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Abstract

This thesis presents improved modulation and control schemes forlaiudge
modular multilevel converter (MMC) that can lmsed to enhance the transient
response of DC transmission systems. The schemes endiielgd MMC cell
capacitor voltages to be regulated independent of the DC link voitage DC
transnission system, and also perrafieration with variable DC link vage, down

to zero voltage, with full control over active and reactive power exchange. The
proposed schemes also offer protection functionality during atpgdele DC fault

by restraining the DC fault currembagnitudein the converter arms to a level
compatible with the current rating of the converter switching devices. The
modulation and control schemes use the perturbations in the cell capacitor voltages
and common mode currents of an individual phase to eliminate the sexrd
harmonics from each awerter arm. This is achieved without a dedicated controller
for suppression of the secoodder harmonics. The validity of the proposed
modulation and control schemes is confirmed using simulations and experimentation
in open and close loop using a scatkdvn Hbridge MMC. Their viability in DC
transmission systems is assessed using simulation of-tpgiint and mult
terminal DC networks; this includes power transmission with reduced DC link
voltage and survivalfrom permanent and temporary DC faulgth DC link
controlled recharging following fault clearance. The major practical implication of
the proposed modulation and control schemes is that they offer the possibility for
voltage source converter based DC transmission systems ithmidgh DC falts
without the need for expensive and fast DC circuit breakers, as is being pursued by
HVDC manufacturers. This thesis demonstrates the possibility of operation without
converter blocking, without risk of converter damage from excessive current stresses.
In this manner, a converter station of the DC transmission system can be used during

a DC fault to provide voltage support to an AC grid.
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Chapter 1. Introduction

The electricity supplyndustry is facingunpreeedentedchallenges. The sector faces

both increasing demand and the need to exploit clean energy resources which are
necessary to meet CO2 emission targets and mitigate climateegibngenewable
erergy is geographically constrained to locations with high ckr@ergyresources

(wind, sunlight, etc.). A high voltage direct current (HVDC) transmission system
offers attractive features that are suitable for renewable energy interfacing and
alternativecurrent (AC) grid interconnecti¢g]. Therefore, high voltage converters

with high conversion efficiency and fault tolerance dngained attention from power

electronics researchers.



1.1 Background

AC generation, transmission, and utilization have dominant since the beginning of
the 20" century[3]. However,under certain circumstancesPC transmission system

is more comptitive. This DC type of approach is more economical and efficient for
large power transmission over long distances, for renewable energy interfacing and grid
interconnectionThe breakevedistance foa HVDC transmission system is estimated in

a range o800-400 miles for overhead lines ab@75 miles for submarine cablg$ 5].

HVDC transmission systems providerattive features compared with AC networks,
such as system transient stabilitpmpatibilityto AC grids with different frequencies,

and tolerance to AC voltage oscillatif].

Since the 196Qsseveralsemiconductoswitching devices have beesed inHVDC
transmission systemshe most commonly used are the silicon controlled rectifier
(thyristor), the Gate Turoff (GTO) Thyristor and the Insulated Gate Bipolar
Transistor (IGBT) [7]. The first conversion system developed for HVDC
transmission was the line commutated current sourceectan(LCC) using mercury

arc valves as the main switching devi¢8ls The replacement of mercury arc valves

by the silicon controlled rectifier (thyristorjed to the further developmentof the
LCC[9]. The thyristor based LCC was firstly applied to HVDC transmission system
in the early 1970s. The development of selimmutated devices (GTO and IGBT)
with high voltage and power ratindgcilitated the application of the voltage source
converter (VS@into HVDC transmission systerfis0, 11].

The conventional VSC based HVDC transmission system overcomes the ckawba
of the LCC based HVDC system. Different from the LCC based HVDC system, the
VSC based HVDC system can regulate the active and reactive powers independently
and can be operated over the full range of power factors regardless of system
impedancg 12, 13]. The system switching frequency is increased by utilising self
commutated switches which improves the transimability of the VSC based
HVDC system. However, the system suffers from the high power losses and poor
performance during a DC link faylt4]. For conventional VSCsuch as twdevel or
threelevel converters (that use series connegieder semiconductor devices
withstand the voltage stress that is in excess of the voltage rating of single switch),
the power quality is traded against increased switching lossks #rger system
footprint[15].



Multilevel converter topologies have reduced the voltage stress on each gyvitchin
device without the need to series connecfemver semiconductorswitches,
improved the power quality, and decreased the effective device switching frequency
[16]. These features result in reduced switchingdesand a smaller AC side filter
requirement. Conventional multilevel converter topologies are applicable to medium
voltage applications but are unsuitable for HVDC transmission sys$fiefins

The diodeclamped multilevel converter can generate a large number of output
voltage levels to improve the output voltage qudlit§]. But it suffers from DC link
voltage shang imbalance for more than three output voltage levels, thus the external
circuitry is required to balance the DC link string of capacif@&. Similarly, the

flying capacitor multilevel converter has bulky DC link capacitors and a complicated
capacitor balancing scheme that limit its appligaf20]. The conventional Hbridge
cascaded multilevel converter is generally applied to the swtichronous
compensator(STATCOM) and the medium voltage drivg21]. It requires
independent DC source for each of théhtlge cell and common DC link is absent.
Therefore, this ggroach is not applicable for HYDC system.

The modular multilevel converter (MMC), which uses half bridges, is applicable for
HVDC transmission system. As the voltage levels increase, the voltage stress on
each switching device and the switching lossessaymificantly decreased, and the
converter AC side filter can be reduced or even eliminated due to the improved
power quality[22-24]. The main disadvantages ofighopology are that it has no
capability to ride through a DC fault and cannot operate so as to inject active power
to the AC grid when the DC link voltage collag2&).

The cascaded Hridge modular multilevetonverter (Horidge MMC) has the same
features as the haltfridge MMC except for higher power losses. The topology
allows the system to ride through a DC fault by eliminating inrush current from the
AC side and can inject active power into the AC gridrdyDC link voltage collapse.

The cell capacitor voltages can be balanced under any condition without external

circuitry.



1.2 Motivation

Novel VSC based HVDC transmission systems should operate with low power losses,
have low output voltage harmonic compents, have a small footprignd involve
minimal system complexity Importantly, the system should be capable of riding
through DC and AC faults, as well as operate over the full DC link voltage range
(zero to ratedVpc). Conventional multilevel converterand hybrid Hbridge
cascaded multilevel converters do not fulfil these requirements. Modular multilevel
converters are the only solution for a VSC based HVDC system, fulfilling the
required functions.

The haltbridge MMC can synthesize a large number atpat voltage levels and is
capable of being extended to any voltage level. The lack of DC faulthmidegh
capability and vulnerable to DC link voltage oscillation are the major factors
hampering its wider HVDC systeexploitation. The FHoridge MMC canmeet all

the demands of the VSC based HVDC transmission system with DC and AC fault
ride-through capability and the robust to operate over the full range of DC link
voltage (0 to ratedvpc). Thus, the control scheme and cell capacitor voltage
balancing stitegy for the Fbridge MMC have emerged as key factors. These allow
the converter to suppress common mode circulating current harmonics and cell
capacitor voltage ripple in normal operation, eliminate inrush current and provide
voltage support to AC gridutting a DC fault, and inject active power to AC grid
when the DC link voltage collapses. The reliability awdlability of the control
scheme and capacitor voltage balancing strategy should be ensured. The main
drawback igncreased losses, associatechveih increased number of semiconductors.

1.3 Objectives
In this research, fundamental operational principle and cell capacitor voltage
balancing strategy of the-bridge MMC are investigated. The common mode and
differential mode current control schemes areppsed to achieve the following
functions:
1 The harmonic components of the arm currents and magnitude of the
circulating current of the Hridge MMC in each phase are suppressed

during normal operation.



1 Inrush current from AC side of -Hridge MMC is eliminged and the
converter is operates to provide voltage support to the grid during a DC
link fault.

1 Cell capacitor voltages should be stabilized around the rated value under
any condition, over the full range of DC link voltage and power factors.

1 The HbridgeMMC can be operated in buck or boost mode over the full
range of the DC link voltage with a control scheme able to inject active
power to the grid during DC link voltage collapse.

1 Multilevel voltage output should be achieved with comparatively low
dv/dt

1  The control scheme should be extendable to any voltage level and should
improve system transient stability.

1 The grid current voltage should be phase synchronized to attain

maximum active power transmission.

1.4 Thesis Organization

This thesis is organized msevenchapters:

Chapter 1 briefly presents the background of the HVDC transmission system and the
converter topologies that may be suitable for a HVDC system. The motivation and
objectives of this research are presented.

Chapter 2 has detailed literatte survey of HVDC transmission systemnd the
conventional converter topologies feuchsystens. The feature of each type of the
converters is discussed and the fundamental operational principles are analyzed.
Chapter 3 introduces multilevel convertetspologies suitable for HVDC
transmission systems. Their features are discussed and compared.

Chapter 4 presents the fundamental operation principbeulation scheme and cell
capacitor balancing strategy, for the MMC. The operation principle is derived in
mathematicafunctions and the current path through thébritige cells during each
transient is illustrated. Theperation principlemodulation scheme and cell capacitor
balancing strategy are validated by both in simulation and experimentally.

Chapter Hroposes aimproved controscheme that includes common mode current
control and differential mode current controhelcontrol scheme fully exploits the

subtractive and additive switch states of thdoridige MMC to eliminate inrush



current during a DCalult, to inject active power into the grid during DC link voltage
collapse, and tanaintain capacitor voltage balanc&lathematical analysis ahe
capacitor voltage ripple and energy storage is presented. Both simulation and
experimental results confirthe effectiveness of the control scheme.

Chapter 6presents aq control scheme and common mode current control scheme
for the twoterminal, thregphase, FHoridge MMC based HVDC system and a multi
terminal thregphase Horidge HVDC system. The performanaggwo-terminal and
four-terminal Hbridge MMC based HVDC systems during normal operation, AC
grid fault, DC link fault, and active power injection are validated by simulation.
Chapter 7 draws general conclusions and presents recommendations for future

research.
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Chapter 2. Conventional HVDC Transmission System Converter

Topologies

This chapter presents a detailed literature survey of HVDC transmissiemsyahd

the conventional converter topologies for such systems. The survey mainly focuses
on conventional line commutated converters (LCC) and voltage source converters
(VSC). The feature of each converter type is discussed and the fundamental
operational principle is analyzed. Limitations of conventional converters are

described to facilitate further research.
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2.1 Introduction

The conventional AC transmission system has proved effective in power
transmission and distributiofi, 2]. For normal applications, the cost of an AC
system is attractivg3]. However, theAC system limitations are: not suitable for
interconnection of the AC grids witthifferent frequencies and high power losses in
long distance transmission utilising overhead lines or subsea cables.

HVDC transmission systems are recognized by the transmission system operators
(TSOs) as the technology that has lower power losses indistance transmission

and have the capability of interconnecting AC grids with different frequefdjes
Furthermore, HVDC transmission systems can extend the dynamic rating of ageing
AC power network$5].

Thyristor line commutatedoniverters (LCC) are used gecondgeneration classical
HVDC systems. This thyristor technology is used worldwide and has been
universally accepted by power industries over the last six decades. Its advantage is
low conversion losses and high overload c#es. Theswitchingfrequencies of the

LCCs are restricted to the AC grid (50Hz in UK) due to their-toenmutation
nature. The main disadvantages of -BEZDC transmission systems are:

1 LCC requires large passive filters to mitigate the low order freguen
harmonics ancan additional damping network to suppress threulating
current. This increases converter losses.

1 Since the switching frequency of the LCC is that of the AC grid, the
dynamic response is slow.

1 Control of active and reactive powers is plmad, which increasecontrol
schemecomplexity.

1 AC network source impedance has significant effect on the operating
range of the line commutated converters.

1 Theinstallation and maintenance costs are high due to the large footprint of
LCCs.

1 Itis vulneralle to AC grid disturbance, which may temporarily shut down
the systenj6].
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The voltage source converter based high voltage direct current-KEIC)
transmission systegnthat typically utilize 1GBTs within their converters has
recently drawn attention from power industries and resear¢feralthough LCCs
with thyristorsas the main switcheare still economicalfor bulk power handling
VSC-HVDC systemffer more benefitsthanthe conventional thyristdsased CC-
HVDC approaches:

1 Active and reactive powers can be controlled independentlySg-
HVDC systemsdue to the deoupled regulation of the anifpide and
phase angle of the AC terminal voltage of the VSC.

1 The VSCGHVDC has a faster dynamic response; which is beneficial to
enhancement of the AC network transient stability.

1 Since anexternal voltage source f@ommutationis not required for a
VSC, the system can operate over the full range, regardless of the AC
network source impedance.

