in the DC
side is displayed in Fig. 6-17(d).
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. 6-16. The picture of experimental installation: (a) CTFB converter and (b) DSP controller.
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Fig. 6-17. The CTFB converter with 0.8 modulation index and no triplen component injection:
(a) chain-link output voltage waveform; (b) cell capacitor voltage balancing results; (c) DC

inductor current; and (d) zoomed-in circulating valve current.



In order to overcome the energy balancing constraint for the CTFB-HMC with low
modulation index, the triplen component signal is inserted as illustrated in (6.11). If
the required modulation index is set to be 0.5, the multilevel output voltage across
the FB-CL in this case is shown in Fig. 6-18(a), and the corresponding line current is
presented in Fig. 6-18(b). The current contains predominantly fundamental frequency
due to the use of the 3 order harmonic trap. In further, the current waveform of the
FB-CL is displayed by Fig. 6-18(c), where the current direction is reversed to charge
the cell capacitors during the effective conduction time of directing switches. With
the injection of triplen component in reference signal, the chain-link output voltage is
able to maintain the peak phase voltage value as £V; thus, the energy balancing for
cell capacitors in the FB-CL can be implemented for low modulation index condition
as presented in Fig. 6-18(d), where the voltage ripple are removed due to the
extension of the voltage clamping time by the triplen component injection. Also,
from Fig. 6-18(e) and (f), the DC side inductor current and the circulating diode
current are both reduced to the load current level.
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Fig. 6-18. Waveforms of the CTFB-HMC with 0.5 modulation index and triplen component
injection: (a) voltage waveform on the converter output pole; (b) AC side current with 3™ order
harmonic trap; (c) the FB-CL current; (d) cell voltage balancing results; (e¢) DC inductor
current; and (f) zoomed-in circulating valve current.
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Fig. 6-19. The post-filter voltage and current with resistive load: (a) time-domain waveforms
and (b) base-band voltage harmonic distribution.
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Fig. 6-20. The post-filter voltage and current with inductive load: (a) time-domain waveforms
and (b) base-band voltage harmonic distribution.
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Fig. 6-21. The post-filter voltage and current with capacitive load: (a) time-domain waveforms
and (b) base-band voltage harmonic distribution.

Keeping the pre-set 0.5 modulation index and triplen component reference signal, the
post-filter output voltage and current feeding a 9.2Q resistive load are demonstrated
by Fig. 6-19(a), where the CTFB converter can generate the desired fundamental
voltage with the modulation method in (6.11) provided the triplen component is
eliminated. Particularly in this experiment, a certain amount of residual 3™ order
harmonics is observed in the base-band spectrum in Fig. 6-19(b) due to the non-ideal
parameters in the harmonic trap design. It is expected that in a real three-phase
CTFB-HMC, these harmonics can be fully cancelled in line-to-line voltage. On this
basis, the THD values with or without triplen harmonics are calculated as in Fig. 6-
19(b). Similar conclusions for inductive load (9.2, 5mH) and capacitive load (9.2Q,
100uF) conditions can be concluded from Fig. 6-20 and Fig. 6-21, respectively.
Therefore, the proposed CTFB-HMC topology is verified to be able to operate under

various power factor conditions with the proposed modulation schemes.

6.9 Summary
The controlled transition full-bridge hybrid multilevel converter (CTFB-HMC) has
been proposed in this paper. The main features are summarized as follows:

e The CTFB-HMC uses a full-bridge (FB) cell chain-link that dynamically
clamps the output poles to synthesize multilevel voltage. Thus, the
transformer avoids high dv/dt, which reduces the insulation design demand.

¢ Due to the two-leg configuration per phase in the proposed topology, its DC

voltage utilization and power density are doubled the conventional MMC and
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hybrid multilevel converters (HMC). Therefore, the number of cell capacitors
(footprint) can be minimized when transferring the same power.

The conduction path device number of the CTFB-HMC is minimized to be
same as the half-bridge (HB) cell MMC for per unit power, which leads to
better efficiency performance over other topologies including the mixed cell
MMC, the FB-MMC and the alternative arm multilevel converter (AAMC).
The proposed CTFB topology has no DC current in its chain-link, which
makes the cell capacitor voltage fluctuate without fundamental frequency and
benefits the converter dynamic performance.

In the proposed CTFB-HMC, a common DC side inductor can be shared by
multiple phases, while the conventional MMC has a pair of inductors in each
phase for inrush current limiting. A single inductor will reduce converter
volume and weight.

Energy balancing for the cell capacitors in the proposed CTFB converter is
implemented utilizing the bipolar voltage output ability of FB cells. To ensure
the net energy exchange on the chain-link is zero during a fundamental
period, a triplen component signal is injected to realize full range adjustment
of the modulation index, which can be neutralized in three-phase systems.
Comparison between the CTFB-HMC and other multilevel converters shows
CTFB-HMC superiorities including doubled power density, improved
efficiency and reduced total costs.

The control strategy is illustrated in the d-g frame. Then, simulation and
experimentation showed the feasibility of the proposed approaches.

The main limitation of the proposed converter is the lack of reverse-blocking
capability as with the typical HB-MMC. Therefore, in this paper, the CTFB-
HMC is suggested for applications without long distance DC cables, such as
fractionally connected FACTS devices and machine drives.

Reference

[1]

J. Rodriguez, S. Bernet, W. Bin, J. O. Pontt, and S. Kouro, "Multilevel
Voltage-Source-Converter Topologies for Industrial Medium-Voltage
Drives,” Industrial Electronics, IEEE Transactions on, vol. 54, pp. 2930-
2945, 2007.

165



[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

S. Kouro, M. Malinowski, K. Gopakumar, J. Pou, L. G. Franquelo, W. Bin, et
al., "Recent Advances and Industrial Applications of Multilevel Converters,"
Industrial Electronics, IEEE Transactions on, vol. 57, pp. 2553-2580, 2010.
Z. Yuebin, J. Daozhuo, H. Pengfei, G. Jie, L. Yigiao, and L. Zhiyong, "A
Prototype of Modular Multilevel Converters,"” Power Electronics, IEEE
Transactions on, vol. 29, pp. 3267-3278, 2014.

S. Rivera, S. Kouro, W. Bin, S. Alepuz, M. Malinowski, P. Cortes, et al.,
"Multilevel Direct Power Control - A Generalized Approach for Grid-Tied
Multilevel Converter Applications,” Power Electronics, IEEE Transactions
on, vol. 29, pp. 5592-5604, 2014.

B. S. Riar and U. K. Madawala, "Decoupled Control of Modular Multilevel
Converters Using Voltage Correcting Modules,” Power Electronics, IEEE
Transactions on, vol. 30, pp. 690-698, 2015.

S. Debnath, Q. Jiangchao, B. Bahrani, M. Saeedifard, and P. Barbosa,
"Operation, Control, and Applications of the Modular Multilevel Converter:
A Review," Power Electronics, IEEE Transactions on, vol. 30, pp. 37-53,
2015.

G. Feng, N. Decun, T. Hao, J. Chunjuan, L. Nan, and Z. Yong, "Control of
Parallel-Connected Modular Multilevel Converters,” Power Electronics,
IEEE Transactions on, vol. 30, pp. 372-386, 2015.

M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, "Circuit
Topologies, Modeling, Control Schemes, and Applications of Modular
Multilevel Converters,” Power Electronics, IEEE Transactions on, vol. 30,
pp. 4-17, 2015.

A. Nami, L. Jiaqgi, F. Dijkhuizen, and G. D. Demetriades, "Modular
Multilevel Converters for HYDC Applications: Review on Converter Cells
and Functionalities,” Power Electronics, IEEE Transactions on, vol. 30, pp.
18-36, 2015.

K. llves, A. Antonopoulos, S. Norrga, and H. P. Nee, "Steady-State Analysis
of Interaction Between Harmonic Components of Arm and Line Quantities of
Modular Multilevel Converters,” Power Electronics, IEEE Transactions on,
vol. 27, pp. 57-68, 2012.

J. Kolb, F. Kammerer, M. Gommeringer, and M. Braun, "Cascaded Control
System of the Modular Multilevel Converter for Feeding Variable-Speed
Drives," Power Electronics, IEEE Transactions on, vol. 30, pp. 349-357,
2015.

H. Saad, T. Ould-Bachir, J. Mahseredjian, C. Dufour, S. Dennetiere, and S.
Nguefeu, "Real-Time Simulation of MMCs Using CPU and FPGA," Power
Electronics, IEEE Transactions on, vol. 30, pp. 259-267, 2015.

D. Siemaszko, "Fast Sorting Method for Balancing Capacitor Voltages in
Modular Multilevel Converters,” Power Electronics, IEEE Transactions on,
vol. 30, pp. 463-470, 2015.

M. M. C. Merlin, T. C. Green, P. D. Mitcheson, D. R. Trainer, D. R.
Critchley, and R. W. Crookes, "A new hybrid multi-level Voltage-Source
Converter with DC fault blocking capability,” in AC and DC Power
Transmission, 2010. ACDC. 9th IET International Conference on, 2010, pp.
1-5.

A. M. Cross, D. R. Trainer, and R. W. Crookes, "Chain-link based HVDC
Voltage Source Converter using current injection,” in AC and DC Power

166



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Transmission, 2010. ACDC. 9th IET International Conference on, 2010, pp.
1-5.

G. P. Adam, K. H. Ahmed, S. J. Finney, K. Bell, and B. W. Williams, "New
Breed of Network Fault-Tolerant Voltage-Source-Converter HVDC
Transmission System," Power Systems, IEEE Transactions on, vol. 28, pp.
335-346, 2013.

R. Feldman, M. Tomasini, J. C. Clare, P. Wheeler, D. R. Trainer, and R. S.
Whitehouse, "A hybrid voltage source converter arrangement for HVDC
power transmission and reactive power compensation,” in Power Electronics,
Machines and Drives (PEMD 2010), 5th IET International Conference on,
2010, pp. 1-6.

G. P. Adam and B. W. Williams, "New emerging voltage source converter
for high-voltage application: hybrid multilevel converter with dc side H-
bridge chain links,” Generation, Transmission & Distribution, IET, vol. 8, pp.
765-773, 2014.

P. Ladoux, N. Serbia, P. Marino, and L. Rubino, "Comparative study of
variant topologies for MMC," in Power Electronics, Electrical Drives,
Automation and Motion (SPEEDAM), 2014 International Symposium on,
2014, pp. 659-664.

G. P. Adam, I. A. Abdelsalam, K. H. Ahmed, and B. W. Williams, "Hybrid
Multilevel Converter With Cascaded H-bridge Cells for HVDC Applications:
Operating Principle and Scalability," Power Electronics, IEEE Transactions
on, vol. 30, pp. 65-77, 2015.

C. Oates, K. Dyke, and D. Trainer, "The use of trapezoid waveforms within
converters for HVDC," in Power Electronics and Applications (EPE'14-
ECCE Europe), 2014 16th European Conference on, 2014, pp. 1-10.

I. A. Gowaid, G. P. Adam, S. Ahmed, D. Holliday, and B. W. Williams,
"Analysis and Design of a Modular Multilevel Converter With Trapezoidal
Modulation for Medium and High Voltage DC-DC Transformers,” Power
Electronics, IEEE Transactions on, vol. 30, pp. 5439-5457, 2015.

M. Zygmanowski, B. Grzesik, M. Fulczyk, and R. Nalepa, "Analytical and
numerical power loss analysis in Modular Multilevel Converter,” in
Industrial Electronics Society, IECON 2013 - 39th Annual Conference of the
IEEE, 2013, pp. 465-470.

P. L. T. Jonsson;, S. Maiti; and Y. Jiang-H&ner, , "Converter Technologies
and Functional Requirements for Reliable andEconomical HVDC Grid
Design," in CIGRE Canada Conference, 2013, The Westin Calgary,Alberta.
S. Angkititrakul and R. W. Erickson, "Control and implementation of a new
modular matrix converter,” in Applied Power Electronics Conference and
Exposition, 2004. APEC '04. Nineteenth Annual IEEE, 2004, pp. 813-819
vol.2.

B. N. Alajmi, K. H. Ahmed, G. P. Adam, and B. W. Williams, "Single-Phase
Single-Stage Transformer less Grid-Connected PV System,” Power
Electronics, IEEE Transactions on, vol. 28, pp. 2664-2676, 2013.

O. C. Onar, O. H. A. Shirazi, and A. Khaligh, "Grid Interaction Operation of
a Telecommunications Power System With a Novel Topology for Multiple-
Input Buck-Boost Converter,” Power Delivery, IEEE Transactions on, vol.
25, pp. 2633-2645, 2010.

167



[28] Z. Youjun and R. Xinbo, "AC-AC Converter With Controllable Phase and
Amplitude,” Power Electronics, IEEE Transactions on, vol. 29, pp. 6235-
6244, Nov 2014.

168



CHAPTER 7

Literature Review for Direct AC-AC Converter Topologies

This chapter discusses single-stage direct AC-AC converters that are suitable for
FACTS applications. The main advantage of this type of solution is the absence of
any bulky DC-link capacitor; thus, reduced footprint and extended service life for the
overall system can be expected. Among the various AC-AC topologies, the matrix
converter, vector switching converter, AC chopper, high frequency link AC-AC
converter, and full-bridge cell chain-links AC-AC converter, are review.
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7.1 Background

In many applications at distribution and transmission levels, such as AC power
control, power quality enhancement, grid interfacing of renewable energy and
machine drives, the back-to-back (B2B) AC-DC-AC configuration is widely adopted
[1-4]. Due to its side-to-side decoupling, full control over frequency, amplitude and
phase-angle of the AC voltage/current can be implemented, and fault ride-through
ability is also facilitated [5, 6]. However, the energy storage element in the DC-link
is sizable, uneconomical, has low reliability and a short service life. Considering
these advantages and disadvantages due to the DC-link capacitor, when the power
converter application requires fault ride-through, the AC-DC-AC solution is
preferred. But if the operational environment is marginally volatile (relative to the
full rating of the system) and fault conditions can be handled by circuit breakers or
other converters, direct AC-AC conversion without a DC-link is viable. Thus a trade-
off centred on the DC-link capacitor should be made according to the specific
demand [7]. The single stage direct AC-AC converter has been developed as an
alternative to avoid the DC-link capacitance and its problems.

The matrix converter employs arrays of bidirectional power switches to synthesize
the target voltage waveform with variable frequency, phase-angle and amplitude in
multi-phase input system [8]. A large number of power switches, low commutation
reliability and complex modulation schemes are the main disadvantages of the matrix
converter, among AC-AC converters.

The vector switching converter (VeSC) incorporates multi-throw input voltage
sources from multiplexed transformers, which leads to a flexible system design but a
low power density (MVA/mM®) [9].

The AC chopper and high frequency link (HFL) AC-AC converter are derived from
the DC chopper and isolated DC-DC converters respectively. Thus, they are basically
used as a voltage amplitude regulator or restorer [10], where the input and output
frequencies are the same.

A full-bridge cell is able to generate bipolar voltage, thus, chain links of full-bridge
cells are able to withstand AC voltage [11]. However, to generate the phase-
amplitude independent voltage output, more than one branch should be used to ride
through the zero-crossing region of the input voltage. With this logic, the full-bridge

modular multilevel AC-AC converter, full-bridge modular multilevel matrix
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converter (M3C) and hexverter have been presented [12-16]. Compared to
conventional B2B MMC configurations, the intermediate DC-link stage is absent in
these topologies. However, the full-bridge cells still use DC capacitors to ensure

voltage synthesis ability, which discounts the compactness and service-life.

7.2 The Matrix Converter

AC voltage amplitude regulation is straightforward; however, to change the output
voltage frequency and phase-angle, the zero-crossing area of input AC voltage is the
main constraint for phase-to-phase conversion. Therefore, the cross connection of a
multi-phase input system is necessary to realize full AC voltage control.

The direct matrix converter (DMC) uses bidirectional switches to select the
appropriate power path for each phase to feed the load, thus, independent control of
voltage magnitude, frequency, phase angle and power factor can be achieved [8]. The
three-phase input, three-phase output 3>3 DMC is shown in Fig. 7-1. All the
bidirectional switches in this thesis are implemented by anti-series connected IGBTS,
as in Fig. 7-1. Although other possible combinations, such as the reverse blocking
IGBT (RB-IGBT) are possible, they are not considered or discussed in this thesis.

Ai Bi Ci
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Sita Sga Scu Sap Skp Scp

a b
Fig. 7-1. Three-phase input three-phase output 3>3 DMC topology.

The modulation and control schemes of the DMC can be divided into several groups,
including scalar methods, pulse width modulation (PWM), direct torque control,
predictive control, etc. The scalar methods represent the direct transfer function

(Venturini) approach and Roy composition strategy using instantaneous voltage ratio.
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PWM techniques developed for DC-AC applications are also transplanted into
matrix converter, such as the carrier based PWM and SVM. In the machine drive
area, direct torque or flux control is developed to fulfil speed control. Mature
hardware support and advanced modern control theory such as predictive method,
have been presented recently [17].

From Fig. 7-1, in each power path, only one bidirectional switch participates to
define the output voltage; so either a dead band time or overlap will produce
commutation problems, such as a line-to-line short-circuit or output open-circuit due
to the lack of clamping. To ease this challenge, multiple-step commutation schemes
are developed as in [18].

In an attempt to reduce the risk of commutation failure, the indirect matrix converter
(IMC) is presented and shown in Fig. 7-2. It offers extra clamping for power path
transitions by choosing a proper modulation method. The total number of active
switches in the IMC is equal to that in the DMC. The implementation of PWM and
predictive control for the IMC are presented in [19] and [20]. The main drawbacks of
the IMC topology are the increased power losses in the conduction paths and

deteriorated output voltage linearity owing to the fluctuant intermediate link voltage.
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Fig. 7-2. Indirect 3>3 matrix converter topology.
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Based on the matrix converters in Fig. 7-1 and Fig. 7-2, various topologies can be
derived, such as the sparse matrix converter (SMC), very-sparse matrix converter
(VSMC), ultra-sparse matrix converter (USMC), full-bridge matrix converter, hybrid
matrix converter, and indirect three-level matrix converter [21].

For all matrix converters, the numerous power switches as well as the complicated

modulation and commutation schemes are the main disadvantages.
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7.3 Vector Switching Converter

Compared with the DMC, an alternative way of cross connecting the output phase
with various voltage inputs is to use multiplex phase-shift-transformers (PSTs) that
offer phase-shifted multiple input sources. This combination is named the vector
switching converter (VeSC) [9]. For a PST system with N-throw inputs, a three-
phase output voltage requires 3>N bidirectional switches to control the feeding
source for each output terminal. A two-throw input three-phase output VeSC is
shown in Fig. 7-3.
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Fig. 7-3. Two-throw input three phase output VeSC configuration.