1 Sel-commutated devices can be operated at medium frequency, which
allows the VSEGHVDC system to use a pulse width modulation strategy.
The harmonics are separatedrin the fundamental power frequency; thus
AC filter sizing can be decreasedonsequently, the system footprint is
expected to be smaller than the conventional HC system.

1 VSC-HVDC system has the capability to ride through an AC fault and
help AC syste recovery when the fault is clearf] 8, 9].

However, theearlier installedVSC-HVDC has the drawback of higher switching
losses than with LCEVDC. Furthermore, it is vulnerable to DC link pole to pole

faults.

2.2 HVDC transmission systemapplication
The usesof HVDC transmission systems has proven to beasible solution for
special conditions such as long distance bulk power transmissiesha# wind

farm interfacing, AC grid interconnection, and muéirminal power distribution.

2.2.1 Long Distance Bulk Power Transmission
Pointto-point connection has beethe traditional application of the HVDC
transmission systems for long distance bulk power transmidspitayed inFigure

2-1. In this context, the LCC is considered mature technology with a proven track
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record. LCC is still tb main technology being used in bulky power transmission, and
the maximum power rating of recently installed LEYDC is 7.2GW,° 800kV
[10]. At present VSEHVDC is competitive when the maximum power rating is less
than 1000MW]11]. However, VSC dchnologies are developing; VS@&/DC is
expected to compete with LEEVDC in the near future in the area of long distance

back to back bulk power transmission.

DC AC
AC DC

AC Grid-1  Transformer-1 Transformer-2  AC Grid-2
Rectifier Inverter

Figure2-1. Pointto-pointHVDC transmissiorsystem

2.2.2 Off-shore wind farm interfacing

For off-shore wind farmimplementation,the HVDC transmission system offers
better features than the AC transmission system such as: costs of the capital
equipment and losses are lower than the AC system whensthaa# is greater than
50km; power flows are fully controllabléhe system is capable of operatiimg
parallel with AC networksand it has a quick dynamic respor{d2]. In [12-14],
VSC-HVDC is tendered as the better transmissions system in this application for the
improvement of machine control capability, system stabil§ fault ridethrough
capability, and the ability to handle thrpbase unbalanced lodd5. Compared

with LCCs, VSCs have a smaller footprint, lower cost atstome power rating, and

are more suitable for multerminal HVDC transmission system, which is considered

to be the better solution for large scalesibre wind farm§16].

There are variable solutions to interconnect arsbéfre wind farm to th&C grid

via HVDC transmission system, such as park coupling, cluster coupling, common
DC bus based clustessd hybrid multiterminal systenj17], displayed irFigure2-2
andFigure2-3.
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Figure2-3. Hybrid multi-terminal systenfior wind turbinesnterconnection

2.2.3 Multi -terminal HVDC power distribution

The appliation of the multterminal HVDC transmission system for power
distribution has gained the attention from researchers and power companies. Several
solutions have been presented for such implementftign Multi-terminal VSG
HVDC displayed inFigure2-4 is considered to be the most promising transmission
system for power distribution, not only from an economical point of \betwalso

from stability[19] and power quality20] standpoints.

Reasessment of the fundamental principles of power distribution, such as system
parameter calculation and power flow estimation, is required for the integration of
multi-terminal HVDC into the power system. Such application also opens new
research areas in sgm protection and fault riderough, such as interrupting DC
faults, isolating DC cables from DC faults, and regulating the DC link voltage from
AC networkdisturbance$21].
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Figure2-4. A multi-terminal VSGHVDC distribution system

2.3 Conventional converter topologies forAC/DC conversion

Converters for the interfacing of HVDC transmission systamsintroduced in this
section, these include the line commutated converter (L&@)the haltbridge
voltage source convertefhe Hbridge voltage sourceonverter, Zsource converter,

and other possible converters that can be used for AC/DC conversiaiiseussed
briefly. The basic topologies and derivatives of these converters are also investigated.

2.3.1 Line commutated converter

The threephase line commutated converter (also known as Graetz converter) in
Figure 2-5(a) has been generally utilised in conventional HEZDC transmission
systems due to its high power capacity, and its economical technology with sufficient
reliability [22]. Figure2-5(b) illustrates the back to back HVDC transmission system
based on the LCC that suffers from the low order frequency harmonics which
necessitate large AC and DC filtd&3]. Passive filters are implemented to suppress
the low order harmonics due to their low cost and high efficiency. However, the
disadvantages of passive filters are: affected by system impedance, susceptible to
source and load resonance, and only applicable to specific frequgtd@ieSor this
reason, active compensators have been suggestercome the disadvantages of
passive filtersshown inFigure 2-6 [24]. Active filters can compensate the distorted
current waveforms generated by an LCC but at the price of increased power losses
[25]. As a strong synchronous AC network is necessary for c@@mutation the

capacitorcommutated converter (CC@jth series connected capacitors between the
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converter output node and the AC gadtransformerglisplayed inFigure 2-7, has

been proposed for weak AC netwo{R$).

Y Y Y\
¥ ¥ ¥
= “R—
¥ £ %
(@)

O+ & V(OO0
AC AC
rid-| Rectifier Inverter Grid-2
(b)

Figure2-5. LCC based HVDC system: (ahteephasdine commutated¢onverter
and(b) back to backCC HVDC transmission system
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Figure2-6. Line commutatedonverter with active compensator
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2.3.2 Conventional threephase haltbridge voltage source converter

The threephase halbridge VSC topology (also known as thevel converter) in
Figure 2-8 has been widely used in HVDC transmission system for AC grid
interconnection and renewable energy interfadiag 28]. It uses a pulse width
modulation (PWM) or space vector modulation (SVM) strategy to synthesize the
two-level (bipolar) output voltage waveforms at a switching frequency of no more
than 2kHz. In medium voltage DC applications and HVDC transmissistems, the

main switching devices are series connected-cagifmutated switches (mostly
IGBTS) that withstand the high voltage stress that is much larger than the maximum
voltage rating of a single IGBT. This increases the switching and conductios. losse
The AC side filter size, conversion losses, and dynamic response are the key factors
that determine the converter switching frequency. At the DC side of pihiaese haif
bridge VSC, a large decoupling capacitor is required to stabilize the DC lingeplta
which is critical for HVDC applicatiorj29]. These capacitors are usually heavy,
bulky and expensive and limit system i{ifee [30]. Furthermore, the habridge

VSC has dighdv/dtthatcauses unwanted EMC disturbanaad has no ability to ride
through DC faults and cannot inject active power into the AC ghdn DC link
voltage collapses to a low value (between Ugg).
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Figure2-8. Threephasehalf-bridge VSC topology

2.3.3 Conventional threephase Hbridge voltage source converter

H-bridge VSCs are normally us@udsingle phase AC systems. However, thpbase
H-bridge VSCs can be utilized in the applicatiora@eries Active Filter (SAF)31,

32], aDynamic Voltage Restorer (DVRB3, 34], anda STATCOM [35]. Different
from halfbridge VSCs, the Hbridge VSCs can gerete thredevel (unipolar) output
phase voltage by usingumipolar pulse width modulatioUPWM) scheme which
reduces the voltage stress on each switching device to half that of the stress on half
bridge VSC devices that utilized bipolar pulse width nmation (BPWM) [36].
However, conventional #ridge VSCs still require bulky DC link capacitors and
passive AC filters, andannot ride through DC faults or inject active power into the
AC grid during DC link voltageollapse.
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2.3.4 Z-source converter

Figure 2-10 shows the Zource converter topology, whiclarc operate in buck and
boost modes when creating a DC link volté8@ 38]. A unique impedance network
is empoyed with two inductors and capacitoré DC link boost converter can be
eliminated by utilising the BZource converter ithe HVDC transmission involving
renewable energy interfacing9]. However, it would be difficult to adapt this
converter to medium and high vafte systems due to IGBT limitations. The poor
DC fault ridethrough performancés also considered to be disadvantages of this
topology.

; / 5 KF K3 )

Vi

©

VDC

¢

©

*F KF K3

Figure2-10. Z-sourceconverter
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2.3.5 Other converter topologies

The curret source converter iRigure2-11 has been proposed for renewable energy
interfacing by power electronics researchptf]. Different from voltage source
convertertopologies, series connected diodes and IGBTs are used in each phase to
block reverse current from the AC grid, resulting in increased conduction [d4}es

It has poorer performance than the voltage source converter when utilising a PWM
scheme. A large DC link capacitor is replaced by a large DC link inductor, which
compared to the VSC improve system lifetime. The converter can block inrush
current from the & grid during a DC link fault and is capable of interrupting an AC
side fault. However, the voltage stress on each switching device and dwgh

limit its application to high voltage transmission. The current source converter
requires a large passivédtdr and may cause AC grid voltage disturbance during

certain transientgt2].
— Y YY)

¢

VDC

-+
=

i

Figure2-11. Threephase current source converter with IGBTs as the main switching
devices

The matrix converter topology has been presented as an alternative to the
conventional voltage source converter, for -gifbre wind farm interfacing
application[43, 44]. An matrix of controlled bidirectional switches are used as the
main power elements to interqguect the generator with the grid5. Independent
control of voltage magnitude, frequency, phase angle and power factor can be
achieved46]. No DC link capacitors exist, since there is no DC [#H. However,

the fault ridethrough and input and output decoupling cannot be achieved owing to

the absence of intermediate energy storage (decoupling) elements.
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2.4 Summary

This chapter briefly described the converters for the HVDC transmission system,;
including line commutated current cuiself commutated voltage source converters.
Attributes and limitations of each topology were discussed, including their
implication from a system prospective during normal operation and AC and DC
faults.  Also their appropriateness for renewable enamgrfacing and AC grid
interconnection was considered.
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Chapter 3.  Multilevel Converters Topologies for HVDC

Transmission Systems

This chapter discusses multilevel converter topologies for HVDC transmission
systems. The investigation mé focuses on three multilevel converter topology
types: traditional multilevel convertergliode clamped multilevel converters and
flying capacitor multilevel convertershybrid cascaded multilevel converters, and
modular multilevel converters. The ung features of these multilevel converter

topologies are discussed amstate of art comparison between them is presented.

28



3.1 Background

For the future power industry applications for medium and high voltage direct
current transmission sysns, voltage source converters are thought to be the better
option than the line commutated converfdt. However, conventional voltage
source converters still sufferom the significant drawbacks such as previously stated,
and poor performance during DC link faulgs 3].

Recently, attention has been paid naultilevel converters that provide some
attractive features: lower voltage stress on the switching devicegivially and the

low order frequency harmonics are significantly suppressed thereby decreasing the
AC side fiter size[4, 5]. Therefore, different topologies of multilevel converters
have been proposed by researchers.

The diodeclamped multilevel converter wasoposed byNabaeet al in 1980(6]

and extended tdN levels by Bhagwat in 198B7]. The flying capaitor multilevel
converter was introduced by T.A. Meynagtial in 1992[8]. Both sufferfrom voltage
imbalance of th®C link capacitors systemcomplexity with an increasing number of
levels, and susceptible to system impedance effécig)].

The haltbridge modular multilevel converter (hddfidge MMC) proposed ifl1l]

has several advantages: minimum conversion power losses convpénedther

VSC based approaches, can be extended to any number of voltage levels, cell
capacitor voltage balancingapability, and system redundanfd?]. However, the
half-bridge MMCs have no ability to block inrush AC currenring a DC fault and

can only be operated in the buck mode that cannot provide active power to the AC
grid when DC link voltage collapses below the peak of the line AC voli8je

The Hbridge modular multilevel converter {btidge MMC) has the capabilitio

ride through DC faults and can provide voltage support to the AC grid during the
fault period13]. The Hbridge cell can generate bipolar output voltégjé., 0) while

the haltbridge cell only producesV. and 0. These features make thebidge
MMC attractive for implementation into HVDC transmission systems and renewable
energy interfacing.

The hybrid cascaded -bridge multilevel converter was proposed [ih4]. It
synthesizes multilevel output voltage waveforms with the minimum number of cells
and has limited capability to interrupt a DC fault by blocking the system from AC
side inrush currenfl5]. However, the voltage stress on each swiighdevice is
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identical to that of the conventional halfidge VSC that limits its application on the

medium and high voltage transmission systems.

3.2 Diode Clamped Multilevel Converter

The diode clamped multilevel converter employs clamping diodes anddeas©C

capacitors. For each phase of Muevel diode clamped multilevel converteéN - l)
capacitors are connected in series across the chBtﬁN- 1) series connected

switches are utilized, anfN-1) {N 2) diodes are used tolamp the switch

voltages The approach synthesizhdevels in the phase voltage normal operation
[16].

The single phase thrdevel diodeclamped converter ifigure 3-1 consists of four
self commutated switching devices IGB(I§, T,, Tz andT4) and their freewheeling
diodes D;, Dy, D3 and D4) to enable bdirectional current flow capability. The
voltage stress on each DC link capacitot4gpc while the neutral poinG is set
between the two DC link capacitors. The DC lingpacitors are charged or
discharged when curren§ flows into the neutral point that causes neup@iht
voltage distortiorf9].

— D,

T
T =
Voc| + G ig Iy
— - 1,
T =
| Tj
T | K32

DR

Ty
HS} D4

Figure3-1. Single phase threleveldiodeclamped converter
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The output voltage, is synthesized by three switching combinations. Wheand
T, are on and’; andT, are off, the output voltage is equal to%2Vpc. WhenT, and
T3 are on, and the other switches are off, the outpuagel, is 0. WhenTz and T,
are on, the output voltage is -¥2Vpc. In each switch state, diod®, and D, are
utilized to clamp the voltage stress#/pc on each switch that is turned ¢ff7].
Table3-1 summarises the possible switching combinations for the single phase three

level diodeclamped convére r wib er e p foRdos eanntds A0 ooffo e pr es en

Table3-1 Switching combinations asingle phase threlevel diode-clamped

converter
Output voltage
T; T, T, T,
Vo
1 1 0 0 Y Npc
0
-Y\Vpe

The diodeclamped converter suffers from topology structure complexity that makes
it difficult to be extended to high voltage levels and the number of the clamping

diode is(N-1) N 2) which also limits the practical use in high voidevel

application§l8]. For more than three levels, the DC link voltage sharing imbalance
becomes problem which requires external circuitry eaplacior voltage balancing

methodgo maintain each DC link capaciteoltage constarjtl9].

3.3 Flying capacitor multilevel converter

Different from the diodeclamped converter, the flying capacitor multilevel converter
uses the capacitors combined with switches to generate different output voltage
levels trough adding or subtracting of the capacitor voltd@eb. For anN-level

flying capacitor multilevel converter, theoretically, the voltage stress on each

switching device is equivalent to the voltage rating of each capacitor. Therefore, the

N-level converter requiregN - 1) dc-link capacitorsas well as2(N-1) {N 2)

flying capacitorsfor each phase. The structure of singleagsh thredevel flying

capacitor multilevel converter is shown kingure 3-2. The switching combinations
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are listed in table that can synthesize three output voltage led&/€\s;c, O. A N

~

reprea@ndrrsd ép 0 edfe[2Lt28. h
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>
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Figure3-2. Single phase threlevel flying capacitomultilevel converter

Table3-2 Switching combinations d singlephase threéevel flying capacitor
multilevel converter

Output
T: T T3 T4
voltagev,
1 1 0 0 YNpe
1 0 1 0 0
0 1 0 1 0
0 0 1 1 -YNpe

Instead of eliminating the DC side passive components (capacitors or inductors), the
flying capacitor multilevel converter requires a large number of storage capacitors at
the DC side. Thus, it is unrealistic to implement such topologa Inigh voltage
transmission system owing to the large footprint, high cost of the bulky capd@iBprs

and vulnerability to the system impedance effects. Furthermore, the complexity of the
control £heme and DC link voltage imbalance also limit its application in medium

voltage transmission systeif#].
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3.4 Conventional cascaded multilevel converter

The conventionalcascaded Hbridge multilevel converteis composed othe series
conneceéd Hbridgecellsthat requires an independent DC supply faclkeHbridge

cell displayed inFigure 3-3 [25]. The cascaetl multilevel converter is not suitable

for HVDC transmission systems due to the absence of a common DC link. However

it is applicable for photovoltaic grid integratip26] and electric hybrid vehicld27].

. + H-bridge
I_ T —i VD( - converter A
| |
(I | .
| + | H-bridge
| VDC £
| - converter Vac‘
A 3
l B | L) |
| [ ]
I | T
______ J ] _l
H-bridge Vbe * H-bridge v
converter = | converter

Figure3-3. Conventional cascadedbtidgemultilevel converter

3.5 Hybrid H -bridge cascaded multilevel converter

Figure 3-4 shows the single phase hybridbiddge cascaded multilevel converter
with N H-bridge cells per phase. It can synthesize ugNot1 output voltage levels
relative to rnohe Tmlewlttomaeiter glage whith cansists of the
main switchesT; and T, generates bipolar output voltage waveforms atdne.0 fi
with a PWM scheme and the cascadebridge cells at the AC side are operated as a
series connected active filter to suppress the voltage harmonics produced by the two

level converter blockl5, 28]. The voltage rating of each-bfidge cell capacitor is

\% that is equivalent to the voltage stress on each switch of-thredble cellq14].
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Figure3-4. Singlephase hybridH-bridgecascaded multilevel converter

The tweclevel converter stage can beeoated at low switching frequency since the
AC side cascaded -Hridge cells can effectively improve the output voltage
waveforms. However, this is a tradgainst an increase of the-bfidge cells
switching frequency which is much higher than the switcliilaguency of the two

level converter block14, 29]. Asynchronism of the twtevel converter block and

the Hbridge cells may create fifth and seventh harmonics that require low order
frequency AC filters. As the Hridge cells and the main switches of the dexel
converter block conduct the full load current during normal operation, high
conduction losses are eeqied. The overall conversion losses oftigbrid H-bridge
cascaded multilevel convertare greater than the modular multilevel conveffer

15]. During a DC fault, all the main switches and théritige cell switches are
turned off, whence cell capacitors present reverse voltage to suppress the inrush
current from the AC grid. Therefore, no active and reagtiowers are exchanged
between the AC grid or DC side (when the DC link voltage collapses due to the DC
fault) [30]. Although the hybrid cascaded multilevel converter offers DC fault
blocking capability (blocking of the inrush current from AC grid during a DC fault),

it is unable to control the inrush current during system tteagaits concentrated DC

link capacitance needs to be charge from AC side. Thus;fadstrecovery is

impractical for the hybrid Hridge cascaded multilevel converter. Furthermore, the
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main switchesl; and T, of the twalevel converter block experieneevoltage stress

of V. that limits the application of this topology in HVDC transmission systems.

3.6 Half-bridge modular multilevel converter

The singlephase modular multilevel converter with Ratidge cells (or chopper
cells) inthe upper and lower arms is displayedrigure 3-5. It consists oi half-
bridge cells per arm that can synthesieel output voltage\(;) levels. The voltage
rating of each cell capacitos imaintain atVpc/n, thus the voltage stress on each
switching device is restrained ¥hc/n. The converter output voltage can be near
pure sinusoidal with a large number of cells. Arm inductors are implemented to
suppress the harmonic components in tme aarrents and limit the inrush current
during a DC side fault. All the switching states can be utilized to affect cell capacitor
voltage balance except for the switching states that prodidéc. When the

converter output current is positivg & 0), the selected upper arm capacitors will be

charged and selected lower arm capacitors are discharged, and vicqd 1\rsa
SPWM [3]] and phasehifted carried modulatiofi32] are two major modulation
schemes that have been implemented to control thebhdife MMC, combined

with a cell capacitor voltage balancing stratg8s].

-

A

v
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Fre

L)

U U UL TU U
Y

Figure3-5. Single-phase hatbridge modular multilevel converter
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The advantage of the hdifidge MMC are: voltage stress on each switching device
is restrained t(yDC iy bulky DC link capacitors are elimitead (the neutral point is

set at the migboint of the stray capacitance), the switching frequency can be greatly

reduced with a large number of cellsthis decreases switching losses, the AC

components of the arm currents flow through the switches argaéent to%zi,

which reduces the conduction losses, and the footprint of the AC filters can be
minimised due to the improved output voltage wavefoli®4]. However, the
topology is not capable of riding through a DC fault {fmei permanent nor
temporary fault). In renewable energy interfacapgplications, the halbiridge MMC
cannot be controlled when the DC link voltage collapses to a low level (between 0 to
Vbc) which generally exists and may be caused by wind spaeation or sunlight
change. It also suffers from arm curréarmonics and a circulating current in each
phase that increases conduction losses. Furthermore, the cell capacitors of-the half
bridge cells are used to provide power to the grid under some circuwestdhis

feature may increase the system footprint.

3.7 H-bridge modular multilevel converter

The Hbridge modular multilevel convertéias similar advantages as the Haltige

MMC, such as lowoltage stress on each switch, elimination of the bulky DC link
capacitors, low switching frequency and AC side filters can be decreased or even
eliminated. However, the conversion losses of tHaridge MMC are higher than the
half-bridge MMC due to the increased number of switching devices at the same
system power tang. But the Hbridge MMC is capable of riding through a DC fault
(either temporary or permanent fault) by suppressing inrush current from AC side
with reversed cell voltages and can maintain cell capacitor voltages at the rated value.
Such capability, asvell as posfault recovery, active power injection into AC grid
over the full range of the DC link voltage (0\Mgc) by utilising the unique feature of
H-bridge cellswill be studied in detail in this thesi$hus, this topology is highly
attractive for multi-terminal HVDC transmission systems; and medium voltage
applicationssuch as renewable energy interfacing where variable DC link voltage
operation is beneficial for maximum power extraction. The novel control schemes

that facilitate these capabibt are considered in chapters 5 and 6.
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3.8 Other multilevel Converter topologies

The Hbridge alternative arm modular multilevel converter present¢85nhas the
ability to interrupt a DC fault with comparatively lower conversion losses than the
hybrid Hbridge cascaded multilevel converter andbtiige MMC. But the
converter suffers from a large inrush current when the phase currents are not
synchronisd with the fundamental phase output voltages andfpodtrecovery is
slower than the Hbridge MMC. Thus, the topology is not applicable for high power
application.

A hybrid multilevel converter with Hbridge cells connected across the DC link is
presengd in[36]. The main disadvantage of this topology is that the voltage stress on
each switching devices varies with modulation index; therefore, it is not suitable for
variable voltage applications, and this limits its applicatioRWDC systems. From

a device point of view, the fivievel MMC provides more voltage levels with the
same number of cells per arm compared with theliradige MMC. It can block the
inrush current during a DC fault but HVDC systapplication may be hindededue

to the bulky footprint and system configuraticomplexity.

The mixed cell modular multilevel converter provides a compromise between
conversion losses and system protection. It requires the same number of cells as the
H-bridge MMC to interrupt a Ddink pole to pole fault. However, DC fault ride
through capability is limited by the number of-btidge cells and it is unable to
provide the added features thebHdge MMC provides, as will be discussed in
chapters 5 and 6.

Multilevel-Clamped MultilevelConverter (MLC2) was proposed by P. Rodrigeéz

al. in 2011[37]. The converteoperational principlés to combinethe multilevel
clamp concept with aeutrd-point-clamped (NPC) converter tiocrease the output
voltage levelswithout additionalsystemcomplexity. However, power loes and

capacitor voltage balancing were not addressed.

3.9 Comparison

The comparison oHVDC systemsbased on the LCC, the conven@brVSC, the
hybrid H-bridge cascaded multilevel converter, the half and tHaittge MMC is
presented iTable3-3.
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Table3-3 Comparisorof HVDC systems based on diféat converter topologies

Hybrid H-bridge Half-bridge
LCC Conventional VSC Cascaded MMC 9 H-bridge MMC
multilevel
Switching device Thyristor IGBT IGBT IGBT IGBT
Switching loss Negligible High Moderate Low Moderate
On-state loss Low Moderate High Moderae High
Active power Discontinuous #1.0% Continuous Continuous Continuous Continuous
control to ¥100% 0 to 100% 0 to 100% 0 to 100% 0 to 100%
Independent contro
of active and No Yes Yes Yes Yes
reactive power
Reasive power 50% to 60% No No No No
AC filters Large Small No No No
. Possible with high
tﬁ‘r%ljaﬂlggﬁﬁ risk of commutation Excellent Excellent Excellent Excellent
9 Y failure
DC fault r|_qe Excellent Poor Moderate Poor Excellent
through ability
Capability of
operating at bost
mode during DC No No No No Yes
link voltage
collapse

3.10 Summary

This chaptepresented a brief review of the traditional and state of the arts multilevel
converter topologies fadVDC transmissiorsystems. The review covered the diode
clamped multilevetonverter, the flying capacitor multilevel converter, the hybrd H
bridge cascaded multilevel converter, the #miige MMC, and the Hbridge MMC.