The VeSC is employed as FACTS controllers in [22] and [23]. Compared with
matrix converters, the VeSC may reduce the number of switching devices only when
the input source branches are not more than the input phase number. The main
constraint is the strongly dependent relationship between the output voltage range
and the complexity of input PST system. More input source throws can supply more
degrees of freedom for voltage synthesis but increase system size and cost

dramatically.

7.4 The AC chopper

Based on the DC chopper topology, various AC choppers exist for voltage amplitude
control in the soft-start of induction motors and distributed voltage conditioning
applications [16].
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In Fig. 7-4(a), the three-phase AC chopper using three pairs of unidirectional power
switches is shown. Both switches in the phase connected to lowest input voltage
should be switched on in order to ensure a safe commutation; while the other four
switches are modulated with predefined duty cycle signals. In this way, an output
voltage with variable magnitude can be generated [16].

The use of bidirectional switches facilitates full blocking ability of voltage or current
in both polarities. Fig. 7-4(b) shows an alternative topology of the three-phase AC
chopper, mainly used for unbalanced voltage compensation. The two pairs of
bidirectional switches are employed to control their output voltages, while the other

phase input and output is directly feed through [16].
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Fig. 7-4. Three-phase AC choppers topologies: (a) using unidirectional switches; (b) using
bidirectional switches for two phases; and (c) using all bidirectional switches.

When pairs of bidirectional switches are used in each phases as shown in Fig. 7-4(c),
independent phase voltage regulation and maximum control degree of freedom can
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be achieved. By appropriate defined modulating signals for each phase, the AC
chopper in Fig. 7-4(c) is able to shift the phase angle as presented in [24], which is a

transplanted idea of the heterodyne method in communications.

7.5 High frequency link AC-AC converter
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Fig. 7-5. Single-phase HFL AC-AC topologies: (a) push-pull forward converter; (b) full bridge
converter; and (c) dual-active-bridge converter.

To build in AC-AC converter galvanic isolation between the input and output sides,

without using line frequency transformers, high frequency link (HFL) techniques can

be employed [25].
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Several isolated DC-DC topologies such as the push-pull forward converter, full
bridge converter and dual-active-bridge converter can be transplanted to HFL AC-
AC versions with bidirectional switches as in Fig. 7-5, which are capable of savings
on size, weight and cost of the overall system due to the use of high frequency
transformers. The heterodyne principle is also applicable to the HFL AC-AC
converter, where [26] presents its application as a low-speed drive and active power
filter.

The switching averaged flux in the HFL AC-AC converter transformer is zero since
the core can be reset within one switching period. However, the total losses are
increased due to the extra power switches for wave shaping and the leakage
inductance circulating processes. Currently, a switching frequency higher than 3kHz
is not viable in large scale power applications, which makes HFL techniques less
competitive. The absence of scalability in HFL AC-AC converter is also a constraint

on power capacity extension.

7.6 Full-bridge cell based modular multilevel AC-AC converters

The modular multilevel converter (MMC) is widely researched in HVDC systems as
a part of an AC-DC-AC configuration. Compared with conventional half-bridge cell
topology, the full-bridge cell based MMC offers reverse blocking capability under
the DC fault conditions due to the bipolar voltage synthesis ability of each arm. Thus,
by using chain-links of full-bridge cells, several single-stage AC-AC converters with

modular scalability have been presented [12-16].

Fig. 7-6. Single-phase topology of full-bridge AC-AC MMC.
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Fig. 7-7. Single-phase to three-phase AC-AC MMC with full-bridge cells.

A single-phase full-bridge cell based AC-AC MMC topology is shown by Fig. 7-6,
which consists of four arms; and each sustains a bipolar voltage that is determined by
the input and output voltage waveforms on the corresponding phase. This topology is
developed into three-phase output system as in Fig. 7-7 [27]. For these direct AC-AC
MMCs, the arm current may have various frequency components; whence nonlinear
converter performance, where conventional feedback plus a time-domain PI
controller scheme are difficult to be implemented. To overcome this problem, the
control strategy of three-phase grid-connected AC-AC MMC in d-q frame is
investigated in [27, 28]; and [14] presents a predictive control scheme applied to a
single-phase AC-AC MMC, which can also be generalized to other similar

converters.

a

Fig. 7-8. Modular multilevel matrix converter (M3C) with full-bridge cells.
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The full-bridge modular multilevel matrix converter (M3C) is proposed in [15] and
shown in Fig. 7-8. The M3C replaces the bidirectional switch array in the original
matrix converter with chain-links of full-bridge cells composed of four unidirectional
switches and a DC capacitor. Therefore, each arm is able to generate bipolar voltage
to realize the interconnection of two AC voltage sources.

The SVM method including the cell capacitor voltage balancing strategy for an M3C
with one cell per arm has been presented in [29] and [30]. However, with higher cell
numbers, the total number of available space vectors increases dramatically, making
realization difficult. By transferring the AC input and output line inductances into the
chain-links, each predefined voltage source mode full-bridge chain-link can be
viewed as a controlled current source branch [31]. Then, the feed-forward control
and DC cell capacitor voltage balancing algorithm are implemented as in [31] and
[32] respectively. [33] describes a hierarchical feedback control scheme involving
the inner arm current loop and the outer layer voltage loop. M3C power balancing
analysis and its control design under unbalanced grid or load conditions are
discussed for a low-speed drive in [34]. An independent M3C current control method
is considered in [35]; and [36] presents an M3C variable-speed machine drive

application with four cells per chain-link.

Fig. 7-9. Hexverter based on full-bridge cells configuration.

An alternative full-bridge chain-links based AC-AC converter configuration is shown
in Fig. 7-9, which is named the hexverter in [16]. Compared with the M3C, it reduces
the number of cells and power switching devices. Power balancing and adjacent

power analysis for hexverter are researched in [37], where dimensioned experimental
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verification for steady state operation is carried out. Its closed loop control strategy
with cell voltage balancing is presented in [38].

Modularity is the main advantage of the full-bridge cell based topologies over
traditional AC-AC converters, which makes them competitive in high-voltage high-
power applications. However, although the intermediate full DC-link stage is
eliminated, the full-bridge cell chain-links AC converters are actually not purely
direct AC-AC conversions, because DC capacitors are translated into each cell and a
voltage balancing scheme is necessary to maintain uniformly distributed DC voltage
across them. This means energy storage elements are still required to support the

voltage synthesis of this type of converters, under different load conditions.

7.7 Summary

In an attempt to remove the bulky DC-link in conventional AC-DC-AC converters,
the main types of direct AC-AC converters were reviewed in this chapter. Attributes
and limitations of each topology were discussed and can be summarized as follows:

e The matrix converter and the vector switching converter are able to
independently control the voltage magnitude and phase angle by using the
cross connection of different input phases. However, these converters require
either numerous bidirectional power switches or complex multi-throw phase-
shift-transformers as input sources, which are not cost-effective. Also, the
lack of modularity makes them less competitive in high voltage applications,
considering the converter fault tolerance.

e The AC chopper and high-frequency-link AC-AC converter originated from
DC-DC equivalents; thus, they are usually employed to regulate the AC
voltage amplitude against voltage sag/swell problems in the local infeed. The
series connected power switches and high switching frequency (high power
losses) confine them to small scale power conversion.

e Full-bridge chain-link based AC-AC converters facilitate scalability to
medium and high voltage applications such as the interconnection of the wind
turbine and grid. However, DC capacitors are required for each cell to give
weak decoupling of both sides.
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To combine the advantages of existing direct AC-AC converters, such as zero DC

component, modularity and independent active/reactive power control ability, a new

converter topology is to be investigated in chapters 8 and 9 of this thesis.
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CHAPTER 8

Three-Phase AC-AC Hexagonal Chopper System with Heterodyne

Modulation for Power Flow Control Enhancement

This chapter proposes a three-phase AC chopper system for the interconnection of
various distributed generation (DG) farms or main utilities, to enhance active and
reactive power flow control. The absence of an energy storage component in direct
AC-AC converters makes the system footprint small and reliable. As an interface for
different AC sources, the presented converter can be configured as star or delta.
However, delta connection is preferred as it traps the potential zero-sequence current
and reduces the current rating of the switching devices. In this way, the proposed
converter resembles the hexagonal chopper, and it offers an inherent degree of
freedom for output voltage phase-shifting. Considering scalability in high voltage
applications, a new version of the hexagonal chopper with a half-bridge cell modular
multilevel structure is developed. The modular multilevel AC hexagonal chopper
(M2AHC) is operated in a quasi-2-level mode to suppress electro-magnetic
interference (EMI) caused by high voltage switching. Quasi-2-level operation divides
the voltage level transition into multi-steps, reducing voltage rise and fall rates (dv/dt)
in high voltage applications. Then, heterodyne modulation is adopted for the
presented chopper system, supplying a new degree of freedom to decouple phase and
amplitude regulation. Based on this concept, a system control strategy is developed
in the synchronous reference frame (SRF). Simulation and experimentation confirm

the validity of the proposed approaches.

183



8.1 Background

Recently, distributed generation (DG) penetration into traditional power system has
accelerated, and has been encouraged by increasing popularity and development of
the smart grid. DG resources are operated as part of large grids as well as in islanding
mode, called the microgrid. Although the microgrid concept is recent, it has received
significant attention from academia and industry [1-5]. Solar and wind energy are
being extensively integrated into grids via power electronic converters, where a DC-
AC or a back-to-back voltage source converter (VSC) is preferred due to the energy
storage buffer that offers side-to-side decoupling. Unlike the intermittent nature of
renewable energy, conventional DGs such as synchronous generator arrays provide
stable power output with full control over frequency and voltage amplitude.
Therefore, these DG resources are widely employed to stabilize the AC grid or
microgrid with considerable amounts of renewable energy incorporated. In AC
power networks, active and reactive power flow control is facilitated by using the
droop method which slightly refines the voltage amplitude and phase [6-8]. However,
the control range is limited by line impedance, especially in long distance and
meshed interconnections, where neither the synchronous generator nor the VSC is
able to force the power flow in any specific branch beyond its terminals. In order to
enhance power flow control ability at reduced cost, direct AC-AC conversion can be
employed as the interfacing converter between critical DG or utility buses.

In direct AC-AC conversion, the matrix converter (MC) has attracted significant
interest for its ability to regulate the frequency and phase without a DC-link. MC
application in motor drives, power flow control and wind turbine interfacing are
investigated in [9-11]. However, numerous switching devices, a complex modulation
scheme combined with high switching and conduction losses, constrain the spread of
the MC. Additionally, MC control and modulation depend on direct coupling of the
input and output, leading to the increased possibility of system failure in fault
conditions. Besides, the wide range frequency control function of MC is not needed
in 50/60Hz grid devices.

The vector switching converter (VeSC) has a reduced number of switches and
simplified modulation compared to the MC, at the expense of incorporating multi-
throw input voltages generated from a bulky phase shift transformer, which in turn

increases the size and cost of the overall system [12].
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An AC chopper using bidirectional switches is a particular VeSC case with only a
one throw input voltage [13]. Generally, the AC chopper can only change the voltage
amplitude with a one throw input source and DC duty cycle modulation. In order to
provide an additional degree of freedom for voltage synthesis, the widely used
heterodyne principle in communication can be transposed to power converters. The
heterodyne idea is based on trigonometric identities, where by inserting new
frequency components into the modulating signal, new sinusoidal components and
the relevant byproducts can be generated from the AC source. References [14] and
[15, 16] are special cases that use the heterodyne principle for the VeSC and AC
chopper respectively. However, 3" order harmonic current is drawn from the input
source in these schemes.

For high and medium power wind turbine interfacing applications, the hexverter
originated from the back-to-back modular multilevel converter (MMC) by omitting
the DC-link, as presented in [17]. However, weak decoupling exists since large DC
cell capacitance and full-bridge cells are employed for voltage synthesis and reverse
blocking. Consequently, the branch current comprises a large DC component to
facilitate power transfer between the two AC sides and the AC components
associated with frequencies of both AC sides and their interactions. The hexverter is
suitable for interfacing future multi-megawatt variable speed wind-turbine generators
due to the decoupling feature inherent from the use of DC capacitors. However, the
incorporation of large DC capacitors makes it less competitive as a power flow
controller between two synchronous AC grids.

This chapter presents a three-phase hexagonal AC chopper as an interfacing
converter for interconnection between DG farms or utilities, and specifically, it can
be used as an AC grid voltage regulator, flexible AC transmission system (FACTYS)
device, off-line programmable AC voltage source, etc. The hexagonal configuration
of the AC chopper forms a delta connection of three phases, where zero-sequence
current can be trapped. To increase the voltage and power rating, the basic hexagonal
chopper is extended into a modular multilevel AC hexagonal chopper (M2AHC).
Since the overall system is direct AC-AC conversion, the cell capacitors of the
M2AHC are an AC type with low capacitance. Accordingly, the necessary arm
inductance is small and may merge into just stray inductance. Quasi-2-level

operation of the M2AHC is investigated to offer further cell capacitance reduction,
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small voltage transient steps (less EMI), and consistent system control with a two
level chopper. The heterodyne principle is employed to synthesize a phase-shifted
output voltage from the input by cancellation of the byproducts between phases.
Based on this idea, a multi-layer multi-loop system control scheme is developed in
the SRF for the hexagonal chopper. The hexagonal chopper can be arranged as a
back-to-back system if each AC network has this chopper at each terminal, doubling
the control flexibility and adapting the voltage amplitude (the AC chopper is a step-
down converter). However, a common step-up transformer is assumed at the

converter output in this chapter to allow concentration on a single converter unit.

8.2 Proposed Three-phase Hexagonal Chopper System

In this section, the operational principles of the proposed hexagonal chopper and its
extension - the M2AHC, are analysed. The two chopper system versions are
equivalent from a system point of view, with a similar relationship as the 2-level
VSC and the MMC in DC-AC applications.

8.2.1 Performance Analysis of the Hexagonal Chopper

The schematic of proposed three-phase hexagonal chopper is shown in Fig. 8-1. Six
groups of series-connected insulated gate bipolar transistors (IGBT) as bidirectional
switches are used to form a hexagonal ring. The switches are denoted as S, where
x=a, b, ¢ are the chopper phases; and y=1, 2 are the upper and lower switches
respectively as in Fig. 8-1. The two IGBTs in each bidirectional switch are driven by
the same signal, while the upper and lower switches of one phase are
complementarily triggered from a pulse width modulation (PWM) scheme. {A, B, C}
and {Ao, Bo, Co} are three input and output terminals respectively. The risk of
resonance between the line filters when zero-sequence current is drawn is avoided by

the solid connection of terminal capacitors, in contrast to a three-wire star connection.
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Fig. 8-1. Proposed three-phase hexagonal chopper (without filter).

In Fig. 8-1, each phase functions as a buck-type AC chopper, and the directly
generated voltages are denoted as {Vao-8, VBo-c, Vco-a}- {da, dp, dc} are the duty cycles
of the upper switches. {vag, Vac, Vca} are the input line voltages. The output voltages
{Vao-B, VBo-C, Vco-a} are related to input voltages {vas, Vsc, Vca} by the duty cycles of
the upper switches as: Vao-8=0aVag, Veo-c=0pVec and Vco-a=0dcvea. Accordingly, the
output line voltages {Voas, Vorc, Voca} are given by (8.1).
Upsp = Vpo-p ~Upoc +Vpc =Vapdy +Upc - (1-dy)
Uyne = Upo-c ~Vgya + Ves = Vg -d, + gy - (1=d,) (8.1)
Usca = Voo ~Vaop +Vap = Vs "o + V- (1-d,)
In normal operation, the duty cycles of the three phases are equal with the pure DC
component denoted as D. Considering the sinusoidal input voltages in (8.2), where
vm and w are the amplitude and angular frequency of the input voltage respectively,
(8.1) can be consolidated into (8.3), with the definitions in (8.4).
UV, =V, -COSwt
Uge =, -COS(at —% 1) (8.2)
Ugy =V, -COS(at + % 7r)

v,z =A-v, -cos(at +A)
Upe =A-v, -coS(wt +A—-%7) (8.3)
U,ou =A-v, -COS(0t + A+ %)
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A=+3D*-3D+1
A= —cos’l(%) &4
2A
Fig. 8-2 shows the plot of A and A (in degrees) varying with D. The hexagonal
chopper operates similarly to a zig-zag transformer as it offers output voltage phase-
shifting, that is, the flexibility for power flow control, which is an additional feature

of the proposed configuration over the star connection which has only amplitude

adjustment.
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Fig. 8-2. Hexagonal chopper amplitude and phase of output line voltage versus DC duty cycle.

From Fig. 8-2, when D=0.5 is the initial operating point, the phase-shift range can be
a maximum and bidirectional. However, phase regulation will also change the
amplitude (minimum 0.5) due to the input voltage envelope in the constant duty
cycle mode and the coupling between amplitude and phase control. This issue is
investigated in a later section, to avoid the use of an on-load tap changer (OLTC) or
an extra converter for voltage amplitude recovery (decoupling).

8.2.2 M2AHC with a Quasi-2-Level Operational Mode

In high and medium voltage applications, the presented hexagonal chopper requires
series connection of bidirectional switches to operate in a typical two-level mode. In
order to reduce the EMI generated from high frequency switching of high voltage
levels and avoid uneven dynamic voltage sharing amongst series connected
semiconductor devices (low reliability), M2AHC operation in a quasi-2-level mode
has been developed, as depicted in Fig. 8-3, where the switches of Fig. 8-1 are
replaced by a chain link of half-bridge cells and inductors in each arm to enable

scalability to high power and high voltage applications. The cell capacitors in the
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proposed M2AHC only sustain a pure AC voltage, allowing the use of small AC
capacitors instead of large DC counterparts, as presented in the hexverter in [17]. The
arm inductors, which limit the inrush current of the inner hexagonal ring during
transient voltage mismatch between input voltage and the sum of the non-bypassed
cell capacitor voltages, can be significantly reduced, compared with the MMC or
hexverter. The quasi-2-level operation mode interpreted in Fig. 8-4 is adopted to
minimize dv/dt stresses on output connected equipment. The proposed quasi-2-level
operation divides voltage level transitions into multiple steps without significant
compromise on duty cycle information. It facilitates orderly output voltage
transitions from level ‘0’ to level ‘1’ (and vice versa) through artificially created
intermediate voltage levels. These intermediate voltage levels enable sequential
switching of the MMC cells of the upper and lower arms in and out of the power path.
In this way, the voltage gradient (dv/dt) during switching transitions is greatly

reduced; enhancing system reliability [18].