The features and shortcoming of each topology were discussed and a detailed

comparison between these coneestwere summarised in a Table 3.3.
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Chapter 4. H-bridge MMC operational principle and voltage

balancing strategy

This Chapter investigated the principle of operation, uettbn, cell capacitor
balancing methods and power pathgrein extendng the study of multilevel
modular convertersMMC. The modulation technique is based on sinusoidal pulse
width modulation (SPWM), and tHaC link capacitor balancing method is dissad

in detail and verified by Simulink simulations. The capacitor voltage balancing
method does not require an external referepegit distributes theDC link voltage
equally between the cell capacitors. This reduces the inrush current during starting
and the method is capable of maintainingll capacitor voltage balance during
unbalancedMMC operation and any faults.
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4.1 Background

Multilevel corverters have drawn interest in the electrical power industry in recent
years. They offer features thate suited to higivoltage drive systems and power
system applications such as high voltage dc (HVDC) transmission, reactive power
compensation equipment, powaynditioning,active power filteringand so or1].

The unique structure of multilev®ISCs allow them to operate at high voltages with
low harmonic content withouthe use of filter circuits, and without the need to
increase the switchingdquencyf2-7].

Diode-clamped multilevetonvertershavelow dv/dtcompare to twdevel converters

(at the switching frequency) and low common mode voltg&2]. For more than
three levels they suffer from voltage imbalance of th®C link capacitors;this
problem increases complexity with an inciedwsumber of level$§13-18]. The effect

of stray inductance ithe clamping paths &lsoa problem.

The half-bridge modular multilevelconverters proposed if19], is simpler than the
conventional cascaded fouswitch H-bridgebased converter and has several
advantages, suas modular extension to any number of levelsraddndancy?2, 9,

15, 20-22]. But it does not have the reverse current block capability.

The MMC that uses #bridge cells has recently gained attention from the industry
and researchers. The application obkblge cells in each arms of the converter
introduces new switching states whiahow voltage imbalanceorrection among

cell capacitors at any moment in a cycle due tobipelar feature of Hbridge cell.

This feature can increase the MMC output voltage levels by changing the polarity of
converter cells to create an extra voltaggestThus the cell capaciteoltage ripple

is decreased as well as the size of the capachffserent from the hakbridge cell
MMC, the Hbridge MMC can block reverse current from the AC side to the DC side
in the case of a DC fault.
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4.2 Structure and switching states selectionf H-bridge MMC

Figure4-1 shows one cell of an4dridge MMC. When switching devices,&; are

on and g S are off (or §, Syare on and § S are off), output voltage 8. =0.

When switching devices 1SS, are on and § S are off, the voltagevce=Vs.

Depending on the current direction and the switch states, the cell capacitors will be

charged or discharged. The switching state, the power flow, and the effect on

capacitor vtiage is summarised ifable4-1( 6 1 6

represents

D>

Figure4-1. Modular multilevel converter Hridge cell

Table4-1. Switch states of an-Hridge cell

S |S| S| S | Current direction Power path Ve | Capacitor voltage
10|01 is>0 D, Dy Vi charging
110|001 is <0 S, S Vs discharging
00|11 is>0 S;, Dy 0 unchanged
0|0 1]|1 is <0 D3, & 0 unchanged
111|010 is>0 D, S 0 unchanged
1{1/01|0 is<0 S, D> 0 unchanged
o|1(1]|0 is>0 SS -Vs discharging
o(1|1]o0 is<0 D,, D3 -V, charging

on
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FromTable4-1, the output voltage fuation of a single Fbridge cell is:
vV, =K, ¥V (4.2)

cell — "cell s

wherevg is the output vibage of an Horidge cell and is the switching function
of the Hbridge cell which can be written as:

€1 when$S= 34 5 =56C
I _ PN
when § = 4, =S 0
K., =10 g_ »3 5= - (4.2)
; or§=8 4, § $ 0=
f-1 whenS =S ES S0
where for the states &, S, SandS,6 16 represents on, 6006 r ¢

Figure4-2 shows the threphase Horidge MMC withn cells per arm. Each phase of

the @nverter can generate up2a+1l evel s at t hed boubgnud & er
relative to the neutral point. The average voltage across each cell capa&i%ﬁr is

and the maximum voltage stress across each switching devicetedlitoione cell
capacitor voltage. The transient arm voltages that synthesize the corresponding phase
voltages of the Fbridge MMC are composed of the transient output voltages of the

cells in the upper and lower arms. For phaghe arm voltages are:

Vla = a Klaivslai
= (4.3)

n

v,, =a K,,V.

2ai "s2ai
i=1

wherevi, andv,, donate the upper and lower arm voltages respaygtiK . andVsia

donate thei™ upper arm cell switching function and transient capacitor voltage
(consisting of a DC compone}ﬁ% and AC componentsand Ky, and Vg, donate

the i™ lower arm cell switching function and traest capacitor voltage. The
equations of the arm voltages of phabesnd c are similar to equatiof4.3). The
common mode currents generated by the transiembltage imbalance and
instantaneous differential between the sum of upper and lower arm voltages and DC
link voltageare limited by arm inductdr,. For Hbridge MMCreliability, a voltage
balancing strategy must regulate each cell capacitor voltage.
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Figure4-2. Threephase of th&\-level H-bridge MMC

A single phase Hbridge MMC with two cells per arm is shown kigure 4-3. The

circuit ouput voltage can be synthesized by the input DC link voltage and voltage of
cell capacitors that are inserted in serial with the DC link voltage source. Different
voltage levels can be achieved by turning on the appropriate switches. Each cell
capacitor vtiage is¥%Vpc, thus maximum voltage stress on each switch device is
¥ Vpc. To explain how thed-bridge multilevel waveform voltage isynthesizedthe

DC sourceneutral pointis used as the outpubltage referenceAs shownin Figure

4-3, there are six switch combinationssiynthesize a threlevel voltage betweetine

output nodeandthe DC link neutral point

1. For voltage level, =vv,., bypassall uppercell capacitorqturn onS;y, S,
S;1andS;y) andconnect in all lower cell capacitof®irn onSg;, Sz4, &1 and

Sua).
2. For voltage level, = 0, there are four switctombinations:

(1) S11, S14, S1, S2,S31, S8, Sur@nd o 0n.
(2) S11, Si2, S1, Sy S1, Sea, Sirand §o0n
(3) S11, Suay S1, 2,51, Se2, S and g4 0n.
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(4) S11, Si2, 1, 4, Se1, Se2, S and ga0n.

(5) For voltage level, = »»v_, connect in all upper cell capacitors (turn on

S11, S1s, S1and Q4), bypass all lower cell capacitorSs(, Ssp, Si1 and S
off).

= U2Vpc

4[ i% JJZVDC

Figure4-3. Single phase Fbridge modular multilevel converter

Table4-2 lists the voltage levels and their corresponding switch statepréents
the switch is on, and teansthe switch is off. In order to maintain equal voltage

stress on the switching devices, the voltage across each cell capacitor must be
maintained a¥2Vpc.
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Table4-2 Switch combinations for Fbridge multilevel converter

Output
voltage | Si1 | Si2 | Sis | Swa | Sau | Soo | So3 | Soa | Ser | Ss2 | Sss | Saa | Sar | Saz | Suz | Sas

Vo

€® 1l1]o0]|o|1]1]olo]1]oflo|1]1[o0]o0]1
1l0]o0o|1|1]1]olo]1]o]lol1]1][1]O0]o0]@
. 1l1]o0]o|l1]o]ol1]1]oflol1]1][1]0]0]@
1lo0]o|1|1]1]olo|1]1]oflo]1][o0o]lo0]1]@®
1l1]0]|o0o|1]o0o]ol1|1]1]0oflo]1]o0o|l0]1]®

€ew |1]0|lo0o|1]1|]0]o|1[1|1]o0o]o|1]1]o0]o0

4.3 Theoretical basisof normal operation control strategy

Figure 4-4 shows dinear modelof one phase legf the H-bridge MMC in Figure

4-3. The Hbridge cells in the upper and lower ar@e replaced by two ideal
controlled voltage sources which are related to the arm voltegesder to take into
account thecell capacitor dynamicdumped capacitor€; and C, corresponding to

the total capacitance of the upper and lower arms are nmepled. Two current
sources regulated by the arm currents are utilised to charge or discharge the
capacitorsC; andC,. This simplified model aims to illustrate the fundamental MMC
theory and itgontroland capacitor voltage balancistgategy.

Using Kirchhoff current and voltage laws, algebraic and differential equations that

describe steady state and internal dynamics of the MMC are:

I, =1, 4, (4.4
. di

Moc-w v RI L (45)
. di

%VDC- v, %& Lid_: (4-6)

wherei; andi, are MMC upper and lower arm curren, is the DC link voltage,

v; and v, are voltage developed across the entire cell capacitors of the upper and
lower armsy, is the output phase voltage relative to virtual supply-paoht, andR,

andL, are the resistances and inductance of the arm reactors.

Subtracting4.6) from (4.5), gives

w2y RO - LD (@7)

After combining(4.4) and(4.7):
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(4.8)

+
12Vpe—T=

+

12V |

m,: modulation waveform for upper arm cells
m;,: modulation waveform for lower arm cells
V.11 voltage across cell capacitor C,

V2: voltage across cell capacitor C;

Figure4-4. Linear model of single phase multilevel converter

Equation(4.8) relates output phase currapto inverter output voltage, and upper

and lower arm voltageg, andv,. This equation shows that in order to synthesize
pure sinusoidal ac output phase curignthe left side 0{4.8) must purely sinusoidal,

this meang v;+v»-2v, must be a purdC sinusoidal form. If arm reactor is sized
properly and sufficietly small, the voltage drop across the upper and lower arm
reactors will be much smaller than that developed across their corresponding cell

capacitors;, andv,. Therefore, the left side ¢4.8) can be approximated as:

-V, N, 2y 4.9
Adding equatior{4.5) into (4.6), gives:
o d(i, +i
Voor (4 w) R(P iy LI (410

If the left side of the equatiof.10) is controlled to be pure DC, the sum of the

upper and lower arm currentsi, must be a DC current; therefore:
I+, = (4.11)

This means equatiqd.10) can be rearranged as:
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, di
Voor (4 W) R L (412

If vi+v, is controlled to be higher tharyc, the power flow will be from the AC side
to the DC side; when it is lower thaac the power flow is in the oppositirection.
Thusv;+v; is regulated aY.:
v t+v, A (4.13
This permits the converter output voltage to be expresseg=émV.s i nwhence
equation(4.9) is re-arranged as:
-V, &, m\sinwt (4.19

wheremis the modulation index.

After solving (4.13) and(4.14), the voltages across the upper and lower arms are:
v, =32V, (1 -msinwt
1 2 c( . ) (415)
v, =1V,(1 +msinwt)
Equation(4.15) provides the mathematical proof of the complementary operafion
the H-bridgeMMC arms. From(4.15), the modulation waveformsoi the upper and
lower arms can be resolved into DC and AC components as:
m=@1 -msinwt) ® m
m, =1 +msinwt) ®w) m

wheremy=1 and my= ms i .rSmtlarly, the upper and lower arm currents of the

(4.16)

MMC are resolved into difference and common mode components as:
17l o (417
I, =14, 145
After substituting4.17) into (4.4):
(idl' idz) '601 i'oz) i 0 (4.18)
The DC component of equati¢a.18) must vanish in order to synthesize sinusoidal
output current,: this means,,-i,, ® Y, iz, i,
Similarly, substitut€4.17) into (4.11):
(g1 tign) T 1) 148 (4.19
For the common mode current(#19) to bea pure DC current, as assumed, AC
fundamental componey;+i o, must vanish; thereforg;=-ig. Substituting;=-io2,

yieldsiy=Y2i, andig=-%2l,, Showing:
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i, =iy, Bi
1 dc 2'0 (4.20)

i2 :idc -%I
Equation(4.20) is the mathematical proof of the current distribution in MC
arms, which is universally accepted and widely used in the literature.

From(4.12) and(4.13), igc can be written as:

R )
i =Ke b +ocVe 4.21)
2R,
Sulstituting (4.14) into (4.8):
IR, + La% =2v, m\,sim (4.22
Assuming the load consists of an indudit@nd a esistorR, then:
. di
v, =i,R H—2 (4.23
dt
Substituting(4.23) into (4.22):
: di . di .
iR,+L—> = @R 2&—2) mVsimv (4.24)
dt dt

Consideringr =2(:R +R and L, =2(iL, +) , then(4.22) can be derived as:

di,
dt

iR +L; =mV, sim/1 (4.25

From(4.25), i, can bewritten as:

o =Kexpg {1R, R)t/(% L+ 1) 8\[(1 = sinft +/) (4.26)

R

where,/ =arctan .
T

From equatior(4.26), the steady state load currents determined by,, combined
resistances and inductancesttd load and arm reactors, atié modulation index.
The decay of the transient componentipis determined by the combined time

constant, =(1L,+L)/(R, +R). In normal operationy is maintained at rated value,

thusi, can be regulated by the mddtion index.
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4.4 Sinusoidal pulse width modulation (SPWM) for Hbridge MMC

Carrierbased PWM is used to separately control each phase of-tineldg¢ MMC
and to allow the lingo-line voltage to be developed implicit[23]. These carrier
based PWM schemes are derived from the carrier disposition stf2&ds]. For
H-bridgeMMC with two cells per arm2 triangular carriers with the same frequency
and amplitude are arrangebhe sinusoidal referensethat are related to the upper
and lower arm voltages of each phasecarapare with the carriers to determine the
switching combinatios.

1

v2

Figure4-5. Carrier and reference waveforms for upper and lower arm voltages

For voltage balancing between the upper and lower arm capacitors, the references are
complimentay and the modulation index for the upper and lower arm voltages are
identical. When the upper arm reference signgb greater than the upper triangular
signal, the transient equivalent upper arm voltagequalsVpc, and when the
reference signal iseks than the lower carrier, the transient equivalent upper arm
voltage v; equalsO. The last condition is that the transient equivalent upper arm
voltagev; equals’sVpc. The PWM principle for the lower arm voltaggis similar to
that ofvy, but the genexted voltage value ok is opposite tos; due to theupper and
lower arm voltageaeferences being complimentary. From equaf#8f), the output
voltage of Hbridge MMC can be synthesized fsyandv,, as:-v, v, 2y. Whenv,=
0, the corresponding transient upper and lower arm voltages are:

v, =V, 3LV (4.27)
These conditions can be generated by 4 switching combinations that are referred to
as redundant switch states. These states are used to balance the cell capacitor

voltages.

53



4.5 Cell capacitor voltage balancing

When output voltage is zerothe uppercapacitorsare chargedy the upper arm
currentduring the positive half of the loacurrent (>0), the lower capacitorare
dischargd by the lower arm currentVhen the outputurrent is negativéi,<0) the
upper capacitors discharge whereas the lower capackargedue to the upper and

lower arm currents respectivelyigure4-6 shows capacitor loading whéine output

voltage is zay, with all possible switclstates.

(€) (d)

Figure4-6. Current path at zero voltage level state for capacitor voltage balancing

Thecurrent paths shown irigure4-6 (a) to () represent theedundant switch states
(1), (2), (3) and (4) in Table 4-2 which demonstratethe cell capacitor voltage
balancing process whilthe upper and lower capacitors are alternativedgdto

supplyload powerBoth modulation schemes, suchasrierbased oispace vector

modulation must usethe voltage balancing strategy with te@itch combinations
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periodically to compnsate the unbalance capacitor voltajedble 4-3 summarizes
all the switchstatesand theireffect on each capacitor voltage.

Capacitor voltage balancing method for a tHeel Hbridge MMC can be
summarized as follows:

1. Classify the upper and lower capacitors with the maximum an
minimum voltage using

Vupper max_ ma)( )

Vupper min — = min ( ) (4 28)
VLower max_ ma)( VKB’ V, ) .
VLower_ min = mln (V(S' Vo4) '

2. If output curenti,>0, select a switch state that charges the upper
capacitor retaining the minimum voltage and discharges the lower
capacitor retaining the maximum voltage.

3. If output currenti,<0, select a switch state that discharges the upper
capacitor with the mamum voltage and charges the lower capacitor
with the minimum voltage.

Table4-3 Effect of redundant switch states on capacitor voltage

] Current Connected
Switchstates o Current path )
direction capacitors
D t D 1 D ) & ) 327 ) z
i>0 11, Y14, D21, 2, 31, C1)7 and G2
Sz Sy and Dy,
(1) 1001110010011100

Sl ] s_l. 1 SZ ] D 4 D ’ 5

i4<0 b e e e C.Zand Gy

D34 Dgrand 9

. Dllr S.LZ! DZly D241 8311 N -
i>0 Cyand GZ
Sas S1and Dy,

. S.I.l! D12! SZl! SZ4; D31; . n
i,<0 C,Zand Gy
D34 Dgrand 9

D ') D i D ) & L} % ) -
>0 11, D14, D21, 2, S31 C,§and GZ
D3y Sizand Q4

3 ] b D i D b P
<0 Si1, Sia S1, D2, Dy C,Zand Gy
Sz, Dsg@and Dy

D ) Sl L} D ) D 3 % ) -
>0 11y D120 D21, D2g, 331, C,§and GZ
D32 Sppand Q4

. SJ.]J D125 S215 S245 D315 . ~
10<0 CiZand Gy
Ss2, Dgz and Dy

(2) 1100100110011100

(3) 1001110011001001

(4) 1100100111001001
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The voltage balancing strategy based on (1) to (4) is implemented within the
modulator; the instants at which switching from one combination to another occurs is
based on the voltage level across each capacitor. Bynteikod cell capacitor

voltage balance is maintained.

4.6 Current Control scheme for grid connection with Phase lock loop

In a grid connection mode, the singlbase Horidge MMC output AC current, is
phase synchronized witthe grid voltagevy while the magitude of MMC output
voltage v, is stabilized at the set value. Based on equat{d® and (4.15), the
magnitude ofv, can be determined by controlling modulation indexof AC
components of upper and lower arm voltage referemgesmdmy,. For regulating the
AC currenti,, the grid voltagephase angle is calcuéd by a phase lock loop. The
fundamental current control diagram is showfigure4-7.

Y
Y

|
¥p |
i |
|
1/s COS | m
-
\/ " q, : | io*

Vg |' 3 KC P| 7+ sin i=3
I |
I |

+
lo % —» msinut

Figure4-7. Control diagram for AC fundamentalirrenti,

The grid voltagevy=2mVy,s i nisymultiplied by generated phase lock loop output
C0sq, :
v, 3 cogy, eV gsif ut - sl w b (4.29)
whereg, consistof the Pl output anglé and the expected frequenty:
g, =d+ uy (4.30)
Substituting(4.30) into (4.29):

v, ® cogy, %\4[ sif( w-gt o s w)aw )] (4.31)
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For a grid connected systenthe frequency of grid voltage is constant. Thius
difference between thexpected frequencgnd the grid voltage frequency can be

ignored when the control system is stabilizegky = 2 f(4.31) can be deduceals

1 . :
v, 3 cogy, > V[ sind sif2 w )H (4.32
Equation(4.32) consists of a second harmonic component which can be eliminated
by a low pass filter. Hence, the linearized inputthe Pl is:
v, 3 cogy, =%\, sinc (4.33)
While d is small,sind® « At steady statethe difference between the expected

phase angle and the grid voltage phase ahgteducs to zero.The peak current

referencd,, multiplied by sing, is set to be the gridurrent referenceivhen d =0,
sing, becomessinwt, the reference for grid current Ig,sinut which is phase

synchronised with the grid voltagg

The generated AC comportef the modulatiorreference®f the upper and lower
armvoltages are the inputs to ti WM control block. The switch combinations
are determined by the SPWM control signaial cell capacitor voltage balancing

strategyto synthesize;, andv,, as disfayed inFigure4-8.

VC 1 Vl’-’ Vc*n i o

A2112%

Y

—D'V]

Cell capacitor
SP WM voltage balancing

my=msin(wt)

Y

—> V>

Figure4-8. SPWM control diagram faheupper and lower arm voltage

4.7 Simulation
The capability of the single phaseliidge MMC to operate atifferent load power
factors and modulation indices at-gffid conditions is validated by the simulatipns

and at gridconnected conditionhe control scheme is verifiagith H-bridge MMC
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at variable operating conditions with different cell numbemsus®idalPWM with

phase disposition carrierand the cell capacitor voltage balancing scheraee
implemented to control the converter to generate the desired output and to maintain
cell capacitor voltage balancingable4-4 summarises the converter parameters used
for simulations in this sectiolhe capacitance and arm inductance values are set to
suppress the ripple components of capacitor voltages and arm cuftrestarealso
related to the DC faufirotectionthat will be described in Chapter 5.

Table4-4 Simulation parameters
Converter rating 40kW

Modulation indices 0.8 and 0.9

Capacitance 4.7mF

Switching frequency | 2.1kHz

DC link voltage 2kV
Arm inductance 3.3mH
Rated frequency 50Hz
Grid voltageVy,, 850V

4.7.1 Simulations of threelevel H-bridge MMC

I. Off-grid condition

Figure 4-9 shows the simulation results when the tHeme=l Hbridge MMC
operates at 0.9 modulatidndex and 0.8 power factor lagginbhe output voltage
waveforms inFigure 4-9(a) showsthe converter generateoutput voltage Figure

4-9(b) shows that the output curtteis regulated and maintained sinusoidaigure

4-9(c) and (d) illustrate the arm currerdad the common modwirrent that contain
harmonic components which can be suppressed by the control scheme presented in
next chapter.Figure 4-9(e) displays the cell capacitor voltages that are balanced at

the set point.
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Figure4-9. Waveforms when threkevel MMC is simulated at 0.9 modulation index
and 0.8 power factor lagging.

Figure 4-10 shows when the converter is operated at 0.8 modulation index and 0.9
power factor lagging. The Hridge MMC is able to operate with cell capacitor
voltages balanced and generates output current with low harmonic companents
high power factor. These features illustrate that thleritige MMC is capable of

operating ovewide modulation indexange regardless of the load power factor.
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Figure4-10. Waveforms when threlevel modular converter is simulated at 0.8
modulation index and 0.9 p@wfactor lagging.

II. Grid-connected condition

The Hbridge MMC is connected tdhe AC grid with phase lock loop to verify
energy exchange during normal operatibime gridvoltagepeak magnitudes Vgp, =
850V while other parameters rematinose ofthe off-grid condition Figure4-11(a)
and (b) show the converter AC terminal voltage and the output cugfelibws the

referencei, that is generated by the control loopFigure4-7. Figure4-11(c) and (d)

illustrate that the arm currents and common mode current contain low frequency
harmonics which can be eliminated by the control strategy presented irhapierc

Capacitor voltage balancing is seerfFigure4-11(g).
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Figure4-11. Selected simulation waveforms when illustrative version of the single
phase Horidge MMC is controlled with the presented controlesuk inFigure4-7
at unity power factor

Figure 4-12 shows the simulation results when an output current step change is
applied att=0.5s, where the initial peak current is 36A and theemsed current is
54A. The output current is tightly regulated during the full period which
demonstrates that the control strategy is vialkr the full modulation index range.
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the peak of the reference current output current
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Figure4-12. Simulation waveformsvhen at=0.5sastep change is applied that
increass theoutput peak reference current frogr36Ato 54A.

4.7.2 Five-level H-bridge MMC simulations

I. Off-grid condition

The fivellevel output voltage is synthesized when exploiting theadbarity feature of
the MMC H-bridge cells, with two cells per arm. Thelifidge MMC operates at 0.9
and 0.8 modulation index with 0.8 and 0.9 power factor respectivigiyre4-13 and
Figure4-14 show that the outputotage and current while the harmonic components

in the arm currents and common mode current cannot be eliminated by increasing the
output voltage levels.
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Figure4-13. Waveforms when a fivievel H-bridge MMC is simulated at 0.9
modulation index and 0.8 power factor laggin
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Figure4-14. Waveforms when fivéevel H-bridge modular converter is simulated at
0.8 modulation index and 9 power factor lagging

II. Grid-connected condition
The Hbridge MMC is connected tahe AC grid with a phase lock loopvhile the
parameters are as for the gridnoection case of thrdevel H-bridge MMC. The

step change is applied &t0.5s. As shownn Figure 4-15, the output current is
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tightly regulated during the full period and the converter output voltage is stabilized

which illustraes that the control strategy is vialide any number of kFbridges. The

harmonic components in the upper and lower arm currents and the oscillating

magnitude of the common mode current remain identical to the-lgarekeH-bridge

MMC grid connected case.
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4.7.3 Nine-level H-bridge MMC simulations

A nine-level H-bridge MMC with four cells per ar is connected to an AC grid to
validate the viability of the control scheme and voltage balancing method, with a
different number of cells per arm. The converter output AC current is phase locked
with the grid voltage irFigure4-16(a) and (b), while the output voltage relative to

the converter neutral point is nievels in Figure 4-16(c). The cell capacitor
voltages remain balanced while the voltage magnitude and ripple decrease to half of
the Hbridge MMC with two cells per arm. However, the distortion in the arm

currents and the common mode current are not significantly improved.
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4.8 Experimental validation

This section provides experimental validation of the control scheme and simulation
results presented. The practical results are obtained from a-plmage Hbridge

MMC that is shown in i§ A-1 (Appendices sectionyith a 100V DC link voltage,
4,7mF cell capacitors, and 3.3mH arm inductance. The converter is controlled by the
operational principle presented in section 4.1 with SPWMigure 4-5 for an off

grid condition and with a phase lock loop (PLh)Figure4-7 for grid connection.