Arm

Fig. 8-3. Proposed M2AHC with its arm and cell structures.
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Fig. 8-4. Comparison of (a) real-2-level and (b) quasi-2-level modes for AC chopper systems.
This discussion has shown that the proposed M2AHC is different from the hexverter
[17], although topologically they look similar. The main differences are summarized
as follows:
a) The M2AHC with half-bridge cells (with bidirectional switches) contains no large
energy storage component; because the cell capacitor voltages are pure AC. Arm
inductances are also small and may merge into stray inductance in a compact design.
However, the hexverter uses full-bridge cells (with unidirectional switches) and
incorporates a large DC capacitor in each cell [19].
b) The presented converter operates in a quasi-2-level mode, while the hexverter
functions in a typical multilevel mode.
c) The proposed converter acts as an AC chopper from the system point of view,
where duty cycle is the control input. But the hexverter is derived from the back-to-
back MMC and can be viewed as an indirect AC-AC system.
d) The arm current in the M2AHC is discontinuous and transits between zero and the
load current by multi-steps (di/dt is limited), while the hexverter (also MMC)
maintains continuous arm current. Lower conduction losses are expected in the
M2AHC.
e) Normally, only fundamental and high frequency currents flow in the M2AHC arm.
However, circulating currents of the MMC or hexverter contain DC and 2" order
components.
The use of bidirectional switches in the chopper system facilities reverse blocking
capability for the half-bridge cell configuration under fault conditions.
Investigation of design issues for the M2AHC using quasi-2-level operation follows.

1) Parameter Selection
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The input C-filter and output LC-filter are designed according to established
approaches as discussed in [20], so are not repeated.
Similar to the conventional MMC, each M2AHC arm must be able to block the input
voltage peak. This means each M2AHC phase must have 2n cells (n cells per arm).
During normal operation, the total number of series cells in the power path from the
upper and lower arms at any instant must equal n. This means n,+n;=n, where n, and
n; are the instantaneous number of cells selected from the upper and lower arms.
When n,=0 (nj=n) and n;=0 (n,=n), the output poles (A,, B, and C,) of the M2AHC
are connected to level ‘1” and level ‘0’ of their individual phases respectively. Thus,
the maximum voltage stress per cell is limited to V/n, where V, is input voltage
peak and n is cell number per arm.
Fig. 8-4(b) shows that M2AC quasi-2-level operation is achieved by the
modifications introduced to the typical two-level duty cycle in Fig. 8-4(a), hence, the
total time at intermediate voltage levels, limits the maximum fundamental output
voltage. This drawback can be minimized by making the dwell time at each
intermediate voltage level sufficiently small to ensure smooth transition of the output
voltage between levels ‘0’ and ‘1’. Then system level consistency between the
M2AHC and the 2-level hexagonal chopper is maintained. From Fig. 8-4(b), the duty
cycle loss can be calculated by (8.5), where T; is the switching period and o is the
step duration.

r=(n-1)-0t/T, (8.5)
The step number is constrained by the duty cycle loss. Considering one typical
application, with a 1kHz switching frequency and IGBT modules with a switching
delay of about 5us (Infineon FZ1500R33HL3); the step duration J¢ can be about 10us.
In this case, if maximum tolerated duty cycle loss is 8%, at most 9 cells per arm (10-
level waveform in the transition) is allowed according to (8.5). Such a limit is
reasonable because the purpose of the M2AHC is not to track references as with the

conventional MMC.

L i e
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Fig. 8-5. Equivalent M2AHC model: (a) quasi-2-level transient model; (b) power loop in steady-
state; (c) arm current model; and (d) inner branch model.

For the M2AHC design, another difference to the MMC is in the hexverter or quasi-
2-level DC-AC converter [18], the weak decoupling of the DC-link affects
calculation of cell capacitance and arm inductance.

In conventional converters, the DC cell capacitor is chosen based on switching ripple
demand, while the M2AHC is a pure AC system, with AC capacitors. Considering
the simplified M2AHC transient model in Fig. 8-5(a), Cen and Cg are the equivalent
capacitors of the non-bypassed cells in the upper and lower arms during quasi-2-level
transitions. All n cell capacitors in each arm are either clamped to the input voltage
or bypassed after a transition as in Fig. 8-5(b). C. and L; are cell capacitance and
output filter inductance. State equations can be established as in (8.6), from which
the equivalent resonant frequency f; between Cg//Ce and Ly must be between the
fundamental frequency f, and switching frequency fsy, as in (8.7). If f, is smaller than
fo (large Ceen), cell capacitor voltages cannot follow an increasing output voltage;
while if f, is larger than f, (small Cgy), high frequency oscillation will disturb the
step voltage during transitions. Practically, a geometrical mean of the normalized
frequencies is suggested, of the resonant frequency fo of Ce and Ls as shown in
(8.8). The M2AHC cell capacitor voltage is pure AC, while quasi-2-level operation
of a conventional MMC uses DC cell capacitors to maintain a constant voltage. Thus
the presented M2AHC is able to use smaller cell capacitors than in [18], under the

same operating conditions.

2
L,(C, //ce,)-%wc-vc —v, v,
n _C,lIC, 1 1 (86)
> >

n-1 C, _ﬂoor(%n)+ceil(}/2n)]
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In a typical 2-level hexagonal chopper, the load current alternatively flows out of
(into) one switch and its complement according to the duty cycle. Hence, pure
fundamental current (in phase with load current) is carried by each arm. In the
M2AHC, neglecting the quasi-2-level process, considering Fig. 8-5(c) and constant
duty cycle D, the arm currents are expressed as in (8.9), which is in accordance with
a 2-level chopper. Practically, a small phase-shift is introduced to upper and lower
arm currents by the quasi-2-level transition delay. However, this will have no
influence on the system performance since (8.10) (Kirchhoft’s law) always holds (i
Is the circulating current in the hexagonal ring).

i, =D-i, 9)
i, =—(-D)i, |
{g:g—g .10)
icir = % (lh + ll)

The arm inductance is evaluated from Fig. 8-5(d). As analyzed, the arm current of
M2AHC contains only a fundamental component. Since n cell capacitors are series
connected at any instant, the inner branch characteristic impedance { can be obtained
as in (8.11). In order to damp the high frequency inrush current (due to cell capacitor
voltage summation error) and reduce the fundamental voltage drop on the arm
inductance, trade-off is made based on the output power level and inner ripple
current demand (current ratings for power devices) when selecting the characteristic

impedance ¢, and Lam can be specified according to:

2nLarm / C

cell

(8.11)

2) \Voltage Balancing Strategy
The cell capacitor voltage balancing strategy can be explained using the illustrative
example with two cells per arm in Fig. 8-6(a). By detecting the load current direction
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and voltage differences between the relevant cell capacitors, the appropriate
redundant switching states can be assigned to compensate the voltage errors [21].
Similar with the conventional MMC, the M2AHC output voltage with two cells per
arm contains one intermediate voltage level which can be synthesized by multiple
switch combinations (redundant switch states). The modulation strategy for the three-
level M2AHC is interpreted as follows:

(1). The duty cycle command is transferred to the converter, denoted as Ref; in Fig.
8-6(c). The reference signal Ref, is calculated from Ref; and their subtraction

determines the duration of the intermediate step, which is smaller than the original

duty cycle.
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Fig. 8-6. Interpretation of the modulation for three-level MMC based hexagonal chopper: (a)
configuration for one phase; (b) output voltage level and relevant switch states; (¢c) modulating
signal to define the voltage output states; and (d) voltage balancing strategy.

(2). According to the difference between Ref; and Ref,. The pulse signals ST, and ST,
are obtained. In Fig. 8-6(b), if ST; & ST, = 1, the two upper cells both generate ‘zero’
and output voltage is ‘Level 1’; while if ST, || ST, =0, the two upper cells both give

‘one’, and output voltage is ‘Level 0’. All remaining states belong to the intermediate
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voltage level used for voltage balancing by taking into account the arm or output
current direction.

(3). The redundant switch states for the intermediate output voltage level are
assigned according to the output current direction and cell capacitor voltage
difference in Fig. 8-6(d). For example, assuming the load current flows from the
converter, if the voltage on Cy; is larger than that on Cyy, the upper arm switch state
is ‘0110’; while if V1 is smaller than V|, the lower arm should have a switch state of
‘1001°. In this analogy, the remaining states can be deduced.

An M2AHC (using quasi-2-level) with a larger number of cells can be modulated
similarly to the illustrative example but with a more sophisticated software overhead
for cell capacitor voltage sorting and switch state selection.

Since the quasi-2-level mode only introduces minor modifications to the duty cycle
of the two-level AC chopper in Fig. 8-1, to generate intermediate voltage states,
system level equivalence between them can be concluded. Therefore, the hexagonal
chopper and M2AHC share the same control scheme at the system level, similar to
the 2-level VSC and the MMC in DC-AC applications.

8.3 Heterodyne Modulation and System Control
The hexagonal chopper system has a problem, exposed in Fig. 8-2, where phase
regulation simultaneously causes amplitude changes if the duty cycles are
constrained to equal a DC value (as previously assumed). This is the same as with
the zig-zag transformer, where OLTC is employed to adjust the amplitude. Also the
minimum amplitude is 0.5, which means the voltage control range is limited. In order
to overcome these drawbacks and improve system flexibility, a new degree of
freedom for voltage synthesis is developed by exploiting the heterodyne principle,
which is clarified by the trigonometric identity in (8.12).
CoS - COs 3 = ¥[cos(a — ) +cos(a + f)] (8.12)

cos wt - cos(—2amt + @) = ¥ [cos(at — @) + cos(3wt — )]

cos(wt — %4 ) - cos(—2wt + o — %, ) = ¥, [cos(wt — o — % ) + cos(3wt — )] (8.13)

cos(wt + % ) -cos(—2wt + @+ % ) = [cos(wt — ¢+ % ) + coS(3wt — @)]
Considering the fundamental input line voltage (positive sequence), the 2™ order
harmonic component in the negative sequence is inserted into the modulating signal

to generate a phase-shifted positive sequence fundamental together with a 3" order
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harmonic component (zero sequence) by-product that cannot propagate in a three-
phase system. The derivation in (8.13) is equivalent to the even harmonic modulation
(EHM) presented in [15], which is a special case of the heterodyne method.
Practically, the three-phase modulating signals are chosen as (8.14) with a range
between 0 and 1. From (8.1), (8.2), (8.3), (8.13) and (8.14), by the cancellation of the
zero-sequence components, the output phase voltage denoted as {Vopa, Vops, Vopc} Can
be calculated from (8.15) and (8.16).

d, =k, +k,cos(—2mt +¢p—-2%7), with

d, =k, +k, cos(-2wt + @) {
d, =k, +k,cos(—2awt + @+ %)

Uyps =U,[A, COSt — A, sin o]
Uops = Un[A, COS(wt — % ) — A, sin(wt — % )] (8.15)
Ve = U, [ A, cos(at + % ) — A, sin(wt + % )]

A, = %2k, —1+k, cosp)

A, -2—13(1+J§kzsin 0)

3

From this analysis, the introduced degree of freedom can regulate the input voltage

(8.16)

direct component and generate a new controllable quadrature component, by which
phase control can be achieved independent of amplitude regulation. kg is practically
suggested to be around 0.5 to guarantee a maximum range for the 2" order
modulating signals.

From Fig. 8-2, the maximum and bidirectional power flow control range can be
achieved around the initial point (zero power flow point) at half duty cycle. This
point has an inherent -60“phase shift and 0.5 amplitude gain compared with the input
AC voltage due to the delta connection of the three phases. This voltage adaption
issue can be overcome by a back-to-back configuration if each AC network is
equipped with the presented chopper system. However, a 1:2 interfacing transformer
with 60°leading phase shift is assumed in the following parts to adapt the converter
output voltage to the grid. This simplification allows the focus to be on the
performance analysis of a single converter unit.

8.3.1 Arm Current under Heterodyne Modulation

With the presented heterodyne method, the arm currents for the hexagonal chopper
and M2AHC are re-evaluated. From (8.9) and (8.14), the arm current (phase A) is
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shown in (8.17), where Iy, is load current peak value and g is the power factor angle.

The circulating current is calculated in (8.18).

{iah = [k, + k, cos(-2at + ¢)]-I,, cos(awt + ) 6.17)

.

i, =[k, —1+k, cos(-2wt + ¢)]- 1, cos(wt + )

al —

i, =(k,—¥%)I, cos(awt+ )+ ¥%k,I [cos(wt—p—fF)+cosBat—p+ )] (8.18)
In (8.18), the circulating current of the presented hexagonal chopper and M2AHC
contain fundamental and 3™ order zero-sequence components when heterodyne
modulation is employed. Thus the line currents in the input and output terminals are
only the fundamental (high frequency ripple can be readily filtered). However, if the
chopper system is configured as a star, the neutral line must be used as a power path
for the 3" order current which will be drawn from the input current [15], otherwise,
resonance on the input filter occurs. This is another advantage of using a delta
connected hexagonal chopper. For the M2AHC, the arm current is still discontinuous
and with a width-variant chopped shape after the insertion of AC components in the
modulating signals. Since in the M2AHC, n cell capacitors are always activated, cell
capacitor voltage is not influenced by heterodyne modulation.
8.3.2 Power Flow Control Range with the Heterodyne Method
From (8.16), the output line voltage magnitude and angle can be expressed as in
(8.19), after using the heterodyne method. Compared with (8.4) and Fig. 8-2, a new
degree of freedom for voltage synthesis and power flow control is created by
heterodyne modulation. Practically, the voltage variation range of the interfacing
converter (hexagonal chopper in this chapter) is small in order to maintain the
stability of the parallel AC system. This narrow range is sufficient for power flow
control, which is different from a series compensation device with a fractional power
rating, where the converter operational point varies significantly [22, 23]). Therefore,
the output voltage amplitude gain for the presented hexagonal chopper is considered
to be controlled constantly, as a first step. Then, with fixed ko, the relationship
between k; and ¢ is also fixed. Thus, the relevant phase-shift range can be obtained
by evaluating (8.19). However, since it is difficult to derive an analytic solution for
the transcendental equations, some graphical results are investigated, considering the
range of ko, ky in (8.14).
In Fig. 8-7(a), the voltage amplitude is controlled to be 0.5, and the output voltage
phase-shift ranges of three typical cases (ko=0.55, ko=0.5, ko=0.45) are plotted. The
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inserted 2" order modulating signal is capable of decoupling amplitude regulation
and phase control. When the amplitude is fixed, sufficient phase-shift range around
the initial point (-60 is achieved for power flow control. A similar conclusion is
drawn from Fig. 8-7(b) when the amplitude gain is set to 0.55. In Fig. 8-7(c), the
amplitude can be maintained at 0.45 which is lower than the minimum of 0.5 without
heterodyne modulation (Fig. 8-2), and output voltage phase-shift can also be

implemented.
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Fig. 8-7. Phase-shift range with heterodyne modulation: (a) A4=0.5; (b) A4=0.55; and (c)
An=0.45.

Typically, if kg=0.5 (0<k,<0.5), the output bus voltage vy=Vv; (v; is the grid voltage) by
using a 1:2 transformer, 6099eading, for voltage adaption, and a bus phase difference
0=2<the power flow output of proposed hexagonal chopper system can be obtained
by (8.20), if inductive impedance dominates [1]. (The adaption transformer can be
avoided with a back-to-back structure but is not considered in this chapter as
previously mentioned.) Accordingly, Fig. 8-8 shows the theoretical power flow

control range when using heterodyne modulation and normalized by (8.21).

_2A,vu sin(0+ Ay + K )

P
X (8.20)
0= 2A,V,[2A,0, —v, COS(S + Ay, + % 7))
X
P, _LilySino
X (8.21)
0. = v, (v, —v, C0SO)
N X
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Fig. 8-8. Power control range (pu) with single-end hexagonal chopper (no back-to-back
configuration) when ko, and k; equal 0.5.

8.3.3 Control Scheme for the Hexagonal Chopper in the SRF

Fig. 8-9 summarizes the generic control systems that can be used for both versions of
the presented AC choppers (2-level hexagonal chopper and quasi-2-level mode
M2AHC) when used to connect two AC networks (DG to utility or utility to utility).
After generating the voltage reference from the central power flow controller, the
hexagonal chopper acts as an AC-AC VSC and is dominated by the voltage
supporting controller (intermediate layer and inner current control layer). From
(8.14), (8.15) and (8.16), the direct axis output voltage can be controlled by the DC
component and direct component of the 2" order signal in the modulating reference,
while the quadrature axis voltage is only determined by the 2" order quadrature

signal.
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Fig. 8-9. Diagram of local controller for the hexagonal chopper.

| IL M24HC

The d-g equations describing the output voltage are shown in (8.22), from which the
intermediate voltage control layer is designed. The terms {44, Aq} defined in (8.23),

can be obtained from the proportional-integral (PI) controller, as in (8.24). If {py, pi}

are the P1 parameters for the d-q axes, the current reference for the inner layer can be

derived from (8.25), as in Fig. 8-9. The active damping factor 1/r, is employed for

load adaption and oscillation suppression. From (8.22) to (8.25), the close loop

voltage transfer function Gy, is as in (8.26).
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dt
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i, =4 —0oCuv, +v,lr,
LT o e (8.25)
i, =4, toCuv,,+v, 1T,
v -+
G,, = od =200 _ PP (8.26)

v, U _pl.+s(1/rv+pp)+sch
Similarly, the inner layer current controller is derived from (8.27), where r is the
filter inductor resistance and {Vcond, Veonq} IS the converter output voltage before
filtering. By the same derivation as for the intermediate control layer, the hexagonal
chopper reference signal {v cona, v*con_q} and close loop inductor current transfer
function G, can be interpreted from (8.28) and (8.29) respectively, where {0}, i} are

the PI parameters for the current controller and {yq, x4} are the PI controller output.

di,, =—Li N Ugond — Voa + @L 1,
d L “ L,
) ) (8.27)
dqu — _Li vcon.q - voq - a)LflLd
d L, ™ L,
Uona = Xa—@L, +0v,
° d d f.Lq d (8.28)
vcon.q = Zq + a)LflLd + voq
1 1 o; +So
Gy =H=21= L (8.29)

i, 1, o,+s(r+o,)+s’L,

According to (8.14) and (8.16), {V cond, V cong} are transformed to {vcond, -V conq}
and inverse Park transformed with -26 (6 is from the fundamental phase locked loop,
PLL from the input voltage) rotational speed. The resultant modulating signal is in
the 2" order negative sequence.

Since the direct axis voltage can also be regulated by the DC component of the duty
cycle, an additional parallel loop using a Pl controller is inserted to further
compensate the direct voltage output. It is located in the inner control layer and
shares the current reference with the previous current controller. This controller
actually determines the DC modulating signal. Practically, this loop is set to be much
slower than the 2" order harmonic modulation loops. The sum of the DC component
and 2" order signal gives the final reference for the chopper system.

Based on this system control strategy, the final reference signal v, for the typical 2-

level hexagonal chopper, is directly transferred to a PWM module to generate the
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gate signals; while for the M2AHC, v, is used as the reference for the cell capacitor

voltage balancing scheme (Fig. 8-6).

8.4 Discrete Drive to Remove Dead-Band Effect

In previous sections, an integrated drive scheme (two IGBTs are triggered by the
same signal) for bidirectional switches is assumed to make the system more readily
acceptable. Practically, dead-band time will cause voltage spikes in both the 2-level
hexagonal chopper and the M2AHC with integrated drive, when both switches are
turned off. Generally, in all direct AC-AC applications with integrated controlled
bidirectional switches, any dead-band time will cut off all paths for current flow,
leading to IGBT high voltage stresses. This issue has not been fully addressed in
previous papers on direct AC-AC conversion using bidirectional switches [15, 16].
To overcome this issue without adding any snubbers, the integrated drive scheme
should be modified but without influencing the considered performance. In Fig. 8-10,
different operational modes of the bidirectional switch are displayed, when separate
gate signals are employed. Fig. 8-10(a) shows the integrated drive situation where
bidirectional reverse voltage blocking is addressed; Fig. 8-10(b) represents the
reverse current blocked state when G; is always off; while in Fig. 8-10(c), the

bidirectional switch reverts to a single IGBT if G; is turned on constantly.

_| G, XBG G,

A¥e 4 Yo 4@@
(©

(@) (b)

Fig. 8-10. Bidirectional switch with two series IGBTS: (a) integrated drive; (b) reverse-blocking
state; and (c) reverse conduction state.

A discrete drive scheme without reverse blocking ability should be considered to
avoid the dead-band effect. The two IGBTS sustain the reverse voltage alternatively
due to the input voltage polarity. Thus, each IGBT can be maintain in conduction
depending on the input polarity as in Fig. 8-10(c), to provide an extra current path

during the dead-band time, thus eliminating any voltage spikes. With this approach,
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the presented converter can be decoupled into two chopper units with unidirectional
switches as shown in Fig. 8-11.

This discrete drive scheme does not change AC chopper system performance. For a
2-level converter, an input voltage transducer should be added. However, since
M2AHC cell capacitor voltages are necessarily for their voltage balancing, voltage
polarity can be derived by the average cell capacitor voltage. Thus a dedicated
voltage transducer is not needed. Additionally, the total switching of the power
switches is nearly halved by the discrete drive scheme (switching losses are reduced
because the unblocked IGBT in the integrated drive always experiences zero voltage
switching — ZVS).

/" Positive Input ", _|
N [ ’ . Voltage -

r-"';lﬂ(:;"r-r:;;l}?“n Chopper Unit #1
l“_“‘l:/{}tfagq-_-"‘ _| I . -
/"Negative Inp:ii':_
Voltage _I @
AC Chopper Chopper Unit #2

Fig. 8-11. Decoupling principle of the AC chopper by using discrete drive scheme for the
bidirectional switches.

8.5 Simulation and Experimental Results

To verify the operational principle and voltage balancing scheme for the M2AHC,
simulation on a three-phase 5-level (four cells per arm) model and experimentation
on a single-phase 3-level test rig, have been carried out.

The heterodyne control scheme (system level) for the proposed hexagonal chopper
system is verified experimentally on a three-phase 2-level mode prototype.

8.5.1 Simulation Tests

An illustrative four-cell version (five-level transitions) of the presented M2AHC has
been simulated in Matlab/Simulink with following specifications: input line voltage:
10kV (RMS); input C-filter: 10uF, cell capacitor: 10uF, arm inductor: 10uH,
switching frequency: 2.5kHz, output filter inductor: 15mH, output filter capacitor:
100uF, active power load: 5.4MW, reactive power load: 2.1MVAr. A composite
modulating signal with ko=0.5, k,=0.12, p=25%and a 10us step duration for the quasi-

2-level mode is used in this model.
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Fig. 8-12. Simulation results: (a) chopped output voltage for one phase; (b) quasi-2-level mode
with 5-step voltage transition and output/arm currents; (c) voltage balancing results; (d) upper
and lower arm currents after moving average filter; and (e) three-phase output voltage.

The output voltage waveform in Fig. 8-12(a) shows that the presented M2AHC
operates in a chopper mode with duty cycle as the control input. Zoomed versions of
the output voltage together with the output and arm currents are displayed in Fig. 8-
12(b). The use of quasi-two-level operation introduces intermediate voltage steps to
avoid high voltage level switching. Thus, reduced dv/dt is impressed on the output
connected load. Also, Fig. 8-12(b) shows that the M2AHC in a quasi-2-level mode
simultaneously conducts load current through the upper and lower arms only during
transitions of the output phase, via the artificially induced intermediate voltage levels;
otherwise, the entire load current is conducted either through an upper or lower arm.
In Fig. 8-12(c), the input voltage is equally shared by the eight cell capacitors,
verifying the proposed voltage balancing scheme. Small AC capacitors based on (8.8)
are sufficient for the proposed ratings (10kV and 6 MVA). Fig. 8-12(d) displays the
moving averaged upper and lower arm currents which contain fundamental and 3"
order harmonics as in section Il1l. From (8.17) the fundamental currents of the two
arms are not necessarily equal. High quality post-filter three-phase output voltage
from the M2AHC is demonstrated in Fig. 8-12(e).
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Fig. 8-13. Voltage balancing for a zero power factor condition.
The voltage balancing results can be further examined in Fig. 8-13 under a zero
power factor condition, which is the most challenging situation for modular
multilevel based converters (such as the conventional MMC). The cell capacitor
voltages remain stable and balance. This verifies that the proposed M2AHC is able to
survive any arbitrary power factor condition, given Fig. 8-12(d) and Fig. 8-13

represent the two extreme conditions (nearly unity and zero power factors).
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Fig. 8-14. Voltage command and power load transient processes for the proposed hexagonal
chopper during a voltage supporting mode: (a) output voltage in the time domain; (b) output
voltage in the SRF; (c) load current; and (d) moving-averaged arm current for one phase.

In order to evaluate the transient process, the post-filter voltage of the model is
examined under step output voltage changes. In Fig. 8-14, during 0 to 0.3s, 1pu
voltage is established; then the voltage control command is stepped to 1.1pu with a
positive 10©phase shift at 0.3s; the load power is step increased to 1.2pu and
recovered to 1pu at 0.6s and 0.9s respectively. Fig. 8-14(a) and (b) show the output
voltage waveforms in time domain and the SRF during the transient. Fig. 8-14(c) and
(d) show the load current and moving-averaged arm current (the two arm currents are
not necessarily equal, according to (8.17)). The effectiveness of the control strategy
in Fig. 8-9 is confirmed by these results. The cell capacitor voltage remains as in Fig.
8-12(d) (or Fig. 8-13) during the transient processes because the cell capacitor
voltage sum for one arm is always equal to the input voltage and each cell capacitor
voltage is uniformly distributed due to the voltage balancing strategy.

Based on the theoretical discussion in section Il and these results, it is concluded that

the M2AHC performs like a typical two-level AC chopper, except for the employed
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half-bridge cells which enable the generation of a step voltage transition between
zero and the instantaneous peak (positive or negative). The adopted voltage
balancing strategy ensures the uniform distribution of the input voltage across the
cell capacitors, thus avoiding the need for series device connection in medium and
high voltage applications.

8.5.2 Experimental Results

1) Modulation and Voltage Balancing for the M2AHC

Based on the previous simulation, the voltage balancing scheme and open loop
performance of the M2AHC are further verified on a single-phase prototype with two
cells per arm, as in Fig. 8-15. The Infineon TriCore 1796B DSP is employed as the
controller. The specifications are as follows: input voltage: 240V (RMS), IGBT:
FGA20S120M (1.2kV, 20A), switching frequency: 2.5kHz, power rating: 1.2kVA,
input C-filter: 10uF, cell capacitor: 10uF, output filter inductor: 10mH, output filter
capacitor: 100uF, and load: series 10mH and 102.

Fig. 8-15. Experiment setup photograph of the single-phase M2AHC with two cells per arm.

Fig. 8-16(a) shows the effective gate signals for the lower switches in each cell. The
upper and lower arms operate complementarily (chopper) and the small edge
durations are the quasi-2-level mode transition. The generated output voltage with an
intermediate step and the arm currents are displayed in Fig. 8-16(b), where the arm
currents are discontinuous for the proposed M2AHC, and the quasi-2-level operation
slows the voltage rise and fall rate of the chopped edge. Fig. 8-16(c) and (d) are the
fundamental period time based waveforms of the output voltage and arm currents

respectively. The voltage balancing strategy developed in 8.2.2 for the M2AHC is
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verified by Fig. 8-16(e) since the four cell capacitor voltage waveforms all coincide

with each other.
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Fig. 8-16. Test results for a single-phase M2AHC with 2 cells per arm: (a) effective gate signals
for lower switches in 4 cells; (b) interaction between output voltage (with intermediate step) and
arm currents at switching period time base; (c) output voltage under fundamental period time
base; (d) arm currents under fundamental period time base; and (e) cell capacitor voltage
balancing results.
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2) System Control with the Heterodyne Method

To verify the system control scheme developed in section 8.3 part C, a 2-level
hexagonal chopper is assessed, where the experiment setup photograph is seen in Fig.
8-17. The input and output buses are interfaced by two three-phase transformers with
all reference terminals accessible for voltage adaption. The TI DSP TMS320F28335
Is employed as the controller. Specification of the prototype are: grid voltage: 110V
(line-to-line RMS, three-phase), IGBT: FGA20S120M (1.2kV, 20A), switching
frequency: 2.5kHz, power rating: 1.2kVA, input filter capacitor: 10uF, output filtering
inductor: 10mH, and output filter capacitor: 100uF.

)Vgab 100 V 5ms 1 1 Hyvgab 100 v 5ms 1

) Vab, D=0.5 100 V. 5ms T 1 [) Vab., AH=0.5, Angle=-60 100 V i;5 ms {

) Vab, D=0.7 100 V' 5ms: I : 7 B) Vab. AH=0.5, Angle=-25 100 V T5ms * ]

) Vah D50.3 100, V) Smsi Ty L] #) VabgARS0.9,Angles-95 100 Y TIMS |y o L
(@) (b)

Fig. 8-18. Comparison of voltage synthesis ability of the hexagonal chopper: (a) constant duty
cycle and (b) heterodyne method.

Initially, the voltage synthesis ability of the hexagonal chopper is demonstrated by a
standalone mode test, where heterodyne modulation and conventional constant duty

cycle methods are employed. In Fig. 8-18(a), output voltage phase-shift causes
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amplitude changes simultaneously when the duty cycle is constant. This is because
the output voltage always falls within the envelope formed by three-phase input
voltage. In Fig. 8-18(b), with heterodyne modulation, the amplitude can be controlled
constantly independent of phase-shift as described mathematically by (8.15), (8.16)
and (8.19). When the heterodyne method is used, 3 order current circulates in the
hexagonal ring as discussed, which can be verified by Fig. 8-19 (the waveform is not
discontinuous because the delta connected input C-filter current is also included).
From (8.17) and (8.18), the fundamental currents in the upper and lower arms are in
opposite direction with different amplitudes; while the 3 order components are

equal, allowing trapping of the zero-sequence current.

1) Uppéer Arm Current 5 A '5ms
B Lower ArmCurrent 5 A 1S MS T, Lol il il

Fig. 8-19. Arm currents (plus input C-filter) under heterodyne modulation (Ay=0.5, 44=-259.

a Vab Vbc Vca E

b o

) Vab 100 V. 5ms
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B)Vea 400, Vi ams) vy T b b b b

Fig. 8-20. Three-phase output voltage at transformer terminals, with zero power flow.

To further verify the heterodyne control strategy, the chopper is feed from the grid
and its output is connected back to the grid through a 1:2 transformer with a 60°
phase shift, leading. Since the power controller that can slightly refine the voltage

reference is not considered in this chapter, a 3Q resistor and 3mH inductor are
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inserted as the line impedance when the voltage reference is manually changed (with
large amplitude and phase errors). Fig. 8-20 shows the zero power flow situation,
where the three-phase output bus voltage is the same as the grid voltage. In Fig. 8-21,
Ay is set to 0.4. Power flow control, when the output bus voltage phase is 1099eading
and 10°lagging to the grid, are demonstrated, respectively. Similarly, if the output
voltage gain is controlled as 0.6, #10°phase error can still be regulated by the
proposed hexagonal chopper system, and the corresponding power flow control
results are illustrated by Fig. 8-22. These results verified the decoupling and the
extended voltage synthesis range (on both phase-shift and amplitude) of the

heterodyne modulation in Fig. 8-7.
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Fig. 8-21. Power flow control with hexagonal chopper: (a) Ay=0.4, 6=10°and (b) A4=0.4, 6=-10°
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Fig. 8-22. Power flow control with hexagonal chopper: (a) Ay=0.6, 6=10°and (b) A4=0.6, 6=-10°
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8.6 Summary

This chapter has proposed two versions of a three-phase hexagonal chopper system

dedicated to the enhancement of power flow control in AC power networks. The first

hexagonal chopper version consists of six bidirectional switches connected end to

end without energy storage components. For scalability to high voltage applications,

the second version, called the modular multilevel AC hexagonal chopper (M2AHC),

was developed, based on the MMC switch voltage sharing concept. The operational

principle, modulation and control of both versions were described and substantiated

using simulations and experimentation. The contributions of this chapter are

summarized as follows:

The hexagonal chopper achieves direct AC-AC conversion with a small
footprint, reduced switch count and control complexity compared to the
matrix converter, which makes it attractive as power flow controller
between AC networks. However, direct AC-AC converters are not
proposed for interfacing wind turbines due to the lack of side-to-side
decoupling.

The proposed M2AHC employs significant smaller AC cell capacitance
and arm inductance than the hexverter, where large DC capacitance and
arm inductance are used.

In high voltage applications, quasi-2-level operation of the M2AHC
divides the voltage transition into multi-steps without significantly
compromising maximum output voltage, slowing the voltage transition
rate (dv/dt). Redundant switching states are assigned for voltage balancing.
Heterodyne modulation with an inserted 2" order negative sequence
component, decouples phase and amplitude regulation. It also extends the
power flow control range.

Heterodyne modulation requires 3™ order zero sequence current to flow in
the power path. Since the proposed converters are delta connected, this
current can be trapped in the inner hexagonal ring, so will not influence
the line current. If the star configuration is employed, the neutral line is
used to provide a path to circulate the 3" order current. Otherwise, the

input filter will resonate.
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A back-to-back configuration with the hexagonal chopper or M2AHC can be formed
at the PCC (point of common coupling) to adapt the voltage and double the control
flexibility when each AC grid terminal is equipped with the proposed converter.
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CHAPTER 9

A New Range of FACTS Devices using a Modular Multilevel AC
Hexagonal Chopper

This chapter proposes a new range of FACTS device based on direct AC-AC
conversion, where the modular multilevel AC hexagonal chopper (M2AHC) is
employed. The M2AHC is operated in a quasi-2-level mode; and heterodyne
modulation is used to decouple voltage amplitude regulation from the phase shift;
thus, achieving independent control of active and reactive power. Then, a family of
FACTS devices based on the M2AHC that offer voltage, active power and reactive
power flow control as both shunt and series compensators, is analysed. The use of
AC cell capacitors, instead of DC capacitors, in the M2AHC make its footprint
smaller and lighter than conventional AC-DC or DC-AC voltage source converter
(VSC) based FACTS devices; hence, high reliability and extended service life can be
expected. System modelling and controller design of the proposed FACTS devices,
are illustrated in a unified reference frame, considering different control modes,
transient and unbalanced conditions. Simulation results are used to verify the
feasibility of the proposed M2AHC based FACTS devices.
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9.1 Background

Penetration of flexible AC transmission system (FACTS) devices into power systems
has been fostered by increasing decentralization and meshed grids that bring more
complexity to the power dispatch task in electric power networks [1-3].

Voltage source converter (VSC) based FACTS devices such as the static
synchronous compensator (STATCOM), static synchronous series compensator
(SSSC), and unified power flow controller (UPFC) have proven effective for
autonomous voltage and reactive power control, manipulation of shunt reactive
current for attenuation of low-order harmonic currents, active power flow control,
and voltage unbalance correction through line impedance manipulation. Thus, any
attempt to reduce passive component cost, size, weight, reliability; and enhancing the
control range compared with thyristor based solutions is advantageous [4, 5].

The two-level VSC is the basic topology for FACTS devices. To reduce power
switch voltage stresses and dv/dt on coupling transformers in high voltage
applications, various multilevel converters have been introduced and applied. The
neutral point clamped (NPC) converter, cascaded full-bridge converter, and modular
multilevel converter (MMC) have been presented as FACTS devices in [6-8].

For these DC-AC converters, power flow control theory and grid compensation plus
ride-through ability for transient and unbalanced conditions have been developed.
However, the high cost and short service life of the large DC-link capacitor bank is
currently one constraint hampering the spread of FACTS devices.

Thus researchers have started investigating direct AC-AC solutions, without a DC-
link, for voltage compensators and power flow controllers. The matrix converter is
employed as UPFC in [9], where the steady state model and control are analyzed.
However, the matrix converter requires numerous bidirectional power switches and
complex modulation schemes. The vector switching converter may reduce the
number of switches but necessitates the use of a multi-throw input transformer as a
power source [10]. The AC chopper is conventionally viewed as voltage amplitude
regulator without phase shift ability. By cross connection of different phases in a
multi-phase chopper system, both voltage amplitude regulation and phase control are
achieved, but are coupled. With the heterodyne based techniques in [11-13]
decoupled power control for the vector switching converter, AC chopper and high

frequency link AC converter have been developed. However, the necessary high
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switching frequency and lack of modularity hamper their extension beyond low and
medium voltage applications. Also 3" order harmonic current is drawn from the grid
in these solutions.