An Infineon Technology Trcore microcontroller TC 1796 is used to program the
modulation and capacitor voltage balancstgtegy.

Figure 4-17 shows the experimental results at 0.9 power factor lagging. The
converter operates successfully in an-gyftl condition with high quality output
current and cell capacitor voltages balandeidure 4-18 is the experiment results
during a grid connected condition. The grid voltage and current are synchronised by
the AC current control loop, utilizing its upper and lower arm inductors ap&ss
filters. This confirng the viability of the operational principle and capacitor voltage
balancing method, grid connected where the switching frequency and power factor
are restrictive features, although the upper and lower arm currents and common

mode current include harmorgomponents.
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4.9 Summary

This chapter analyzed the-btidge MMC operational principle, cell capacitor
voltage balancing strategy, and AC current control scheme,antthase lock loop
for grid connection. The capability and advantages of the presented control scheme
have been validated by simulations as well as experimentation. As-knlde
MMC is the only MMC able to provide cell voltadpe-polarity, it has beenetected

as representative for this investigation. The results demonstrate thatkthdgel
MMC offers the following featurescapability of operating at different modulation
indices and power factorlw voltage stress on the switching devi¢eguivalen to

the cell capacitor voltagepnd can be extended tdifferent voltage levels These
confirm the Hbridge MMC is suitable for HVDC systems, medium voltage machine

drives, offshore wind farm interconnection, etc.
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Chapter 5. New control scheme for the Hbridge MMC with
Fault Ride-through and System Recovery Capability

This chapterpresentsan control strategythat improves fundamentalgrid current
control associated with the AC power contrell capacitor ripple, and differential
andcommon mode curretitarmonic componenia the arms of the HiridgeMMC.

This control scheme exploits the subtractive and additive switch states of the H
bridge MMC to maintain the capacitor voltage balance wbemverter DC link
voltage collapseduring DC faults. The significance of this control scheme is that it
permitsthe H-bridge MMC to ride througla DC fault without the need for converter
blockingto provide reactive and active power support to the AC, gsdhasbeing
presented in the literature. Furthermore, tleisapter provides further MMC
fundamental theory discussion, including logical and mathematical derivation of the
relationships that governed its operation and modulation. The validity of the

presented control scheme is confirmed using simulations and experimentation.
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5.1 Background

In the last decade, largeale offshore wind farms have been adopted by the
countries around the North Sea as a mean to reducea@® greenhouse gas
emissions. As aesult, new VSEHVDC transmission systenare being built to
transmit these powers to the mainland AC grids. \FBDC transmission links is

now recognized by transmission system operators (TSOs) as the technology that can
extend the dynamic rating of thegeang AC power networks, and resolve many
issues in their heavily meshed power systems, such as loop powerafidw
congestion.

The trends towards smart grids and mtdtminal HVDC networks necessitate
development of new breeds of reliable VSCs thatedfieient and resilient to AC

and DC network faultsHalf and Hbridge MMCscan meet some of the necessary
requirements[1-11]. From a multiterminal HVDC network prspective, converter
topologies that can survive DC network faults with minimum impact on the AC side
voltage and power system stability are most likely to be adopted. New breeds of
VSCs that offer DC fault blocking capability are thebHdge MMC, mixed chs

MMC, threelevel and fivelevel cells MMC, Hbridge alternative arm MMC, and

the hybrid cascaded with AC and DChiddge cells convertdi5, 12-18]. There are
several factors that may influence the choice between these new breeds of VSCs such
as, semiconductor losses, footprint, and management of the internal cell4ai@s

25]. Considering these tradeoffs, the mixed cell MMC (with 50%ridge and 50%
half-bridge)[26], H-bridge alternative arm MM(@27], and thredevd cells[28] and
five-level MMC [29] offer DC fault blocking capability, with lower semiconductor
losses than the H#ridge MMC[30-32]. However, this chapter identifies that the H
bridge MMC can ride through DC network faults with and without converter
blocking. This chapter presents a new control scheme that explores the possibility of
riding through DC faults, without the need for converter blocking and without
exposing the converter switches to risk of damage. The importance of this control
scheme is that itll@ws the converter to support the AC network during DC network
faults instead of being a burden. Riding through a DC fault without converter
blocking is made possible using a combination of the presented control scheme and
full exploitation of the bipola capabilities of the Hbridge MMC cells. An

illustrative version of the Hbridge MMC with twocells per arm (singkphase) is
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usal in the simulation and experimentation to demonstrate the viability of the
presented control scheme. The demonstrations @ensiormal operation and DC
fault emulation. Additional simulations illustrate control schgmeeformance during
typical DC faults. These simulations and experimental results will show that the
control scheme is able to restrain the current stresses wertenarms during DC

faults; hence, the risk of converter failure during a DC fault is significantly reduced.

5.2 Improved control system for normal operation and low DC voltage ride
through

The control scheme is first developed for a single phabeidge MMC, and then

extended to the thrgghase Hbridge MMC by regulating each phase independently.

Based on the fundamental operational principle and voltage balancing strategy

presented irChapter 4it was concluded that the reémices for the upper and lower

arm voltages are:
m=m -m ¥ msinw (5.1
m=m HM ¥ Binw (5.2)

where m is a fixed modulation index related to grid voltage amplitude (or
fundanental of the converter terminal voltage). In the proposed control meticsl,
adjustable and is determined by the common mode current control loopmyhde
regulated by the differential mode current control loop, displaydéigare5-1. To
demonstrate the control strategy of common and differential current control, the
following derivations are presented.

Figure5-2 illustrates a version of the singidase Horidge MMC connected tohe

grid, whereR andL represent the interfacing inductance or series impedance of the
interfacing transformer. Considering the converter ac side, the differential that

describes the electromagnetic transient is:
di, _ .I%i0 L 9 (5.3)

For current controtlesign, letu=v, -v, whereu is estimated from the proportional

integral controller by forcing the ac current converter exchanges with the grid, to

follow a given reference:

u=a,(i, 4,) B, ixt (5.4
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wherea, and a, represent the proportionahd integral gains.
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Figure5-2. Schematic diagram illustrating gre@nnection of a singiphase H
Bridge MMC
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To facilitate control design using state space, the integral p&tddfis replaced by

an arfficial control vaiables zthereforez= f{i, -i,)dt. Based on the definition of z,

equation(5.3) and(5.4):
dd, & (R*a, y 7 s
d_e g€ L uzé i (5.5)
ez dg .4 o e ss
After Laplace manipulation db.5):
| a4
i, (S) - L L (5.6)
i (s) SZ+(c’1?p+R) <&
L L

The current controlleintegral gains can be obtained by comparing the denominator

of (5.6) to a standard secondrder system. On this basig,=2x & -R anda, = L,

wherethedamping factorx and naturafrequencyw, areset according to the desired

control objectives. For the given definition whs well as the relationship between
arm voltages\, Vv») and the converter output voltagedisplayed in equatiof4.9)

and (4.14), the ac component of the modulating sigofthe upper andower arm

voltage referencess: ”‘a:\%v . é”*"%v ., whereVpc is the rated DC link
2 YDC 2 VbC

voltage During DC link collapseVpc is maintained faits original desired value.
Thus the converter output curraptis regulated by controlling the upper anavér
arm voltages to synthesize the desired output voltagehe resultantblock diagram
for the fundamental ac current controlieshownin Figure5-1.

For design of the arm common mode curi@rhponentyhich is predominantly DC

current, equatio.12) is rewritten as:

dldc: RD/ (Voc - V%a (5.7)

whereV, represents the desired cell capacitor voltage of the upper and lower arms for

a given power flav, obtained from a PI controller, by letting=v,. -V, , with ug

defined as:

Uy = kp(i;C -l g0) k‘_iﬁi*dc I gt (5.8
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After replacing the integral part ¢b.8) by /,and manipulation of(5.7), the state

spaceequationthat can be used for selection of the DC current controller dggins

d & zg (R‘"+k"/ % i +% i (5.9)

dte/ u ée U|§

andk;, is:

The PI controller gains for the common mode current otiatrcan be obtained by
specifyinga damping factor and natural frequency in similar manner as for the

fundamental ac current controller. From the definition ofufehe DC component

of the modulation indery is:m, =\% LVoc - ”r% E % . The block dagram that

summarizes the DC current controller of the MMC sresults

The reference of the common mode currigns obtained from the outer controller

that regulates the sum of the cell capacitor voltages of the upper anddong

This controller is designed based on the differential equations that describe dynamics

of the cell capacitor voltages edcharm as:

dVCl—l
at > (my -m) (5.10)
e =11, (m, -m) (5.11)

whereC represents the equivalent cell capacitor per armyarahdv,, representhe
sum of the cell capacitor voltageshaftharms.
Adding (5.10) and(5.11), gives:

CoLturw) Emi B im(i b (512

The terms i, +i, in equation (5.12) represents the common mode current that

contains DC and" harmonic currents in the MMC arms. For control design, the DC

current referenceé. is obtained from a PI controller as:

e = 0,MVoc H(Va W)  HiVoe Ky VX (5.13
where p,and 5, represent the proportional and integral gahsquation(5.13). After

replacing the intgral part of(5.13) by Z,, the closed state space that can be used for

selection of the DC voltage controller gains is:
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e Vv e 2
deva*va) 2630 Yo §g ) B % (5.14)
as z, 3¢ u g 3 :
e 4 ug-1p 0 g¢€

The resultantblock diagram inFigure 5-1 summarizes different MMC controllers.

By exploiting the bipolar capability of the Hbridge cells and the controller Fagure

5-1, the Hbridge MMC can operate reliably in steady state, and during AM&hd
network faults. The significance of this control structure is that it allows thadde

MMC to ride through a DC fault without any uncontrolled inrush current from the
AC side, and DC and AC currents in the converter upper and lower arms are
controlled, even when the DC link collapses to zero. When the DC link voltage is
suppressed to zero, as during a typical f@lpole DC short circuit fault, the active
power the converter exchanges with the grid must be reduced to zero to avoid
discharge ofthe cell capacitors.Both MMC arms continue to operate as a two
parallel cascaded multilevel converter based STATCOM. This implies that converter
blocking is no longer necessary; rather, during a DC fault, the MMC converter can
operate to provide voltage suppto the AC grid. Additionally, the presented control
scheme irFigure5-1 also suppressetie 2 harmonic in the MMC arms, because by
regulating the cell capacitor voltages, the DC voltage and common current
contollers modulate the dc component of the modulation functipim manner that
cancels the™® harmonics from the arm currents. Also, the control strategy facilitates
active powetexchange with the AC grid withvariable DC link voltage over a wide

range(theoretically, from 0 to ratedpc).
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Figure5-3. Carrier and referenceaveforms for upper and lower arm voltages

78



Figure 5-3(a) shows the convention®WM implementation for théMMC. Figure
5-3(b) displays the modifications introduced to impkEnt PWM with sinusoidal
references, which is used in conjunction with the control scherRgyure5-1. The

DC component of the modulation indey is determined by the energy flow between
the DC link and the celcapacitors. When the converter DC link voltage is
suppressed, the DC componmdtdrodp st,hec amosdil
modulating signals of the upper and lower armisgcomenegative. This triggerthe
H-bridge switch states that insert celipacitor voltages in the opposite or same
direction as the converter DC link voltag&Vpctvci, Y2VpcvC), Y2\Vpctvez and

Y2 \bctvc,4). In this manner, the converter AC output voltage magnitude can be
maintained greater than the DC supply; thusvening uncortrolled inrush current
from the AC side to the DC sidand allows the converter to inject active power to

AC grid in a boost mode while the DC link voltage is suppressed.

5.3 DC power network postfault recharging

The Hbridge MMC has the unique feature thatanreverse the cell voltageolarity;
thus,powercan flow tothe ACside even though the DC link voltage is suppressed.
This is achieved whilst maintaining cell capacitor voltage balancing, dweng a

DC side faultOnce the fault is cleared, thebtidge cell capacitors remain charged
and the cellganbe modulated to control the recharge of the DC link capaitam

the AC sidewithout the use of AC side contactors dime resisbrs. By exploiting

the redundant switch states available withindbeverter, controlled recharge of the
DC link plus cable stray capacitance can be achieved while maintaining cell
capacitor voltage balance.

From equation(5.3) and the fundamental current control loop showifrigure 5-1,

the grid current can be set by controlling &@ component®f the upper and lower
arm voltages. Thudeterminng the magnitude and direction obwer flow between
the DC side and théd-bridge MMC

From equation(5.7), the power exchange between the DC link and tHaritthe
MMC can be controlled by retating the common mode curremnf.. It can be
achieved by controlling the DC component based on the equation (5.®uring

the recharging period, the DC componentgpis set negative due to power transfer
from the Hbridge MMC to the DC link.Thus tlke recharging strategy can be

implemented by controlling thenodulation indicedo control the differential and
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sum of the arm voltagesThere areseven switch combinations for DC link
capacitance recharging listed irable 5-1, including the corresponding AC side
voltage wherev; andv, represent the voltages of upper and lower arms respectively.