The modular multilevel AC hexagonal chopper (M2AHC) is proposed in Chapter 8,
where its configuration and operational principle are discussed. It offers scalability
for high-voltage high-power applications by introducing pure AC modular switching
cells. Using heterodyne modulation, independent control of voltage amplitude and
phase angle is achieved, thus, facilitating the decoupled control of active and reactive
power without a DC decoupling stage. Also, its hexagonal structure can circulate
zero sequence by-products within the converter, avoiding additional filtering devices.
This chapter employs the M2AHC to create a new range of FACTS devices. System
configuration and control design are investigated to handle the steady state operation,
transient, and unbalanced conditions. The remainder of this chapter is organized as
follows: section Il reviews converter performance briefly. In section Il, potential
members of the new range of M2AHC based FACTS devices are introduced and
discussed. Then, the modelling of the M2AHC configured as a representative
FACTS device with its controller design is explored in section IV. Section V
addresses some typical cases to verify the feasibility and effectiveness of the
proposed approach. Finally, major findings are highlighted in section VI.

9.2 M2AHC in a Quasi-2-Level Mode with Decoupled Voltage Amplitude and
Phase Control
The M2AHC is shown in Fig. 9-1(a), where its six arms are chain links of the half-
bridge AC switching cells and AC arm inductors connected end-to-end to form a
hexagonal ring. Three-phase output voltages are synthesized by modulating the two
arms of each phase according to pre-defined patterns. The use of modular AC
switching cells in combination with quasi-2-level operation in Fig. 9-1(b) that
divides the voltage level transition into multiple small steps makes the M2AHC
scalable to high voltage situations with low electromagnetic interference (EMI). An
effective AC cell capacitor voltage balancing strategy is implemented to ensure static

and dynamic voltage sharing between power switches [14].
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Fig. 9-1. M2AHC summary: (a) converter configuration with its arm and cell structures and (b)
quasi-2-level operation mode.

In Fig. 9-1, the input line voltages are denoted as {Vag, Vsc, Vca}, {da, dp, dc} are the
duty cycles, N is the number of cells in each arm, oz is the time duration for each step
in quasi-2-level operation, and Ts is the switching period (6¢<<Ts). Then, the duty
cycle loss 7 by quasi-2-level operation in Fig. 9-1(b) can be calculated by (9.1), and
the M2AHC output line voltage can be expressed as in (9.2) when duty cycle loss is
neglected.
r=(N-1)StIT, (9.1)
Uoap = Uap da + U (- db)
Uope = Upe Ay + 0, (1-d,) (9.2)
Upca = Vs A, + 0,5 (1-d,)
If the duty cycle of the M2AHC contains only a DC constant component, the output
voltage amplitude and phase regulation cannot be decoupled for lacking of a control
degree of freedom. Heterodyne modulation uses harmonic band signals to give a new

input degree of freedom for voltage synthesis. As in Chapter 8, a 2" order negative
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sequence modulation signal is employed for decoupling fundamental amplitude and
phase angle control of the M2AHC during normal operation. Zero sequence by-
products are circulated in the hexagonal ring and are cancelled in the output line-to-
line voltage. For unbalanced conditions, the voltage and current waveforms can be
resolved into positive and negative sequence components and both should be
synthesized from the M2AHC by the heterodyne method separately. In [13], a
generalized form of the heterodyne modulation technique is presented for a wide
range frequency spectrum. However, this chapter focuses on the transmission level,
where the power rating is high, voltage unbalanced between phases is sufficiently
small, switching frequency is low, and no high order harmonic distortion exists. Then
signals with differential mode DC values plus 2" order negative sequence
components are inserted into the original DC constant duty cycle as shown in (9.3).
If the input line voltage is expressed as in (9.4), from (9.2) and (9.3), the synthesized
voltage can be derived from (9.5) and (9.6), where {Vpq, Vpq} and {Vng, Vnq} are d-q
components of the positive and negative sequences in the M2AHC output phase
voltage.
d, =k, +k,cosg,+k,cos(-2wt + ¢,)
d, =k, +k,cos(p, —% ) +k,cos(—2wt + ¢, — % ) (9.3
d, =k, +k,cos(p,+%)+k,cos(—2mt + ¢, + % 1)
U,z =V, COSwt
Uge =V, COS(at — % 1) (9.4)
Uy =V, COS(at + % 1r)

Vg =50, (2k,;, —1+k,cosg,)
) (9.5)
v, == %V, M B+k,sing,)
{vnd =%V, k CO? 8 (9.6)
vnq :_%vm kO S|n¢’o

From (9.5) and (9.6), it is concluded that the M2AHC with heterodyne modulation is
able to generate independent voltage vectors, thus, fully decouple the active and
reactive power flow control and offers voltage imbalanced mitigation when applied
as a FACTS device.

221



9.3 New Range of FACTS Devices Based on the M2AHC

The M2AHC can be configured to form a family of FACTS devices. If the input side

Is series connected in the power line, the M2AHC operates in current source mode;

while if the input terminal is shunt connected to the reference bus, it functions in a
voltage source mode. For duality, this chapter focuses on the voltage source mode.

Due to the direct AC-AC conversion ability of the M2AHC and different output
terminal connection types, a variety of multi-bus FACTS devices can be formed as

shown in Fig. 9-2.

When the M2AHC output voltage is inserted in series with the power line, it

resembles a basic series compensation device as in Fig. 9-2(a), which is analogous to

a conventional UPFC based on AC-DC-AC stages. Similarly, the device in Fig. 9-2(b)
is shunt connected to the power line at both terminals and is equivalent to the active

source (energy storage) triggered DC-AC VSC STATCOM, which can exchange

active power with the grid. Fig. 9-2(c) and (d) show two versions of the dual-power-

line configuration, substituting for the interline power flow controller (IPFC). If
multiple M2AHC units are adopted to integrate the power buses at the point of
common coupling (PCC), a general multi-bus power flow controller which is similar
to the multi-terminal AC-DC-AC back-to-back (B2B) device results as in Fig. 9-2(e).

M2AHC M2AHC
(a) (b)
.
M2AHC
M2AHC
L N
(c) (d)
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(€)

Fig. 9-2. Potential M2AHC configurations according to the output connection types: (a) series
compensator; (b) shunt compensator; (c) shunt type interline compensator; (d) series type
interline compensator; and (e) general multi-bus power flow controller.

A M2AHC based FACTS device synthesizes amplitude-phase independent AC
voltage from the input, thus, it behaves as an AC-AC VSC based solid state
transformer (SST). Compared to the magnetic and mechanical phase shift
transformer (PST), zig-zag windings plus tap changers can be avoided, thus, the size
is significantly reduced and higher flexibility is achieved. Also, due to the absence of
a DC link capacitor and M2AHC modularity, the cost and service-life of the

proposed FACTS devices are better optimized.

9.4 Generic Modelling and Control Design of an M2AHC Based FACTS
Device

As a VSC, the M2AHC is able to either directly determine the injected voltage as a
series compensator or regulate the injected current by changing the net voltage vector
across the branch as a shunt compensator. In this section, the single power line series
compensator of Fig. 9-2(a) is selected as a representative candidate for modelling and
control analysis. Then, the general multi-bus power flow controller in Fig. 9-2(e)
which involves the B2B configuration of M2AHCs is investigated to offer extended
power flow control range and integrated regulation for multiple power grid buses.
9.4.1 M2AHC Based Series Compensator

The detailed configuration of Fig. 9-2(a) is shown in Fig. 9-3, where vi=v;26; and vj=
vj<6; are the two bus voltages; Xs represents the power line reactance carrying a
current of ig; niza is the input shunt transformer voltage ratio; vs=Vse£y is the series
injected voltage by the series interfacing transformer T with fixed phase shift angle
S and turns ratio ns; and X;, X_ and B are impedances and susceptance of the
interfacing passive network as in Fig. 9-3. Active power losses are neglected in the

following discussion.
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Fig. 9-3. The equivalent circuit of the M2AHC series compensator.
For simplicity, the modelling process focuses on normal operation without any
unbalanced disturbance. Bus voltage v; is employed to feed the input transformer of
the M2AHC. From (9.5), its output voltage vcon is expressed by (9.7) and (9.8) [14].
V. =V, Ap LA, =v; nLa- Ay LAy, (9.7)

o \/1+3(2kdc—1)2+3k22 , (6k, =3)k, c0s @, +3k, sin g,
L=
4 2 9.8)
%(dec -1 +\/§k2 cos (02]_'_}/67[

A, =—cos'[
24,

Based on the previous analysis, the current vectors and nodal power flow equations
of the series compensator are derived as in (9.9)-(9.11), where Sco, and S are the
power flows of the M2AHC output terminal and power injection point respectively.
The expressions of active and reactive power at these two nodes are determined from
(9.12) to (9.14) after algebraic manipulation. Parameters nj, ns, a, 8, We, Xz, X_ and Bs

are known, fixed parameters.

X,B,-1 /-p

i 14 n W v
.f — J e ] S e % con (9.9)
i)| -zp 1-X,B, | v,
inWw,  jn’w,
W,=X,X,B,~X,-X, (9.10)
Scon vcon lf*
= X
Sse U, lg *
1-XBy o w TLB o, 9.11)
(vcﬂn j jm «on jnsm *
= x
vo) | 2B . XB-l
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P, —P :—Mv’;%sinm“@ fa+f—y) 9.12)

S e

(X, B, -)n’A, v} L ALY

= - L% cos(A, +0, +a+ [ — 9.13

Qcon I/‘/e sm/e ( H 1 ﬁ }/) ( )
Q-X.B ), nA vv

= anMJ; —HT T oos(A, + 6, +a+ B—7) (9.14)

From the grid model, the power flow at the series injection point S is expressed in
(9.15) if the grid line current equation is obtained from the grid voltage vectors.

v, +v_ -V,

Sy =V, (———)*

JX
v.u_sin(y—60.)—v.v_sin(y —0.
Se: ] se (7/ J) 1 se (}/ 1) (915)

XS

2

_ vivse COS(]/—ei)-i—Use _vjvse COS(]/—HJ)
se XS

The injected voltage Ve is able to independently control the active and reactive power
flow between v; and v;. Based on the power injection model in [15], the incremental
power flow at nodes ‘i” and ‘j” are calculated by (9.16). Then, the active and reactive

power injection are given by (9.17) and (9.18).

5Si = vi (t-)_)s(e)*+P¢:on + chon

s (9.16)
S. = vse *
2857 )

S

5P1 — Uivse Sm(y—@i) +Pse
XS
(9.17)
_ vy, cos(y—6;) 10
X con

s

Vv, sin(y —6;)
i~ X,
(9.18)
v, cos(y —0,)

X

S

5Q,

Thus, the set of mismatch power equations to achieve the equilibrium operating point

of the network is arrived at:
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AP, AG
AP; Jp@ Jpv A0,
AQ, Joo Jq) | A
AQ j Av i

where the modified Jacobian matrix after injection of the M2AHC compensator is
detailed in (9.20) to (9.23):

OAP, 5P, OAP, OP,
00. 00. 060. 00.

i 1 J J
- 9.20
oo AP, OAP; 03P, (9.20)
+
00, 00, 00,

OAP, 0P, AP, 0P,
ov. ov. ov. 0v,

J _ i i J J 9.21
pv OAP; OAP; 00P; 021
+
ov; ov;  ov;
O0AQ:; N 000Q; OAQ;
J 00, 00, 00, 0.2
q6 — OAQ; 0AQ; . 000Q; (9.22)
00, 00, 00;
O0AQ, N 00Q; OAQ;
J ov; ov; ov; 993
e 0AQ; 0AQ; N 05Q; (9:23)
ov; ov; ov;

By solving the power flow mismatch equations in (9.19), the compensator solutions
for vge, 7, An, 41 and the reference bus voltage status, can be determined.

As is explained in Chapter 8, the M2AHC output voltage contains an initial bias
voltage of half the input voltage, caused when the converter operates with 0.5 duty
cycle. This issue does not limit shunt type devices but makes the reactive power
control range of series M2AHC devices asymmetrical (the full active power control
range can always be guaranteed). To overcome this, the input transformer secondary
winding can be centrally tapped to supply the reference terminal for the output

winding in Fig. 9-4.
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Fig. 9-4. Tapped winding connection for bias voltage blocking in M2AHC series compensator.

9.4.2 System Control Design

In Chapter 8, the M2AHC controller design with an LCL filter is discussed, and is
divided into three layers and implemented in the d-q frame. As a series type
compensator, the incremental active and reactive powers of receiving node ‘j’ are set
as control targets, with the reference voltage v; as input to the phase-locked-loop
(PLL).

LU,
LINCHENES: o2

oP;16Q; =tan(y —0;)

|as,-|vs2‘ 0130 % @[, ML hwl
155)] SP/5Q; v *[sin frvig

Fig. 9-5. Diagrams of dynamic control blocks for the M2AHC series compensator: (a) power
flow control layer; (b) local voltage control layer; and (c) converter output current controller.

Based on (9.18), independent control of active and reactive power flow is obtained
by manipulation of the voltage amplitude and phase, as in (9.24). Thus, the power
control layer is clarified by Fig. 9-5(a), where the obtained reference signals ve and y
are used to generate the d-q frame references {vsqg*, vsq*} for the next levels. Then,

Fig. 9-5(b) and (c) show the intermediate and inner control layers respectively [14].
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kgc and kaocose, are responsible for regulating the direct component of the M2AHC
output voltage, while kisSing, determines its quadrature part. The proportional-
integral (P1) method is adopted in the control block of Fig. 9-5 to stabilize the global
system, where r, is the active damping coefficient. Detailed transfer function
derivation is presented in Chapter 8.

9.4.3 Ride-Through Ability for Unbalanced Conditions

During voltage unbalanced operation, the series type M2AHC can act as a DVR to
mitigate voltage unbalance, based on (9.6). By differentiating the DC component of
the heterodyne modulating signal in each phase with koC0Sgo, koCOS(¢o-%sm) and
kocos(pot%sm), an independent negative sequence component of the fundamental is
generated. This component can be exploited to manipulate the M2AHC to correct the
disturbed load bus voltage when it suffers from unbalanced voltage or power flow.

If vjna and vjnq are the direct and quadrature components of the negative sequence
disturbance in the load bus voltage vj, to suppress them to zero, and from Fig. 9-3,
the M2AHC unit should contribute a specific amount of negative sequence output
voltage locally to counter that in the system. Fig. 9-6 clarifies the control block
diagrams for load bus unbalanced voltage cancellation, where Vgyqq and imqq are the
corresponding output state variables of the M2AHC in the negative sequence. The
obtained pair of control outputs, {kocoSgo, koSinge} is employed to synthesize the
required DC differential signals for the voltage compensation mode (unbalanced

power flow ride-through).

Fig. 9-6. Control blocks for negative sequence voltage elimination.

9.4.4 Generalized Multi-bus Power Flow Controller

As in Fig. 9-2(e), multiple AC grid buses can be integrated into a single PCC by
M2AHC units, where the two converters resemble a B2B arrangement, and is called
a generalized multi-bus power flow controller (GMPFC). With this configuration, the

active and reactive power flow of each grid can be controlled autonomously or can
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achieve desired operational objectives set by a high-level supervisory controller, such
as SCADA (supervisory control and data acquisition). The connection of two
M2AHCs in a B2B arrangement in Fig. 9-7 offers independent control of active and
reactive power over the full range in a pure AC system, which is similar to that in
multi-terminal high voltage direct current (HVDC) systems. For illustration
simplicity, this chapter uses voltage droop to realize active and reactive control at the
PCC hub.

P20

PCC
L; L,

M24HC;
< PAjQ. P~

Fig. 9-7. Connection of the GMPFC using two M2AHC B2B units.

The bias voltages caused by the DC component of the modulating signals, to cancel
between the two M2AHC units; thus, symmetrical and a doubled power flow control
range are achieved when using basic shunt interfacing transformers, thereby avoiding
the tapped winding structures in Fig. 9-4 for the single M2AHC series compensator.

For an m-buses power network, there are m-1 control degrees of freedom for the

proposed GMPFC, considering the law of energy conservation.
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Fig. 9-8. Power control blocks for a GMPFC based on B2B M2AHC devices.

The GMPFC control block is shown in Fig. 9-8, where bus i is assumed for general
cases. Neglecting M2AHC losses, the bus active power mismatch equals that through
the PCC port, and is denoted by Pg;. Thus, in Fig. 9-8, Pg; is controlled to generate the
reference for the converter output voltage phase-shift 4; while the bus reactive power
Qi can be regulated by the converter output voltage amplitude vi. The generated
signals 4;* and v¢* are transferred as voltage references for the inner control layer,
then the local control strategy shown in Fig. 9-6 is compatible for each M2AHC unit.
The GMPFC potentially affords voltage support if one grid bus voltage drops. In this
case, the converter connected to the fault bus functions in a boost mode with pure

DC modulating signals to offer step-up ability for bus voltage build up.
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9.5 Performance Evaluation

To confirm the effectiveness of the proposed approach, the performance of the
M2AHC based FACTS device as series compensator, as in Fig. 9-3, is investigated
using an 11-level converter model (with ten AC switching cells per arm) in the
Matlab/Simulink software environment. Then, the general multi-bus power flow
controller, with two converter units, is simulated to show power regulation

functionality for a meshed grid.

Table 9-1. M2AHC specification for simulation
11-level M2AHC

Apparent power ratind Scan 60MVA

AC input phase voltage v, 15.88kV(RMS)
AC cell capacitor Ceg 10uF

Arm inductor Ly 10uH

Filtering capacitor C; 100uF

filtering inductor L 10mH
Quasi-two-level time duration 5us

Converter switching frequency | 1.8kHz

Table 9-2. Interfacing transformer parameters

Shunt transformer

Power capacity 60MVA

Winding type ANY

Voltage ratio 110kV/27.5kV

Per unit impedance (0.0005+j0.08)

Series transformer

Power capacity 60MVA

Winding type A/Independent

Voltage ratio 17kVI17kV

Per unit impedance (0.0002+j0.05)
Table 9-3. AC power system parameters

Grid parameters for series compensation

Three-phase short circuit level 1.91GVA
Nominal line voltage 110kV(RMS)
X/R 18

The M2AHC specification is given in Table 9-1; while the parameters for the
transformers and AC grid are shown in Table 9-2 and Table 9-3 respectively.

The device level results of M2AHC converter operation are briefly summarized in
Fig. 9-9. Fig. 9-9(a) is the chopped AC voltage on an M2AHC output terminal and
Fig. 9-9(b) shows voltage balancing of the 20 AC cell capacitors. The zoomed
version of the output voltage with multilevel steps is displayed by Fig. 9-10(a); while

the corresponding upper and lower arm currents are shown in Fig. 9-10(b).
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Fig. 9-9. Waveforms of the M2AHC operated in a quasi-two-level mode: (a) chopped output
voltage and (b) AC cell capacitor voltage balancing result.
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Fig. 9-10. Quasi-two-level mode operation of the M2AHC: (a) multilevel steps on the voltage
chopping edge and (b) the corresponding arm currents.

Firstly, the M2AHC based series compensator is tested in a power flow control mode.
The control targets are the receiving bus active and reactive power. Initially, the grid

line carries a power flow of 70MW+j70MVAr. At t=1.5s, the reactive power
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command is stepped to 180MVAr; then, at t=3s, the active power command is
increased to 210MW.

Fig. 9-11(a) and (b) show the active and reactive power at the power line, where the
power flow references are smoothly tracked. During the power flow transitions, the
M2AHC compensator contributes small active power and significant reactive power
as it controls the power flow in the main line as in Fig. 9-11(b). Correspondingly, Fig.
9-11(c) and (d) display the series injected voltage in the time domain and its d-q
version when the M2AHC operates in a power flow control mode. The d-q
components of the inserted voltage are widely manipulated as they control the grid
power flow, which is contrary to that in a conventional SSSC. This indicates that the
M2AHC based series compensator in Fig. 9-3 can perform the functions of both a
conventional SSSC and a UPFC.
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Fig. 9-11. Power flow regulation using the M2AHC series compensator: (a) active and
reactive power flow in grid line; (b) power exchange between compensator and grid; (c)
series injected voltage in the time domain; and (d) series injected voltage in d-g frame.

With continuing decentralization of the power system, operation under unbalanced
voltage conditions in medium-voltage distribution systems is becoming increasingly
challenging due to a large number of single-phase loads and DGs connected at lower
distribution voltages. Assuming the bus terminal B, in Fig. 9-3 is weak and disturbed
by uneven power flow in the line, two cases are examined: flicker phenomenon and
unbalanced load.

To illustrate flicker mitigation, a dynamic load that mimics a typical flicker with a
1Hz oscillation frequency is connected at the weak receiving bus B, at t= 2s. Such a
flicker risk is expected to be a common problem with increased penetration of
medium-scale wind farms on the distribution systems. Fig. 9-12(a) shows that the
voltage waveform at B, has heavy flicker at 1Hz frequency, without compensation.
This bus voltage can be controlled near flicker free (constant) after enabling the
M2AHC series compensator operating in a voltage control mode (similar to the
dynamic voltage restorer, DVR), as in Fig. 9-12(b). Fig. 9-12(c) and (d) show the
series voltage waveform injected by the M2AHC (in time domain) and the d-g frame,

respectively.
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Fig. 9-12. Voltage flicker immunization using an M2AHC series compensator: (a) flicker
without compensation; (b) flicker-free bus voltage with the proposed compensator; (c) injected
voltage in the time domain; and (e) injected voltage in the d-q frame.

The unbalanced load condition influences the weak bus voltage. In Fig. 9-3, an
unbalanced fault occurs at t=2s, and the load bus voltage without compensation is
displayed in Fig. 9-13(a). The control block in Fig. 9-6 for the M2AHC series
compensator is activated, and the unbalanced negative sequence component is
eliminated as in Fig. 9-13(b) and the bus voltage is maintained balanced. Fig. 9-13(c)
is the series unbalanced voltage injected by the M2AHC FACTS device. The positive
and negative sequence d-g compensator voltage components are shown in Fig. 9-
13(d). The proposed M2AHC series compensator adjusts the d-q components of the

negative sequence in order to mitigate voltage balanced at B,.
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These results verified that the proposed M2AHC series compensator is capable of
acting as a unified power controller and implements a voltage compensation function
during disturbances. Thus the conventional SSSC, UPFC and DVR can be replaced
by the proposed M2AHC based solutions, under certain conditions.
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Fig. 9-13. Voltage unbalance compensation using the M2AHC series compensator: (a)
unbalanced disturbance without compensation; (b) balanced voltage with the proposed
compensator; (c) injected voltage in the time domain; and (e) injected voltage in the d-q frame.
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For the GMPFC case with two M2AHC units as in Fig. 9-7, with a two bus network,
there is one degree of freedom for power control and bus ‘1’ is concerned as the
control target.

Initially the nodal active and reactive power is controlled via M2AHC output voltage
droop. The initial power flow for bus ‘1’ is 60MW-j170MVAr, and the commands
for active and reactive power are increased by 30MW/MVAr at t=2s and decreased
by 50MW/MVAr at 5s. In Fig. 9-14(a), the M2AHC voltage droop forces the nodal
power flow to track their references. The power exchange between the GMPFC and
grid in Fig. 9-14(b) shows that a bidirectional power injection range is obtained and
the bias voltage problem of a single M2AHC unit when configured as series type
device, is avoided in a B2B configuration.

Then, the controller is set to maintain voltage amplitude at node ‘1’ and regulate the
active power flow between AC grids ‘1’ and ‘2’. Initially, the B2B supplies 30MW
active power and zero reactive power to node ‘1’. The active power flow command is
stepped to 60MW at t=2s, and an additional 60MW+j80MVAr load is applied on bus
‘1> at 4s and removed at 6s. During these transitions, the GMPFC maintains the
voltage amplitude by regulating the shunt injected reactive power and tracks the
active power flow command, as shown in Fig. 9-14(c) and (d).

The proposed M2AHC based B2B arrangement performs functionally as an AC-DC-
AC system (HVDC). It offers independent active and reactive power control for
power flow optimization in highly meshed grids as well as voltage support during

disturbances.
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Fig. 9-14. Power and voltage control using the B2B M2AHC device: (a) nodal power flow
response in power control mode; (b) power exchange between device and grid; (c) bus voltage
amplitude response; and (e) power exchange between device and grid in voltage control mode.

9.6 Summary
This chapter has proposed a new range of FACTS devices using the modular
multilevel AC hexagonal chopper (M2AHC). The main contributions of this research
are:
e By adopting the direct AC-AC scheme, the footprint of a M2AHC based
power flow controller is reduced due to the absence of sizable DC link and
DC cell capacitors.
e The M2AHC with heterodyne modulation act like a typical VSC with

independent control of voltage amplitude and phase (active and reactive
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power). The modularity and reduced switch number per unit voltage rating,
make the M2AHC competitive with the matrix converter.

Potential uses of the M2AHC for different FACTS devices were discussed,
and offered different grid control functions.

The modelling and power flow equations of the M2AHC series
compensation device were presented, showing the interaction between the
power controller and the grid.

The M2AHC local controllers have been interpreted to arrive at a flexible
power control strategy, adaptable to different control targets.

Power flow control and mitigation of voltage flicker and unbalance by the
series M2AHC compensator were verified.

The B2B configuration with the proposed M2AHC was shown to offer an
extended control range and for integrate multiple AC grids in a hub, better

utilized transmission capacity.
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CHAPTER 10

Conclusion

10.1 Author’s Contribution

Chapter one presented a review of the FACTS devices and their uses to optimize and
extend dynamic ratings of aging power systems and future smart grids. Discussion of
the operating principles, control strategies, attributes and limitations of the main
types of current and voltage source converter (CSC, VSC) based FACTS devices,
was presented. It is concluded that existing voltage source converter based FACTS
devices offer significant advantages over current source converter and impedance
based line commutated counterparts. However, the circuit topologies of existing VSC
based FACTS devices that employ two-level, neutral-point clamped and modular
converters, do not allow full exploitation of their DC link voltages to maximize the
control range. In addressing this weakness, a number of novel DC/AC and direct
AC/AC converters were introduced. These converters present a new set of features
suitable for modern power systems, such as high DC utilization, small footprint (light
weight and small size), high efficiency, and low cost.

Chapter two used two-level and full-bridge voltage source converters to illustrate the
fundamental concepts and control strategies of series and shunt types FACTS devices.
This chapter forms the basis for the new FACTS devices presented in the subsequent
chapters, including those based on direct AC/AC converters.

Chapters three and four analysed the AC side voltage-doubled (ACVD) converter
and its performance as FACTS devices, by considering a static synchronous
compensator (STATCOM) and a static series synchronous compensator (SSSC), as
examples. The use of ACVD converter improves the power density per unit DC-link;
thus, extends the control range in grid-connected inverters and series and shunt type
FACTS devices.
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Chapters five discussed multilevel converters with the emphasis on the device and
system aspects which are relevant to FACTS devices for medium and high voltage
applications.

In chapter six, a new controlled transition full-bridge hybrid multilevel converter
(CTFB-HMC), with full-bridge (FB) cells chain-links, was proposed. The proposed
converter offers the following features: modularity and scalable to medium and high-
voltage applications, high efficiency, and high power density. Its modulation and cell
energy balancing method and control strategy for grid and islanding modes were
analysed, and its feasibility as a FACTS device was assessed using the STATCOM
as a bench mark.

Chapter seven reviewed the viable direct AC —AC converter topologies such as
matrix converter, vector switching converter, AC chopper, high-frequency-link AC-
AC converter and full-bridge cell cascaded AC-AC converters. The attributes and
limitations are all highlighted.

Two-level and multilevel versions of the three-phase AC chopper were proposed in
chapter eight, where the necessary modulation strategy that exploits the heterodyne
concept is utilized to decouple the active and reactive power control, as in the
conventional DC-AC VSC.

Chapter nine used the modular multilevel AC hexagonal chopper (M2AHC)
developed in chapter eight to generate new array of series and shunt FACTS devices,
demonstrated by simulation. The hexagonal AC choppers offer a cost effective
solution for FACTS devices since the functions of several conventional FACTS
devices, such as STATCOM, SSC, DVR and UPFC, can be combined in a single
configuration, with a minimum number of conversion stages.

The main contribution and significance of this thesis can be summarised as:

e A new ACVD converter, which increases DC link voltage utilization to twice
that of the two-level converter, has been proposed.

e Insertion of a DC bias into modulating signal of the ACVD converter
facilitates better exploitation of the DC bias across the internal buck-boost
cell capacitor, increasing the maximum peak of the AC voltage to twice the
DC rail voltage. This is achieved at the expense of increased voltage stresses

on the converter switching devices.
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The theoretical analysis of the ACVD converter showed that, to generate
sinusoidal output voltage and current, a dedicated control strategy is needed
to suppress the low-order harmonic distortion caused by its internal cell
dynamics, which is predominantly 2" order for a sinusoidal reference.

The application of the ACVD-VSC in shunt and series type FACTS devices
such as STATCOM and SSSC was investigated and compared to two-level
converter equivalents. It was demonstrated that the FACTS devices based on
ACVD converters have larger control range than two-level converter based
FACTS devices; due to its doubled DC-link voltage utilization.

A controlled transition full-bridge hybrid multilevel converter (CTFB-HMC)
was proposed, which is scalable to medium and high-voltage applications. Its
operating principle, modulation scheme for voltage synthesis and cell voltage
balancing were illustrated.

The hardware design guidelines and power loss analysis for CTFB-HMC
were presented. The proposed converter offers high power density due to the
doubled DC utilization, and its power conversion efficiency is comparable to
the half-bridge cell MMC.

The control scheme for CTFB-HMC and its operation as a grid-connected
VSC and FACTS devices was demonstrated using simulation.

A direct AC-AC two-level hexagonal AC chopper for micro-grids and
FACTS device was proposed. Its modulation strategy exploits a 2" harmonic
to decouple the control of voltage magnitude from the phase angle; thus,
independent control of active and reactive powers is achieved.

The modular multilevel AC hexagonal chopper (M2AHC) with quasi-2-level
operation was proposed to achieve true scalability and lower dv/dt on the
interfacing transformer. The proposed solution offers a saving compared to
the hexverter, as DC cell capacitors are replaced by small AC capacitors.

The proposed M2AHC was adopted to generate a new family of FACTS
devices based on direct AC-AC conversion, involving a minimum number of
conversion stages.

The representative single-line series controller and the general multi-bus
power flow controller (GMPFC) using M2AHC were assessed. The series

controller is able to implement the functions of SSSC and DVR devices;
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while the GMPFC can serve as a hub to integrate and distribute the power

flow between multiple AC grids.

10.2 Future Research Expectation

The thesis has proposed three types of voltage source converters that are suitable for
medium and high voltage FACTS devices. Some recommendations for future
research are:

e Nonlinear modelling and control strategies are suggested for the ACVD
converter to improve its dynamic response and control accuracy.

e To optimize the cell capacitor size and further improve the output voltage
quality of the proposed CTFB-HMC, and additional control loop for
elimination of the low order harmonic cell voltage ripple can be investigated.

e Detailed analysis is required for the power system with multiple installations
of M2AHC based FACTS controllers, such as their influence on grid stability.
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Appendices

Appendix A. Park Transformation and Phase-Locked-Loop System
The definition of Park transformation used in this thesis is described as follows:

The Clark transformation matrix Tscqp, IS expressed in (A.1), which is employed to
transform the balanced three-phase vectors X, into afy axes with the y component
equal to zero.

, 11
2 2
2 3 B
T, ==l 0 X2 X2 Al
abc/afy \/; 2 2 ( )
1 1 1
7B

Since the obtained X,g, is time-variant, a new axes system with relative rotational
displacement of 0 is introduced as shown in Fig.A-1. As a result, the projection of a-
S components on d-q axes can be calculated by (A.2). So the transformation matrix
afy-dgo is expressed in (A.3).

Fig.A-1. The location of d-q axes and a-# axes.

Vq cosd sind ||V,
= (A.2)
v, —sin@ cosd || v,

244



vy cosd sing 0]||v,
V, |=|—sin@ cosd 0O Vy
v, 0 0 1 v,

(A3)

The overall transformation matrix from abc to dqo is therefore achieved in (A.4), and
the transformation and its inverse process can be summarized by (A.5). If the d-q
components of the voltage and current at the same node are known as vgq and g, the

nodal power flow can be calculated from (A.6).

I ]
cos@ cos(@—-%m) cos(O+%r)
T= %—sina —sin(@-%7x) —sin(@+%nx) (A.4)
1 1 1
L V2 2 NI
X =T X
e (A.5)
Xabc:T 'quo
P=v, i, +V, i
d -d q -q (A6)
Q=v, Iy =V, -,

In order to ride through the unbalanced disturbance of the grid, the phase-locked-
loop and the d-q transformation should be reformed. In three-phase unbalanced
conditions, the time-variant variables can be resolved into positive and negative
sequences using the symmetrical component. To enhance the dynamic response of
the PLL system and controller, the dual-decoupled synchronous reference frame
(DDSRF) is utilized.

Xpg X pg sin26 c0s 20
= + Xy + Xl . (A.7)
| Xpq | _qu | C0s 260 sin(-20) |
Xy | [X [sin(—26 c0s26]
=l M X, ( )+xm _ (A.8)
| Xng | [ Xng | cos 26 sin 20 |

When the unbalanced signals are input into the positive and negative sequence d-q
transformations, the time-variant coupling terms with 2™ order emerge according to
(A.7) and (A.8). Therefore, as in Fig.A-2, the multiple cross feedforward can be used

to simultaneously compensate the 2" order harmonics in both transformations.
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In a PLL system, by forcing the positive sequence g-component of the DDSRF to be

zero using the PI1 controller, the effective phase-angle of the fundamental variable in

positive sequence can be precisely tracked.
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Fig.A-2. The dual-decoupled synchronous reference frame (DDSRF) for PLL and d-q

transformation under unbalanced conditions.
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Appendix B. Power Filter Design Routine
I. The L filter design

The L filter in Fig.A-3 uses a single inductor to attenuate the current harmonics,
limiting the ripple; and it also direct influence the power exchange range between the
grid and the converter. The first-order L type filter has only one design degree of
freedom. The inductance value L directly determines the power injection range and

current harmonics level when other conditions are fixed.

L
O—NVV\—O
Ve Vg
(o, O

Fig.A-3. Representation of L filter.

Assume Vj is the grid voltage amplitude, V. is the converter voltage amplitude, Sy is
the rated power in each phase that is injected by the converter and  is the grid
fundamental angular frequency, the maximum power can be calculated by (A.9).

2 2
SN :a)_g;_ c _Vg (Ag)

Then, for harmonic consideration, if the nth order voltage harmonic amplitude is V,
and 7, represents the required maximum percentage of nth order current harmonic
among the total rated current (according to IEEE or IEC standards), (A.10) can be
arrived.

\Y/

o ~V—gS77n (A.10)
0] MW

Based on above analysis and by the compromise evaluation of (A.9) and (A.10), the
proper L filter value can be selected. Then, by calculating the current ripple flowing
through the power switches with the selected value, L can be further optimized.

I1. The LC filter design

The LC filter in Fig.A-4 has an extra high impedance shunt capacitor compared to L
filter; therefore, the harmonic can be further attenuated. In grid-connected mode with
insufficient line impedance, the shunt capacitor of LC filter is bypassed for the high
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frequency component since the grid can be viewed as short circuit for high frequency

harmonics.

L
o_/‘v'\/'\/'\ @ ’e)
Ve — C v,
(o, @ O

Fig.A-4. Representation of LC filter.

In standalone mode, the LC filter design procedure can be summarized as follows:

The cut-off frequency of the LC filter expressed by (A.11) is chosen to meet
the voltage harmonic requirement. For example, if the lowest order switching
frequency side band harmonic should be attenuated to sufficient low level, as
shown in (A.12), where G(s) is the voltage transfer function of LC filter, wy, is
the angular frequency of the dominant harmonic, and correspondingly, #n is
its maximum allowed percentage.

1

"= odiC (A11)
GE),_,,, Ve, (A.12)

The inductance value L can influence the current ripple and the voltage drop
across itself. The voltage drop amplitude of L is denoted as V|, and it is able
to reflect the total absorbed reactive power as well as the voltage amplitude
difference between the converter and the grid. Usually, it is suggested VL is
below certain percentage (1) of grid voltage as in (A.13). For example, if 4 is
chosen to be 25%, the converter voltage amplitude V. is nearly same as V.