Switch state 1 means that the switch is on, and 0 is for the off state.

Table5-1 Switch states for DC link voltage recharging

charging
voltage
from S11 S12 S:L3 S14 SZl S22 823 S24 831 S32 833 S34 S4l S42 543 S44
converter
AC
terminal
i1/1(j0}j0(2(12|l0|l0]J]2|]0|]0]2]|12]|]0|0]1
Vo
i1/0}(0}(2j2y0|l0|1]j12|2}0]0|12|1|0]|0O0
i1/0}(0}(2(2(12|l0|l0]J2|]0]0]2]|12]|]0|0]1
VotV
i1/12j0}j0(2(0|l0O0|1]J12|]0]0]2]|12]|]0|0]1
.~ /14040(212(2y0(0}1(212}0j0}2]21]12]0]0O0
Vol Vo
i1/]0(0j2j2(y0|l0|1]12|212|]0]0|12]|]0|0]1
O |o|lo|o|o|o|o|O|O|O|]O|O|O|O|O]O]|oO

5.4 Ripple components and energy storage analysis

5.4.1 Ripple components
Based orFigure4-1, equation(4.1) and equatior{4.2), the single Horidge cell and
its switching function are used to derive the cell capacitor voltage ripptgions
when the common mode and differential mode current control loops are incorporated.
According to the analysis in sectidn2, for thei™ cell of an Hbridge MMC withn
cells per arm, the switching states are:
€1, when$ and 5 isgn,S and S isc
[ 1
-1, whenS and S ison,S and S is
whereK;(t) determines the transient switching states of'tHe-bridge cell. Then the

transient currerity through thé" cell capacitor is:

i =K.(t) 1, (5.16)
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whereiamrepresents the arm currents, if théotdge cell is in the upper arm= iy,
elseiam= 12. The voltage ripple of #hcell capacitor is:

HLS
|

) .
vi=—3 51
i jknC 519
wherev* is the K" harmonic component of the cell capacitor voltagejs the

capacitance of the cell capacitor, amis the fundamental angular frequency of the
grid. By implementing the control schemeFRigure5-1, the harmonic components

of arm currents and common mode current are significantly suppressed. Then it can
be assumed that both arm currents only consist of a DC component and a
fundamental AC component. The harmonics of cell capacitor voltegsuppressed
accordingly. Since the output current oflddge MMC is phase synchronized with

grid voltage and tightly regulated to be sinusoidal, it can be expressed as

I, =1,,Sinut . Substituting this into equatiqd.20):

i, =i, #l _sinu

.1 .dc 2'm . (518)

i, =ig 5! ,Sinut
To synthesize the both arm voltages, the switching function must follow the arm
voltage references at any transient of the switching cycle, thus the switching function
of each arm cells can be derived as:
a K]J.(t):%n(mj -meinwt) (5.19

i=1

é K, (t) = % n(m, Hrsinwt) (5.20

i=1
where K (t) represents the switch states of the upper arm cellKgr{t) represents
the switch states of the lowernarcell. Dividing (5.20) by n, the average switch

states of each H#iridge cell is:

K :%(md -msinwt) (5.21)

lav

K

2av

= % (m, Hmsinwt) (5.22

K. and K,,, represent the average switch states of the upper and lower arm cells

respectively. Different from the switch states of Haifige cells,K ,, and K,,, of

H-bridge cells consist of the adjustable common mode compomgrthat is
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generated by the common mode control loofigure 51. The value oinyvaries
between-1 to 1, makingK,,, and K,_, either positive or negative. This represents
the unique bpolarity feature of Fbridge cell which allows it to operate over the full
DC link voltage range.

Substituting(5.21) and (5.18) into (5.16), the average currenmt,, through each cell

capacitor of the upper arm is:

i —%(idc %I Sinve ) , msin )

1sav —

(5.23
——1i m -—1I m (4=1m I —1-i msinwt —1I+m0052w1
2% 8 4 ¢m 21 8

Substituting(5.22) and (5.18) into (5.16), the average curremy,, through each cell

capacitor of the lower arm is determined:

2sav —

i _Eﬂdc 4 csinu ) , msin )
2 " 2 (5.24)
—Ei m —ll (&i —l-m l)sinwt —1I+ cos 2m
2dc d 8 mrn 2dcrn 4 d 8 nm

In steady state, assuming the converter is lossless and cell capacitorsvaitage
balanced, and the DC offset of each cell capacitor voltage is stabilized at the rated

value;from equation (5.17), (5.23) and (5.2t average voltage ripple of arm cell

capacitorgan be written

ViV :(M ﬂ) cosmt —#™ sin 2w (5.25
lcav lcav amC 21 16 @

ViV =(ﬂ M) cosmt —" sin 2w (5.26)
2cav 2cav 2nC 4 Uz 16 @

wherevi and vf donate the average fundamental and second order harmonic
cav cav

components of upper arm celtslz, and vz are the average fundamental and
C

av cav

second order harmonic components of lower arm cells. If the cell capacitor
parameters are identical and the characteristics of switching devices are similar, the
voltage ripple of each upperm cell capacitor is equivalent to the average ripple
components of the upper arm in equat{b:25) and the voltage ripple of each lower

arm cell capacitorsi equivalent to the average ripple components of the lower arm in

equation(5.26). Therefore, the upper and lower arm cell capacitor voltages are:
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V. _Ve J(M M)coswt Alﬁ sin 2w (5.27)
n 4uwC 2w 16 w2

v2c=\i J(ﬂ m‘;I”‘)coswt —I-l-’“msin 20 (5.28
n 2wC 4w 16 w2

whereV, represents theum of thedesired cell capacitor voltagef the upper and

lower armsdescribed in(5.7), vic and vo; are cell capacitor voltages of upper and
lower arm. Equation$5.27) and (5.28) demonstrate that the fundamental harmonic
components of the capacitor voltages can be suppressed by adjusting the DC
componentry of the upper andower arm voltage references and the harmonics of
higher than secondrder areredu@d. Thus by utilising the differential and common
mode current control scheme kigure 51, the capacitor voltagepple components

are suppressed compared with that withihe control scheme illustrated kigure

5-4. This may facilitate reduced capacitor sizing and the reduction of converter cost.
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a) Voltage of upper arm capacitor withou b) Voltageof upper arm capacitor with the
the control scheme iRigure 51 control scheme ifrigure 51

Figure5-4. Voltage waveforms across upper arm capacitor of alével H-bridge
MMC in a gridconnected mode

5.4.2 Energy storage analysis
For eachcell capacitor, the energy stored in any transient can be estimated by using
the cell capacitor voltages calculated in equat{érs’) and(5.28). Each energy is:

elcell :1/2C\fc (529)
%cell = 1/2C\§c (530)

whereg,, ande,, donates the energy storage in each upper arm cell and lower

arm cell respectively. As the DC offset of each cell capacitor voltage is considered
stabilized at the rated value, the energy that is related to theffB&t of each cell

capacitor voltage is:

a\/ 2,
=1HCHRE | (5.31)
¢ch -

E

cell
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Thus e, ande,become:

elcell E!:ell @ell (532)
e2(:ell - Ecell + @:ell (533)

E.., donates the constant component of the energy siaredch cell capacitor

while De., and De,, donate the energy variation of each cell capacitor in the

upper arm and lower arm. For anbiHdge MMC withn cells per arm, the constant

component of the energy stoeagf each arm can be derived from equaf®al):

E\VAN
E,=%nCxt (5.39
¢n -
The transient energy of each arm is:
g,=%nCy{. =E, +¢ (5.35)
&, =¥enCy, =E, +¢l (5.36)

g, ande,, donate the energy stored in the upper arm and lower arm, jleand

De,, donate the energy variations in the upper and lower arm respectively. From

(5.35) and(5.36), the maximum energy stored in each arm is datexd by the peak

of the cell capacitor voltages of the upper and lower arms while the maximum energy
variation is also reached at this value.

In order to estimate the peak value of the cell capacitor voltage, equ@t@nsand

(5.28) are dfferentiated:

; — idcm rndIm i mrn
=(-%_ —Um 2 :
v._(m) (ZI/I/C 4W:)sm w 47,2003 i (5.37)
v (Wt)Z(de dCm)sln W MCOSZM (5.39)
2 wmC 2u 8 w

m ml, [.m
Definin A— lac and B= , then equation$s.37) and (5.38) simplif
g wC 41 8|/|,C g ©.37 ( ) Py

to:
V_(m)= Asin w +Bcos2 w Asin w B Bsih tw

. . . . (539
v (wt)= -Asin # Bcos2w Asin w B +B sih |

The extreme voltages of the upper and lower cell capacitor voltages are:
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_A+/R 8P . AJAK 8F
sin 1y,

sinmt,, = ————
4B 4B (5.40)
_ 2 2
sinmt, = A 4'?3 88 , Sinw, = A 4§ 8B

wheret;,andty, are the extreme voltages of the upper arm capacitor voltagasd
ty are the extreme voltage of the lower arm capacitor voltages. Fouppeh arm

_ a2 2
cell camcitor voltage, in the region-1 <sinmt éﬁTBB and

+ [ p2 2 _ ) . . .
u<smm 4 , the value ofv,. is monotonicallydecreasing, while for

4B
_ 2 2 ‘Q[
A 28 8B <sinut ) fB 88 , the value ofv, is monotonically

increasing. Thus the peak value of is obtained at the extreme when

+ , 2 2
-u_ Similarly the peak value of, is obtained at the extreme

sinmt,, =
4B
_ 2 2
value sinut, = A 4'; 88 . They can be described:
V, .
Viemax = — -Acosut, 2B sin 2ut,,
C (5.41)
Voerax = — HACOSWt, 2B sin 2uy,
n

Substituting(5.41) into equationg5.35) and (5.36), the maximum energy variation
of the upper and lower arms is:
DE., max % nCAcos wt, 2nCB sirf 2u4  2CBY sin 2u,
- 2nCABsin 2vt, cos - ACV cos
De,, o S nCAcoswt 2nCB sif 2wt 2CBY sin2ut
+2nCABsin 2vf, cosuty, +ACY coswy
The energy variation is equivalent to the integral of the transient power flow in each

arm. From(5.1) and(5.2), the upper and lower arm voltages are:

v, =3V, (m, -msinw 543
v, =3V, (m, +sinw '

Multiply equation(5.18) by (5.43), the power flows of upper and lower arms are:
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R % AL fl | m, Emsinwt —;-Immsin2 i

1

L 1 (5.44)
B, ==V.[mi i,.m =1 m)sinwt —-I
2 2c[ Idc -(dc 2 mt) 2

msi ]

m

whereP; and P, represent the upper and lower arm transient power flows. If the H
bridge MMC is lossless, the input power from DC link to the converter is equivalent
to the output power from the converter to the grid in steady stateDTherminal
voltage of the Horidge MMC is equal to the sum of the upper and lower arm

voltages, then the equation of input and output power of the converter is:

Rn = (Vl +V2) idc Vcrr!i idc %Ncmlm Ff)ﬁ (545)
From equatior{5.45):
my iy =%aml (5.46)
Substituting(5.46) into (5.44):
R EV[( my -igMmsinwt % | ,;mCos 2ut]
1 1 1 (5.47)
V[( Igem > [,,my)sinwt z | ;mcos 2ut]
Integrating(5.47), the energy variation is:
De, = m 1 [,,m,) coswt }H »msin 2ut]
2 8 (5.48)

V. 1 . 1 .
=C<[(=1| b, mcoswt —H_msin 2w
%a 2W[(2 mmd dcn) 8 m }

From equation(5.48), the energy variation of the upper and lower arms can be
calculated by the system power ratings, rated cell capacitor voltage values, DC link
voltage, and the grid voltage, regardless of the cell capacitance. Based on equation
(5.42) and the previous analysis, the maximum energy variation is attained when
t=t,, for the upper arm antt ) for the lower arm. Substituting.48) into (5.42):

nCAzcoszwgLl + 2nCE sirf W4, '3
u
;/—C[(idcm- %Inmd)cosmlu %I nmsin2u ] e 2BV sin2w, JNCABsIn2y, Cos #; u
w
& ACV, cosw, 3
e U (5.49
g nCAzcoszng + 2nCR sirf w4 f
L
Z—C[(%Immd- i gdT) CoSWA, | %In{nsinzmm] -e+2CBV sinwg, +2nCABsin2w4 cosy
W ° :
GrACV, coswy :
é (
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SinceA=ﬂ m";ImandB: M
wC 4uC snC

the minimum capacitance of each cell capacitor can be calculated. The sizestand co

, as defined ir(5.39), substitution intq5.49),

of the converter is restricted by the capacitance and energy capability of cell
capacitors while the maximum energy variation of each arm is not related to the
number of cells per arm. Thus the converter overall sizing and cost is limited to some

extend regardless of the number of cells per arm.