A (A.13)
Verify the reactive power rating of the shunt capacitor and usually make it
below certain percentage (/) of the total power rating of the system as is
shown in (A.14). Then, the system can work well in rated condition.

wCV, <8, - 2, (A.14)

With the above method, the LC filter can achieve sufficient harmonic attenuation,

minimum reactive power storage and guarantee enough bandwidth to ensure the

overall dynamic response.
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1. The LCL filter design

As pointed above, in gird connected condition, the LC filter can achieve sufficient
attenuation only when the interfacing line impedance is large enough. With this idea,
the LCL filter in Fig.A-5 is used to obtain better steady state results for the grid-tied

converters.
L L,
o— VNV NV \_o /Y VVV_,
Ve — C Vg
o ® O

Fig.A-5. Representation of LCL filter.

The design method of the parameters L, C and Ly are summarized as follows:

e Based on the tolerable current ripple percentage (y) for the power converter,
the inner inductance L is evaluated by (A.15).

ALV
Vi A5
TR (A15)

e The capacitor rated reactive power rating should be limited, which can be
referred to (A.14).

e The grid side inductor L4 is mainly used to attenuate the high order harmonics
that are located within the sideband of the switching frequency fs,. Also, to
avoid significant voltage drop across the two inductors, the total inductance
L+Lg should be limited, such as to be 0.1pu of the normalized impedance that
is defined by the rated voltage and power.

e The resonant frequency of the LCL filter expressed in (A.16) should be
located in a reasonable range such as between 10 times of line frequency and

half of switching frequency.

1 L+ Lg
4 g

e By manipulating the impedance of the LCL network in Fig.A-5, the current

harmonic transfer function for each frequency can be obtained. Using the

parameters evaluated above to check the attenuation level. If the result is not
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qualified, try to change the limit of the inductance voltage drop V. or the

resonant frequency location; then, reset the procedure.

Using the passive damping or active damping methods can reduce the quality

factor of the LCL network, avoiding oscillation and instability.
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Appendix C. Controller Design Using State-Space in SRF

In this thesis, the converters are all controlled using cascaded control diagram, which
has a compensator for each passive device state variable (first-order). In this way, the
open-loop transfer function for describing each stage is a first-order inertial element
and belongs to type-0 system. With this knowledge, to present the general controller
parameter design method adopted in this thesis, the current controller of the grid-tied
VSC in Fig.A-6 is considered as an example and all variables are expressed in d-q
frame, where v 4q is the converter terminal voltage, vgqq is the grid voltage, iqq is the
current flowing from the VSC to the grid and wZ+r represents the impedance of the

line reactor.

VSC | PCC

Fig.A-6. Representation of VSC connected to the grid.

The type-0 system theoretically has steady-state error when responding to the input
signal. If the input signal is a step function, by compensating the system to type-I,
zero steady state error can be achieved, which means the normal PI controller is
sufficient to implement precise reference tracking. This benefit is brought by using

the SRF analysis method.

The differential equations that describe the ac side dynamic performance of the grid-
tied VSC in SRF are summarized by (A.17).

d id _1 V°"_ng+a)L.iq I id (A.17)
dt| i, | L|Vg—Vg—@Liy | LJI,
In SRF, with the cross feedforward decoupling, the output of the PI controller can be
expressed by (A.18) in a closed loop system. Then, using {Fq, Fq} to represent the

integral terms of the PI controller, the state space equations for the direct current and

quadrature current closed loop system are obtained as (A.19) and (A.20).

Vo =Veg —Vg + 0Lig =K, iy =iy) +k [ (i§ =i, )t
) L L (A.18)
Yq =Veq —Vgq —@LI; =K (i —|q)+ki‘|'(|q —i,)dt
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m F} Lo L||g ¥ L[ (A.19)
S I S I

4T ktr ki [k ]

— q}—_ L L2+ L i (A.20)

de | Fy -1 0 Fal ) g

Combining (A.19) and (A.20), the current control system can be optimized by proper
placement of the poles and zeros. Alternatively, from the state space equations, the
open loop d-q current transfer function with Pl compensation can be expressed as in
(A.21).

o _Kirsk, k)
"ores-(L+s-L/r)

(A.21)

With the predefined switching frequency fs, (selected based on switching losses and
ripple requirement), the crossover frequency of the compensated system is set to be

0.2 fy, to ensure dynamics and stability, that is expressed by (A.22).

f=f /5 o
G(jw)| , , =1 (A22)

w=2zf,

Usually, the cut-off frequency of the Pl compensator f, is selected to be lower than
the cut-off frequency of the open loop transfer function without compensation, which

is noted as f,. In this way, adequate phase margin can be maintained.
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Appendix D. Test Rig Description

I.  The DSP control system

Fig.A-8. The TC1796 DSP and the extension boards.

Two kinds DSP controllers are utilized in this research. As in Fig.A-7, the Texas
Instrument (T1) TMS320F28335 is responsible for the generation of three pairs of
PWM outputs; while in multilevel converter experiments with more than six PWM
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channels required, the Infineon TC1796 in Fig.A-8 is employed to avoid the use of
an FPGA/CPLD for 1/O extension.

Il. The ACVD converter test rig
The test rig for ACVD converter in Chapter 3 is shown in Fig.A-9. It consists of:

e TMS320F28335 DSP controller

e Voltage and current transducer board

e Gate drivers

e DC-Ilink capacitor

e Buck-boost cell capacitor and inductor

e DC power supply and auxiliary voltage source
e Output LC filter

Fig.A-9. The photo of the test rig for ACVD converter.

I11.  The two-level AC hexagonal chopper test rig

The test rig for two-level hexagonal AC chopper in Chapter 8 is shown in Fig.A-10.

It consists of:

e TMS320F28335 DSP controller

e Auxiliary voltage source

e Gate drivers

e Three-phase two-level AC hexagonal chopper
e Voltage and current transducer boards

e Three-phase input transformer
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e Input and output filters

e Grid interfacing transformer

Fig.A-10. The photo of the test rig for two-level AC hexagonal chopper.

IV. The M2AHC test rig

Fig.A-11. The photo of the test rig for single-phase M2AHC with two cells per arm.

The test rig for M2AHC with two cells per arm in Chapter 8 is shown in Fig.A-11. It

consists of:

e TC1796 DSP controller
e AC cell capacitors
e AC chopper switching cells

e Gate drivers
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e Voltage and current transducer
e AC input transformer and voltage regulator
e Auxiliary voltage source
e Input and output filters
e Arm inductors
V. The CTFB-HMC test rig

The test rig for single-phase CTFB-HMC with three cells in the chain-link in Chapter

6 is shown in Fig.A-12. It consists of:

e TC1796 DSP controller

e DC cell capacitors and DC-link capacitor

e Full-bridge switching cells

e Gate drivers

¢ Voltage and current transducer

e DC power supply and auxiliary voltage source
e Output filters and harmonic trap

e DC side inductors and circulating diode

Fig.A-12. The photo of the test rig for singe-phase CTFB-HMC.
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Appendix E. Sample Code for Verifications

I. The generalized modulation algorithm for N cells CTFB converter

function Outputs(block)
global Nc;
Vcell_Ascend = block.InputPort(1).Data;
larm = block.InputPort(2).Data;
Ref = block.InputPort(3).Data;
Sx=zeros(1,4*(Nc+1));
Non=round(Ref*Nc);
Npn=floor((Nc-abs(Non))/2);
NO=Nc-abs(Non)-2*Npn;
if Non==Nc
Sx(1)=1;
Sx(2)=0;
Sx(3)=0;
Sx(4)=1;
for jj=1:Nc
Sx(4*jj+1)=1;
Sx(4*jj+2)=0;
Sx(4*j+3)=0;
Sx(4*jj+4)=1;
end
elseif Non==-Nc
Sx(1)=0;
Sx(2)=1;
Sx(3)=1;
Sx(4)=0;
for jj=1:Nc
Sx(4*jj+1)=0;
Sx(4*jj+2)=1;
Sx(4*jj+3)=1;
Sx(4*jj+4)=0;
end
else % intermediate levels
Sx(1)=0;
Sx(2)=0;
Sx(3)=0;
Sx(4)=0;
if(larm>=0)
if Ref>=0
for jj=1:Nc
if jj<=Npn
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vcell_Ascend(jj)+2)=1;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
elseif jj<=Npn+NO
Sx(4*Vceell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
else
Sx(4*Vceell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
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end
end
else % Ref<0
for jj=1:Nc
if jj<=abs(Non)+Npn
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vceell_Ascend(jj)+2)=1;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
elseif jj<=abs(Non)+Npn+NO
Sx(4*Vceell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
else
Sx(4*Vcell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vceell_Ascend(jj)+4)=1;
end
end
end
else %larm<0
if Ref>=0
for jj=1:Nc
if jj<=abs(Non)+Npn
Sx(4*Vcell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vceell_Ascend(jj)+4)=1;
elseif jj<=abs(Non)+Npn+NO0
Sx(4*Vceell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
else
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vcell_Ascend(jj)+2)=1;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
end
end
else % Ref<0
for jj=1:Nc
if jj<=Npn
Sx(4*Vceell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
elseif jj<=Npn+NO
Sx(4*Vcell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=0;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
else
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vceell_Ascend(jj)+2)=1;
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
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end
end
end
end
end
block.OutputPort(1).Data = SX';
%endfunction

Il.  The PWM modulation algorithm for 3 cells CTFB converter

function Outputs(block)
global Nc;
global Ts;
delta=Ts*0.0; % dead-babd
Vcell_Ascend = block.InputPort(1).Data;
larm = block.InputPort(2).Data;
Ref = block.InputPort(3).Data;
Sx=zeros(1,4*(1+Nc));
if(larm>=0)
if abs(Ref)>(Nc-1)/Nc&&abs(Ref)<=1 % +/-1, 1-2/3
if Ref>=0
Sx(1)=1-Nc*(1-Ref);%Nc*(Ref-(Nc-1)/Nc)
Sx(2)=1;%means always turn-off because of the complementry comparison
Sx(3)=0;
Sx(4)=1;
%bypass or positive 1,4--->2,4
Sx(4*Vcell_Ascend(1)+1)=1-Nc*(1-Ref)-delta;%same as S1
Sx(4*Vcell_Ascend(1)+2)=1-Nc*(1-Ref)+delta;% complementray as Sx(4*Vcell_Ascend(1)+1)
Sx(4*Vcell_Ascend(1)+3)=0;
Sx(4*Vcell_Ascend(1)+4)=1;
if Nc>=2
for jj=2:Nc %positive
Sx(4*Vcell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=1;%1 means turn off
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
end
end
else %Ref<0
Sx(1)=0;
Sx(2)=Nc*(1+Ref);% complementray relation positive comparison means turn off
Sx(3)=1;
Sx(4)=0;
%Dbypass or negative 1,3--->2,3
Sx(4*Vcell_Ascend(Nc)+1)=Nc*(1+Ref)-delta;%Nc*(Ref+1)
Sx(4*Vcell_Ascend(Nc)+2)=Nc*(1+Ref)+delta;%same as S2;complementray as above
Sx(4*Vcell_Ascend(Nc)+3)=1;
Sx(4*Vcell_Ascend(Nc)+4)=0;
if Nc>=2
for jj=1:Nc-1 %negative
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vcell_Ascend(jj)+2)=0;%0 means turn on
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
end
end
end
elseif abs(Ref)>(Nc-2)/Nc&&abs(Ref)<=(Nc-1)/Nc % +/-(Nc-1)/Nc, 2/3-1/3
if Ref>=0
Sx(1)=0;
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Sx(2)=1;%1 means turn off
Sx(3)=0;
Sx(4)=0;
%smallest bypass or negative(be charged) 1,3-->2,3
Sx(4*Vcell_Ascend(1)+1)=2-Nc*(1-Ref)-delta;%Nc*(Ref-(Nc-2)/Nc)
Sx(4*Vcell_Ascend(1)+2)=2-Nc*(1-Ref)+delta;%complementray relationship as above
Sx(4*Vcell_Ascend(1)+3)=1;
Sx(4*Vcell_Ascend(1)+4)=0;
if Nc>=2 %positive
for jj=2:Nc
Sx(4*Vcell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=1;%1 means turn off
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
end
end
else %Ref<0
Sx(1)=0;
Sx(2)=1;%1 means turn off
Sx(3)=0;
Sx(4)=0;
%largest bypass or positive(be discharged) 2,4-->1,4
Sx(4*Vcell_Ascend(Nc)+1)=Nc*(1+Ref)-1-delta;%Nc*(Ref+(Nc-1)/Nc)
Sx(4*Vcell_Ascend(Nc)+2)=Nc*(1+Ref)-1+delta;%complementray relationship as above
Sx(4*Vcell_Ascend(Nc)+3)=0;
Sx(4*Vcell_Ascend(Nc)+4)=1;
if Nc>=2
for jj=1:Nc-1 %negative
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vcell_Ascend(jj)+2)=0;%0 means turn on
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
end
end
end
elseif abs(Ref)>=(Nc-3)/Nc&&abs(Ref)<=(Nc-2)/Nc % +/-(Nc-2)/Nc, 1/3-0
if Ref>=0
Sx(1)=0;
Sx(2)=1; % 1 means turn off
Sx(3)=0;
Sx(4)=0;
% positive and discharged
Sx(4*Vcell_Ascend(Nc)+1)=1;
Sx(4*Vcell_Ascend(Nc)+2)=1;% 1 means turn off
Sx(4*Vcell_Ascend(Nc)+3)=0;
Sx(4*Vcell_Ascend(Nc)+4)=1,;
% negative and charged
Sx(4*Vcell_Ascend(1)+1)=0;
Sx(4*Vcell_Ascend(1)+2)=0;% 0 means turn on
Sx(4*Vcell_Ascend(1)+3)=1;
Sx(4*Vcell_Ascend(1)+4)=0;
if Nc>=3 %positive or bypass +1 or 0, 1,4--->2,4
for jj=2:Nc-1
Sx(4*Vcell_Ascend(jj)+1)=3-Nc*(1-Ref)-delta; %Nc*(Ref-(Nc-3)/Nc)
Sx(4*Vcell_Ascend(jj)+2)=3-Nc*(1-Ref)-delta;%complementry comparison action as above
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
end
end
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else %Ref<0
Sx(1)=0;
Sx(2)=1;% 1 means turn off
Sx(3)=0;
Sx(4)=0;
% positive and discharged
Sx(4*Vcell_Ascend(Nc)+1)=1;
Sx(4*Vcell_Ascend(Nc)+2)=1;% 1 means turn off
Sx(4*Vcell_Ascend(Nc)+3)=0;
Sx(4*Vcell_Ascend(Nc)+4)=1;
% negative and charged
Sx(4*Vcell_Ascend(1)+1)=0;
Sx(4*Vcell_Ascend(1)+2)=0;% 0 means turn on
Sx(4*Vcell_Ascend(1)+3)=1;
Sx(4*Vcell_Ascend(1)+4)=0;
if Nc>=3 %negative or bypass -1 or 0, 2,3--->1,3
for jj=2:Nc-1
Sx(4*Vcell_Ascend(jj)+1)=Nc*(1+Ref)-2-delta;%1-Nc*(Ref-(Nc-3)/Nc)
Sx(4*Vcell_Ascend(jj)+2)=Nc*(1+Ref)-2-delta;%complementry comparison action as above
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
end
end
end
end
else
%larm<0
if abs(Ref)>(Nc-1)/Nc&&abs(Ref)<=1 % +/-1, 1-2/3
if Ref>=0
Sx(1)=1-Nc*(1-Ref);%Nc*(Ref-(Nc-1)/Nc)
Sx(2)=1;% 1 means turn off
Sx(3)=0;
Sx(4)=1;
%bypass or positive 1,4--->2,4
Sx(4*Vcell_Ascend(Nc)+1)=1-Nc*(1-Ref)-delta;%same as S1
Sx(4*Vcell_Ascend(Nc)+2)=1-Nc*(1-Ref)+delta;% complementray as
Sx(4*Vcell_Ascend(1)+1)
Sx(4*Vcell_Ascend(Nc)+3)=0;
Sx(4*Vcell_Ascend(Nc)+4)=1;
if Nc>=2
for jj=1:Nc-1 %positive
Sx(4*Veell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=1;% 1 means turn off
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
end
end
else %Ref<0
Sx(1)=0;
Sx(2)=Nc*(1+Ref);% complementray relation positive comparison means turn off
Sx(3)=1;
Sx(4)=0;
%bypass or negative 1,3--->2,3
Sx(4*Vcell_Ascend(1)+1)=Nc*(1+Ref)-delta;%
Sx(4*Vcell_Ascend(1)+2)=Nc*(1+Ref)+delta;%same as S2;complementray as above
Sx(4*Vcell_Ascend(1)+3)=1,;
Sx(4*Vcell_Ascend(1)+4)=0;
if Nc>=2
for jj=2:Nc %negative
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Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vcell_Ascend(jj)+2)=0;% 0 means turn on
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
end
end
end
elseif abs(Ref)>(Nc-2)/Nc&&abs(Ref)<=(Nc-1)/Nc % +/-(Nc-1)/Nc, 2/3-1/3
if Ref>=0
Sx(1)=0;
Sx(2)=1;% 1 means turn off
Sx(3)=0;
Sx(4)=0;
%largest bypass or negative(be discharged) 1,3-->2,3
Sx(4*Vcell_Ascend(Nc)+1)=2-Nc*(1-Ref)-delta;%Nc*(Ref-(Nc-2)/Nc)
Sx(4*Vcell_Ascend(Nc)+2)=2-Nc*(1-Ref)+delta;%complementray relationship as above
Sx(4*Vcell_Ascend(Nc)+3)=1;
Sx(4*Vcell_Ascend(Nc)+4)=0;
if Nc>=2 %positive
for jj=1:Nc-1
Sx(4*Vcell_Ascend(jj)+1)=1;
Sx(4*Vcell_Ascend(jj)+2)=1;% 1 means turn off
Sx(4*Vcell_Ascend(jj)+3)=0;
Sx(4*Vcell_Ascend(jj)+4)=1;
end
end
else %Ref<0
Sx(1)=0;
Sx(2)=1;% 1 means turn off
Sx(3)=0;
Sx(4)=0;
%smallest bypass or positive(be charged) 2,4-->1,4
Sx(4*Vcell_Ascend(1)+1)=Nc*(1+Ref)-1-delta;%Nc*(Ref+(Nc-1)/Nc)
Sx(4*Vcell_Ascend(1)+2)=Nc*(1+Ref)-1+delta;%complementray relationship as above
Sx(4*Vcell_Ascend(1)+3)=0;
Sx(4*Vcell_Ascend(1)+4)=1;
if Nc>=2
for jj=2:Nc %negative
Sx(4*Vcell_Ascend(jj)+1)=0;
Sx(4*Vcell_Ascend(jj)+2)=0;% 0 means turn on
Sx(4*Vcell_Ascend(jj)+3)=1;
Sx(4*Vcell_Ascend(jj)+4)=0;
end
end
end
elseif abs(Ref)>=(Nc-3)/Nc&&abs(Ref)<=(Nc-2)/N¢c % +/-(Nc-2)/Nc, 1/3-0
if Ref>=0
Sx(1)=0;
Sx(2)=1;% 1 means turn off
Sx(3)=0;
Sx(4)=0;
% positive and charged
Sx(4*Vcell_Ascend(1)+1)=1,;
Sx(4*Vcell_Ascend(1)+2)=1;% 1 means turn off
Sx(4*Vcell_Ascend(1)+3)=0;
Sx(4*Vcell_Ascend(1)+4)=1,;
% negative and discharged
Sx(4*Vcell_Ascend(Nc)+1)=0;
Sx(4*Vcell_Ascend(Nc)+2)=0;% 0 means turn on
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Sx(4*Vcell_Ascend(Nc)+3)=1;

Sx(4*Vcell_Ascend(Nc)+4)=0;

if Nc>=3 %positive or bypass +1 or 0, 1,4--->2,4

for jj=2:Nc-1
Sx(4*Vcell_Ascend(jj)+1)=3-Nc*(1-Ref)-delta;%Nc*(Ref-(Nc-3)/Nc)
Sx(4*Vcell_Ascend(jj)+2)=3-Nc*(1-Ref)-delta;%complementry comparison action as above
Sx(4*Vcell_Ascend(jj)+3)=0;

Sx(4*Vcell_Ascend(jj)+4)=1;

end

end

else %Ref<0

Sx(1)=0;

Sx(2)=1;% 1 means turn off

Sx(3)=0;

Sx(4)=0;

% positive and charged

Sx(4*Vcell_Ascend(1)+1)=1;
Sx(4*Vcell_Ascend(1)+2)=1;% 1 means turn off
Sx(4*Vcell_Ascend(1)+3)=0;

Sx(4*Vcell_Ascend(1)+4)=1,;

% negative and discharged

Sx(4*Vcell_Ascend(Nc)+1)=0;

Sx(4*Vcell_Ascend(Nc)+2)=0;% 0 means turn on
Sx(4*Vcell_Ascend(Nc)+3)=1;

Sx(4*Vcell_Ascend(Nc)+4)=0;

if Nc>=3 %negative or bypass -1 or 0, 2,3--->1,3

for jj=2:Nc-1
Sx(4*Vcell_Ascend(jj)+1)=Nc*(1+Ref)-2-delta;%1-Nc*(Ref-(Nc-3)/Nc)
Sx(4*Vcell_Ascend(jj)+2)=Nc*(1+Ref)-2-delta;%complementry comparison action as above
Sx(4*Vcell_Ascend(jj)+3)=1;

Sx(4*Vcell_Ascend(jj)+4)=0;

end
end

end
end
end
block.OutputPort(1).Data = Sx';
%endfunction

I11.  The PWM modulation algorithm for 2 cells M2AHC

function [rall,ral2,ra21,ra22,rb11,rb12,rb21,rb22,rc11,rc12,rc21,rc22,rd11,rd12,rd21,rd22] =
MMC(eab,ecd,il,ref,deadband,delta, Ts)
%#codegen

rall=0;

ral2=0;

ra21=0;

ra22=0;

rb11=0;

rb12=0;

rb21=0;

rb22=0;

rc11=0;

rc12=0;

rc21=0;

rc22=0;

rd11=0;

rd12=0

rd21=0;

rd22=0;
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% Initialization

if il>=0

if eab>=0&&ecd>=0 %2 3
ral1=0.5+0.5*ref;
ral2=0.5-0.5*ref;
ra21=0.5-0.5*ref+deadband/Ts;
ra22=0.5+0.5*ref-deadband/Ts;
rb11=0.5+0.5*ref-delta/Ts;
rb12=0.5-0.5*ref+delta/Ts;
rb21=0.5-0.5*ref+deadband/Ts+delta/Ts;
rb22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rc11=0.5-0.5*ref;
rc12=0.5+0.5*ref;
rc21=0.5+0.5*ref+deadband/Ts;
rc22=0.5-0.5*ref-deadband/Ts;
rd11=0.5-0.5*ref+delta/Ts;
rd12=0.5+0.5*ref-delta/Ts;
rd21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rd22=0.5-0.5*ref-deadband/Ts+delta/Ts;

elseif eab>=0&&ecd<0 %2 4
ral1=0.5+0.5*ref;
ral2=0.5-0.5*ref;
ra21=0.5-0.5*ref+deadband/Ts;
ra22=0.5+0.5*ref-deadband/Ts;
rb11=0.5+0.5*ref-delta/Ts;
rb12=0.5-0.5*ref+delta/Ts;
rb21=0.5-0.5*ref+deadband/Ts+delta/Ts;
rb22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rd11=0.5-0.5*ref;
rd12=0.5+0.5*ref;
rd21=0.5+0.5*ref+deadband/Ts;
rd22=0.5-0.5*ref-deadband/Ts;
rc11=0.5-0.5*ref+delta/Ts;
rc12=0.5+0.5*ref-delta/Ts;
rc21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rc22=0.5-0.5*ref-deadband/Ts+delta/Ts;

elseif eab<0&&ecd>=0 %1 3
rb11=0.5+0.5*ref;
rb12=0.5-0.5*ref;
rb21=0.5-0.5*ref+deadband/Ts;
rb22=0.5+0.5*ref-deadband/Ts;
ral1=0.5+0.5*ref-delta/Ts;
ral2=0.5-0.5*ref+delta/Ts;
ra21=0.5-0.5*ref+deadband/Ts+delta/Ts;
ra22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rc11=0.5-0.5*ref;
rc12=0.5+0.5*ref;
rc21=0.5+0.5*ref+deadband/Ts;
rc22=0.5-0.5*ref-deadband/Ts;
rd11=0.5-0.5*ref+delta/Ts;
rd12=0.5+0.5*ref-delta/Ts;
rd21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rd22=0.5-0.5*ref-deadband/Ts+delta/Ts;

elseif eab<0&&ecd<0 %1 4
rb11=0.5+0.5*ref;
rb12=0.5-0.5*ref;
rb21=0.5-0.5*ref+deadband/Ts;
rb22=0.5+0.5*ref-deadband/Ts;
ral1=0.5+0.5*ref-delta/Ts;
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ral2=0.5-0.5*ref+delta/Ts;
ra21=0.5-0.5*ref+deadband/Ts+delta/Ts;
ra22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rd11=0.5-0.5*ref;
rd12=0.5+0.5*ref;
rd21=0.5+0.5*ref+deadband/Ts;
rd22=0.5-0.5*ref-deadband/Ts;
rc11=0.5-0.5*ref+delta/Ts;
rc12=0.5+0.5*ref-delta/Ts;
rc21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rc22=0.5-0.5*ref-deadband/Ts+delta/Ts;

end

elseif il<0

if eab>=0&&ecd>=0 %1 4
rb11=0.5+0.5*ref;
rb12=0.5-0.5*ref;
rb21=0.5-0.5*ref+deadband/Ts;
rb22=0.5+0.5*ref-deadband/Ts;
ral1=0.5+0.5*ref-delta/Ts;
ral2=0.5-0.5*ref+delta/Ts;
ra21=0.5-0.5*ref+deadband/Ts+delta/Ts;
ra22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rd11=0.5-0.5*ref;
rd12=0.5+0.5*ref;
rd21=0.5+0.5*ref+deadband/Ts;
rd22=0.5-0.5*ref-deadband/Ts;
rc11=0.5-0.5*ref+delta/Ts;
rc12=0.5+0.5*ref-delta/Ts;
rc21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rc22=0.5-0.5*ref-deadband/Ts+delta/Ts;

elseif eab>=0&&ecd<0 %1 3
rb11=0.5+0.5*ref;
rb12=0.5-0.5*ref;
rb21=0.5-0.5*ref+deadband/Ts;
rb22=0.5+0.5*ref-deadband/Ts;
ral1=0.5+0.5*ref-delta/Ts;
ral2=0.5-0.5*ref+delta/Ts;
ra21=0.5-0.5*ref+deadband/Ts+delta/Ts;
ra22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rc11=0.5-0.5*ref;
rc12=0.5+0.5*ref;
rc21=0.5+0.5*ref+deadband/Ts;
rc22=0.5-0.5*ref-deadband/Ts;
rd11=0.5-0.5*ref+delta/Ts;
rd12=0.5+0.5*ref-delta/Ts;
rd21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rd22=0.5-0.5*ref-deadband/Ts+delta/Ts;

elseif eab<0&&ecd>=0 %2 4
ral1=0.5+0.5*ref;
ral2=0.5-0.5*ref;
ra21=0.5-0.5*ref+deadband/Ts;
ra22=0.5+0.5*ref-deadband/Ts;
rb11=0.5+0.5*ref-delta/Ts;
rb12=0.5-0.5*ref+delta/Ts;
rb21=0.5-0.5*ref+deadband/Ts+delta/Ts;
rb22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rd11=0.5-0.5*ref;
rd12=0.5+0.5*ref;
rd21=0.5+0.5*ref+deadband/Ts;
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rd22=0.5-0.5*ref-deadband/Ts;
rc11=0.5-0.5*ref+delta/Ts;
rc12=0.5+0.5*ref-delta/Ts;
rc21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rc22=0.5-0.5*ref-deadband/Ts+delta/Ts;

elseif eab<0&&ecd<0 %2 3
ral1=0.5+0.5*ref;
ral2=0.5-0.5*ref;
ra21=0.5-0.5*ref+deadband/Ts;
ra22=0.5+0.5*ref-deadband/Ts;
rb11=0.5+0.5*ref-delta/Ts;
rb12=0.5-0.5*ref+delta/Ts;
rb21=0.5-0.5*ref+deadband/Ts+delta/Ts;
rb22=0.5+0.5*ref-deadband/Ts-delta/Ts;
rc11=0.5-0.5*ref;
rc12=0.5+0.5*ref;
rc21=0.5+0.5*ref+deadband/Ts;
rc22=0.5-0.5*ref-deadband/Ts;
rd11=0.5-0.5*ref+delta/Ts;
rd12=0.5+0.5*ref-delta/Ts;
rd21=0.5+0.5*ref+deadband/Ts-delta/Ts;
rd22=0.5-0.5*ref-deadband/Ts+delta/Ts;

end

end

end

IV.  The modulation algorithm for N cells M2AHC

Upper arm:

function Outputs(block)
global Nc;
global Ts;
delta=Ts*0.08/(Nc-1);
Vcell_Ascend = block.InputPort(1).Data;
larm = block.InputPort(2).Data;
Ref = block.InputPort(3).Data;
Sx=zeros(1,Nc);
if(larm>=0)
for jj=1:Nc
Sx(Vcell_Ascend(jj))=Ref-(Nc-jj)*delta/Ts;
end
else
%larm<0
for jj=1:Nc
Sx(Vcell_Ascend(Nc-jj+1))=Ref-(Nc-jj)*delta/Ts;
end
end
block.OutputPort(1).Data = Sx';
%endfunction

Lower arm:

function Outputs(block)

global Nc;

global Ts;

delta=Ts*0.08/(Nc-1);

Vcell_Ascend = block.InputPort(1).Data;
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larm = block.InputPort(2).Data;
Ref = block.InputPort(3).Data;
Sx=zeros(1,Nc);
if(larm>=0)
for jj=1:Nc
Sx(Vceell_Ascend(jj))=Ref-(jj-1)*delta/Ts;
end
else
%larm<0
for jj=1:Nc
Sx(Vcell_Ascend(Nc-jj+1))=Ref-(jj-1)*delta/Ts;
end
end
block.OutputPort(1).Data = SX';
%endfunction
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interconnection of various distributed generation (DG) farms or main utilities to
enhance the active and reactive power flow control. The absence of large energy
storage component in direct AC-AC converter makes the system footprint small
and reliable. As the interface for different AC sources, the presented converter
can be configured as star or delta. However, delta connection is preferred as it
can trap the potential zero-sequence current and reduce the current rating of the
switching devices. In this way, the proposed converter resembles the hexagonal
chopper, and it offers an inherent degree of freedom for output voltage phase-
shifting. Considering the scalability in high voltage applications, a new version
of the hexagonal chopper with half-bridge cell modular multilevel structure is
developed. The modular multilevel AC hexagonal chopper (M2AHC) is
operated in quasi-2-level mode to suppress the electro-magnetic interference
(EMI) caused by high voltage switching. Quasi-2-level operation divides the
voltage level transition into multi-steps, diminishing the voltage rising and
falling rates (dv/dt) in high voltage condition. Then, heterodyne modulation is
adopted for the presented chopper system, supplying a new degree of freedom
to decouple the phase and amplitude regulation. Based on this idea, system
control strategy is developed in synchronous reference frame (SRF).
Simulations and experimentations have confirmed the validity of the proposed
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Abstract: The three-phase two-level voltage source converter (VSC) is widely
employed in power conversions between AC and DC for its four-quadrant
operation and control flexibility. However, it suffers from the low output
voltage range with a peak value of half DC-link per phase, which necessitates
the use of either high DC-link voltage or bulky step-up transformer to enable
the medium voltage operation. Additionally, the high common mode (CM)
voltage between AC loads neutral points and ground may reduce the service life
and reliability of electric machinery. In this paper, a three-phase AC side
voltage-doubling VSC topology with intrinsic Buck-Boost cell is analyzed. By
this configuration, the AC side voltage is doubled with the phase peak value
equal to DC-link. That is, only half of the DC side capacitor bank is needed to
generate the same output voltage. The proposed converter uses its buck-boost
cell as a virtual voltage source to synthesize negative half of the output voltage
by modulating its output AC phase voltage around the negative bus (which is
the real zero when grounded). This permits the average CM voltage to be
suppressed to zero, and loads connected to converter AC side not to withstand
any DC voltage stress (reducing the insulation requirement). Modeling and
control design for both rectifier and inverter modes of this converter in
synchronous reference frame have been investigated to ensure a four-quadrant
three-phase back-to-back system. Experimental results have verified the
feasibility and the effectiveness of the proposed configuration and the designed

control strategies.
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Transition Full-bridge Hybrid Multilevel Converter with Chain-links of Full-
bridge Cells,” Power Electronics, IEEE Transactions on, (submitted).

Abstract: This paper proposes the controlled transition full-bridge (CTFB)
hybrid multilevel converter (HMC) for medium and high voltage applications,
which employs a full-bridge cell chain-link (FB-CL) between the two legs in
each phase to generate multilevel bipolar output voltage. The CTFB-HMC has
twice DC voltage utilization or power density of conventional converters due to

the bipolar capability of its full-bridge configuration. Hence, for the same power
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rating and same voltage level number, its total cells per phase are quarter of that
in MMC, reducing the hardware installation volume. Also, the total device
number in the conduction paths is the same as in HB-MMC; thus, improving the
efficiency performance. Besides, for the CTFB converter, its FB-CL current has
no DC component, which offers the potential to enhance the transient response.
Comparative studies between the CTFB and other multilevel topologies are
carried out to show its main features. Modulation strategies and parameter
sizing of the proposed converter are investigated using a generic case.
Simulation and experimental results are used to verify the effectiveness of the

proposed approach.

Peng Li, Y. Wang, G. Adam, D. Holliday, and B. Williams, "New Breed of
FACTS Devices Using a Modular Multilevel AC Hexagonal Chopper," Power

Delivery, IEEE Transactions on, (submitted).

Abstract: This paper proposes a new breed of FACTS device based on direct
AC-AC conversion, where modular multilevel AC hexagonal chopper (M2AHC)
is employed. The M2AHC is operated in quasi-two-level mode; and the
heterodyne modulation is used to decouple voltage amplitude regulation from
that of the phase shift; thus, independent control of active and reactive power is
achieved. Then, a family of FACTS devices based on M2AHC that offers
voltage, active power and reactive power flow control in both shunt and series
compensations is analysed. The use of AC cell capacitors instead of DC
capacitors in M2AHC makes its footprint much smaller and lighter than
conventional AC-DC or DC-AC voltage source converter (VSC) based FACTS
devices; hence, high reliability and extended service life could be expected. The
modelling and controller design of the proposed FACTS devices are illustrated
in a unified reference frame, considering different control modes, transient and
unbalanced conditions. Simulation results are used to verify the feasibility of
the proposed M2AHC based FACTS device.

Peng Li, G. Adam, D. Holliday, and B. Williams, "ACVD-VSC Based High
Power Density FACTS Devices with Extended Control Range,” Power Delivery,
IEEE Transactions on, (submitted).
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Abstract: This paper proposes a new family of flexible AC transmission system
(FACTS) devices based on the ac-side voltage doubling voltage source
converter (ACVD-VSC), which has twice of the DC-link utilization as a two-
level VSC, hence improved power density per unit DC-link voltage. This means
its DC voltage limit for reactive power generation is higher than that for the
conventional static synchronous compensator (STATCOM) and the static
synchronous series compensator (SSSC). Therefore, extended control ranges
result for all members in the proposed family of FACTS devices. Also the
ACVD converter has zero DC common mode voltage between the AC side
neutral point and the DC-link negative terminal, reducing the insulation level
for the interfacing transformer when the negative DC bus is grounded. The
basic operation principles of ACVD-VSC are reviewed. Then, it is used in
FACTS devices to perform voltage or power flow control as shunt or series
compensators. The STATCOM and SSSC using the ACVD-VSC are analyzed
and tested under different control modes including transients. The practical

results presented to verify the feasibility of the proposed schemes, are discussed.
Conference Papers

6. G. Adam, Peng. Li, I. Gowaid, and B. Williams “Generalized switching
function model of modular multilevel converter”, Industrial Technology (ICIT),
2015 IEEE International Conference on, pp. 2702-2707, 17-19 March 2015.

Abstract: this paper presents a generalized switching function model of the
modular multilevel converter (MMC) that can be used instead of MMC
electromagnetic transient simulation model for full-scale simulations of high-
voltage DC (HVDC) and flexible AC transmission systems (FACTS). The
proposed method is computationally more efficient and numerically stable than
its electromagnetic transient simulation counterpart, and it is applicable for wide
range of studies, including ac and dc network faults. The proposed switching
function model is packaged in a graphical form to suit various simulation
platforms such as Simulink and PSCAD. The validity of the presented model is
confirmed using simulation and its scalability has been demonstrated on MMC
with 301 cells per arm, considering power reversal during normal operation and
DC short circuit fault.
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