5.5 Simulation

This section presents Simulink simulations for théridige MMC as an oftgrid
inverter anda grid connected inverter. The power circuit is constructed using power
electronics building blocks from th8impower System library, and the control
system depicted iRigure 51. The modulator block ifigure 51 employs sinusoidal
PWM with phase disposition carriers, and a cell capacitor voltage balancing scheme
that relies on cell rotation based on cell caoa voltage magnitudes, arm current
polarities and the altage level to be synthesized. A controlled voltage source is
utilised to simulate the DC link under the conditions including normal operation,
permanent DC link fault, temporary DC fault and aefpower injection by adjusting

the DC voltage value.

The objective is to validate the performance of the presented control strategy during
normal operation and DC link voltage collap$able5-2 summarises the coarter
parameters used for the medium voltage demonstration ichher(simulation).
However, the presented control scheme remains valid for HVDC applications.

Table5-2: Simulation parameter values

Converter rating 40kwW
Modulation indices 0.8and 0.9
Capacitance 4.7mF
Switching frequency | 2.1kHz

DC link voltage 2kv

Arm inductance 3.3mH
Rated frequency 50Hz

Grid voltageVypp 850V
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5.5.1 Five-level H-bridge MMC

I. Normal operation of offrid condition

Figure5-5 shows the simulation results when the figeel H-bridge MMC operates

at 0.9 modulation index and 0.8 power factor laggkigure5-5(a) and (b) show the
converte terminal voltage relative to the midpoint and output current. The upper and
lower arm currents and the expanded versioRigure 5-5(c) and (d) demonstrate

that the harmonic components are almost elimindteglire 5-5(e) and (f) display

that the common mode current magnitude and ripple are greatly suppressed by the
control scheme. The ripple components of the cell capacitor voltages are decreased
while the capacitor vadiges remain balanced. Compared with the simulation
waveforms without utilising the control strategy Figure 4-13(c), (d) and (e), the
quality of the arm currents and common mode current have been significantly

improve which results in the suppression of cell capactiage ripple.
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by the DC voltage regulator that contrc
cell capacitor voltage of the upper ani
lower arms
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Figure5-5. Simulation waveforms when the fitevel H-bridge MMC is operated at
0.9 modulation index and 0.8 power factor lagging.

II. Normal operation of gd connection

Figure5-6 shows simulation results when the initial peak current theidhe MMC

injects into grid is 36A and is increased to 54At=0.5s.Figure 5-6(a) shows the
converter terminal voltagd-igure 5-6(b) shows the output current superimposed

over its referenc& when the inverter operates at unity power factor, as illustrated in

the blok diagram inFigure 51. The plot for the upper and lower arm currents in
Figure5-6(c) shows the ¥ harmonic current component in both arms is significantly
suppressed, as previously explained. The common madentplot inFigure5-6(d)
shows that the presented control scheme significantly improves the dynamic
response of the dc power flow. The fast dynamic response of the common mode
current shown irFigure 5-6(d) reduces transient oveoltages observedn the DC

side as a result of temporary power imbalance between AC and DCspuvig
drastic action, such asn immediate reduction of the AC side power as normally
requiredduring AC network faultsFigure 5-6(e) shows the cell capacitor voltages
are regulated around their desired-p@int, including when the step change is
applied to the output current. Compared with the gridonneted simulation
waveforms, without the control strategy kgure 4-15d), (e) and (f), the arm
currents and common mode current quality have been improved while the cell
capacitor voltages are balanced and the ripple componenssippressedased on
these results it can be concluded that the presented control scheme is suitable for
wide range of applications, as it has a much faster dynamic respguarsevith

traditional approaches.
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Figure5-6. Selected simulation waveforms when illustrative version of the single
phase Horidge MMC is controlled with the control schemerigure5-1, andat
t=05sastep change is applied that increases the output peak reference current from

|=36Ato 54A.

Ill. DC voltage suppression test (DC fault emulation)

This subsection simulates converter behaviour during a DC fault by reducing its DC
link voltageto differentvaluesbelowits rated voltage when the peak of the grid AC
voltage remains at 850V. Simulation results from this test are displayegure5-7
andFigure5-8 when theconverter output current (output active power) is reduced to
zero, the control scheme kigure 51 forces the converter arm currents and the
common mode current (dc plus harmonics) to zero even when the DC link voltage is
suppressed, sekigure 5-8 and Figure 5-7(a), (b), (c¢) and (d). Thus the entire
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converter PQ envelope can be used to provide reactive power support to the AC grid.
Figure5-8 and Figure 5-7(e) show the cell capacitor voltages are maintained at the
pre-fault level despitehe DC link voltage being suppressed to less than the AC
voltage peak. This example showmtthe contol scheme irFigure 51 avoids the

need for converter blocking in such cases, provided Hpolar capability of the H
bridge MMC cellss utilized.
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Figure5-7. Simulation waveforms shang the improved behaviour of the-btidge
MMC during a DC fault (DC link voltage collapsed30% of rated value) when
adopting the control schemehigure 51
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Figure5-8. Simulation waveforms shang the improved behaviour ofi¢ Hbridge
MMC during a DC fault (DC link voltage collapsed to 30% of rated value) when
adopting the control schemekhigure 51

IV. Typical cases dDC fault emulation

This section demonstrates the control scheme restraamagid rise of AC and DC
currents in the converter arms and 4feed inrush AC current from the gridzhen
converter DC link voltage is suppressad duringa DC fault. Ths reduces theisk

of device failure, without the need for converter blockagyadvocated if8, 15, 33-

35]. A permanent DC short circuit fault is applied at the DC terminalthe H
bridge MMC being studied at0.5s, andhe reference currerthe converter injects
into the AC grid is reduced to zero immediately after DC fault is applied and remain
zero during the fault period.

Figure5-9 (a) and (b) show converter DC link voltage and AC output current during
a permanent poko-pole DC short circuit faultAlthough the converter DC link
voltage drops to zero, uncontrolled AC inrush current ftbemAC grid is avoided
because othe ontrol scheme irFigure 51. This is because the-bridge MMC
reverses the polarities of its cell capacitors in order to present a virtual DC link
voltage equal to pr&ault condition which is higherthanthe rectified DC voltage
peak thusthe converteremains controllable as the relationship between its DC link,
modulation indexand AC voltage mmain intact. Figure5-9 (c) and (d) show that

despite the permanent collapse of the DC link voltage, arm currectshe
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c 0 n v e common Grede remain controlledhere iszero fundamental current
from the AC grid andhe common mode current is fully controlled by the DC loops
that regulate cell capacitor voltages @hd common mode currenkEigure 5-9 (e)
showsthat cell capacitorvoltage balance is maintained even when the DC link

voltage is zero.
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Figure5-9. Waveforms illustrate the effectiveness of the control scheme during a
permanent pokeo-pole DC short circuit fault, in restraining AC and DC currents in
the converter upper and lower arms, and elimination of the uncontroffeddn
current from the grid, without converter blocking

V. DC network Postault Recharging

As illustrated inFigure5-7, Figure5-8 andFigure5-9(e), the cell capacitor voltages

are constrained at the rated value during a DC link fault. Thenwhe DC fault is
cleared, the DC link can be recharged from the AC side, without any external
circuitry, by implementing the recharging strategy presented in se@tiéigure

5-10(a) and(b) show siccessfulechargingf the HbridgeMMC DC voltage from O
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to Ve, with sinusoidal AC side input currents and controlled DC charging current as
demonstrated ifigure5-10(c) and(d). Figure5-10(e) shows that the voltages across
the cell capacitors are maintainedthé desired levelat the end of theharging
period.Whenthe DC link voltage is fullychargedthe dc link current reduces to the
sum of the arm current DC componrerit this stagehe conveter operating mode

can be switch tothe normal operating mode. Based on these resitltean be
concluded that the presented charging schemag facilitate postfault DC grid
restoration.
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VI. TemporaryDC fault emulatiorwith instantaneous DC link voltage recovery

For further demonstration, the case ahporary DC fault is considered where the
DC fault is applied at=0.5s, and cleared at t=0.A4/hen the temporary fault is
clearedthe DC link rated voltage is+established instantaneousi@onverter output
power (peak fundamental of the output AC eut) is reduced to zero &t0.5s and
restored tothe prefault value att=0.8s. The results for the temporary DC short
circuit fault are displayed iffigure5-11. The waveforms presented are in line with
the prevous case that consideragpermanent DC fault, except the system recovers
quickly to operat normaly when the fault is cleared, with current and voltage
stresses itheconverter devices are controlled.
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Figure5-11. Waveforms illustrang the effectiveness of the control scheme duang
temporary DC short circuit fault in restraining AC and D@eunts inthe converter
upper and lower arms, atige elimination of the uncontrolled ifeed current from
the grid, without converter blocking
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VII.  Active power injection into the AC grid when thébkidge MMC operates in

a boost mode during DC voltage sag
As displayed m Figure 5-12 and Figure 5-13, the converter DC link voltage is
reduced tdb0% and30% ofits rating, while the peak of the grid AC voltage remains
at 850V. TheMMC peak output current is set to the normal operdgorl (54A).
Figure5-12 andFigure5-13(b) show the output AC current is maintained sinusoidal
and phase lockedrigure5-12 andFigure5-13(c) and (d) display that the magnitude
of the arm currents and common mode current are controlled by the strategy. The
capacitor voltages are balzed inFigure5-12 andFigure5-13 (e).
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Figure5-12. Simulation waveformsvhenthe DC link voltage is reducday 50%
when peak grid voltage is 850V atiee grid currentis maintained stale
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Figure5-13. Simulation waveformsvhenthe DC link voltage is reduced to 30% of
its raing, when peak grid voltage is 850V and grid curriemhaintained stable

From Figure 5-12 (d) and Figure 5-13(d), the common modecurrent magnitude
increases when DC link voltage is suppressed to a lower value. This feature restrains
the maximum active power injected into the grid due to the limitation of the peak of
common mode current. Thus the mitigdle of the Hbridge MMCoutput AC current

is decreased to maintain the peak arm currents and common mode current lower than
the maximum ratingkFigure5-14 shows the step change of output current is applied
when DC link voltages suppressed to 10% at tirntre0.5s Figure 5-14 shows the

output current is decreased to 30% of the rated magnitudsugedimposed over its
reference’ when the inverteoperates at unity power factdrigure5-14(c) and (d)

shows that the arm currents and common mode cumeghitudes are restricted

while the cell capacitor voltages are regulated around the set péiiguire5-14(e).
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Figure5-14. Simulation wavefanswhenthe DC link voltage is reduced 18% and

thepeak grid voltage is 85Q\Wvherethe magnitude ofirid currentis decreased to 30%

Figure5-15 displays thecase when a temporary DC fault is applied, asx@elink

voltage collapsed to 10% #&t0.5 and recovered to rated voltageta0.8s The

output currentmagnitude is suppressed to 30% when the fault is applied and restored
to the prefault value att=0.9sin Figure 5-15a). The arm currents and common

mode currentpeak values are regulated and the quick dynamic response of the

control loop restrains the common mode current overshdeigure5-15(c) and (d).

Cell capacitovoltages are balanced by utilising the common mode control loop in

Figure5-15(e).
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Figure5-15. Simulation waveformsuring a temporarfpC fault while theDC link
voltage is reduced tt0% andthe magnitude ofrid currentis decreased to 30%

5.5.2 Nine-level H-bridge MMC

In this section, the control scheme is implemented orbaiddje MMC with 4 cells
per arm. The viability of the strategy applied tebkHdge MMC at different voltage
levels is validated by the simulation resultseTdircuit parameters are identical to

the previous section while each cell capacitor voltage rated valuwgds

I. Normal operation in an offjrid condition

Figure 5-16 shows the simulation results when thaedevel Hbridge MMC
operates at 0.9 modulation index and 0.8 power factor laggigare5-16(a) and (b)
displays the synthesized output voltage and output current. The arm currents,
common mode current, and their expandediges inFigure5-16(c), (d), (e) and (f)
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illustrate that the control strategy is applicable to the-f@mel H-bridge MMC for

the suppression of the harmonic components anddahenon modeurrent.Figure
5-16(g) displays that the voltages and the harmonic distortion across the cell
capacitors are reduced to half those of the-lievel H-bridge MMC.
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Figure5-16. Simulation waveforms whea ninelevel Hbridge MMC is operated at
0.9 modulation index and 0.8 power factor lagging.
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