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Abstract

The conventional two-level voltage source converter (VSC) was first commercial-
ized by ABB in 1997 in an HVDC project. Being cost effective, compact, having
simpler design structure and stiff control, it attracted the vendors to be utilized
in high voltage high power applications. But it offered certain limitations one of
which includes; the requirement of bulky and expensive filters to mitigate the low
frequency harmonics present in the output voltage waveform. Although the use of
high switching frequency pushes the low order frequency spectrum to higher order
frequencies which helps with reduced filter costs and size but corresponds another
cumbersome issue of increased converter switching losses up to 1.7%. Thus there
is always a conflicting design compromise between converter losses and need for

filtration.

Another troublesome issue with conventional VSC is that it requires the chains
of series connected IGBTs to make converter arm valves. Being low to medium
voltage rated devices typically ranging from (1.7k-6.5kV), these devices does not
hold the capability to withstand the high voltage operating ratings. Therefore
these switching devices require sophisticated gate drives to provide dynamic and
static voltage balancing to ensure the simultaneous switching of all the IGBTs in
the same converter arm. This cumbersome issue corresponds a water bed situation

which limits the overall working efficiency of 2-level VSC.

This work is mainly aimed to propose a compact design solution for all the forego-
ing problems, by using 21-level Modular multilevel converter (MMC) that being
multilevel does away with massive and expensive filter requirements and being
modular eliminates the need for fussy series connected IGBTs when utilized in
high voltage high power applications like HVDC. The converter switches commu-

tate at lower switching frequency thus converter losses are greatly reduced.

The design structure involves the use of 100kV converter station tied to a 220kV
and 50Hz Grid station connected with two H50MW parallel loads through two
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successive transmission lines of 10km. The modeling and design of grid tied con-
ventional VSC and MMC is presented. Converter control is implemented in direct
quadrature(dq0) frame using vector control technique, where active and reactive
power are efficiently and independently controlled at point of common coupling
(PCC). The Proportional (P) and Integral (I) gains of the PI compensator are opti-
mized by using Modulus optimum tuning criteria. Furthermore, both conventional
VSC and MMC are analyzed and compared on the basis of mathematical model
of their AC side dynamics, control complexity and stability conditions, output
voltage quality, switching losses, total harmonic distortion (THD), AC harmonic

spectrum analysis, filter requirement, costs and design structure.
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Chapter 1

Introduction

1.1 Background

Its been 100 years that electrical power is being generated, transmitted, distributed
and apart from few traction, drives and processes it is also consumed as an al-
ternating current (AC) [1]. In the early age of electrical power development, the
presence of induction motors and transformers enabled to achieve desired power
levels easily and economically therefore it was considered an effective way to be

utilized at generation and distribution sides.

However, as far as matter of transmission of Bulk power over long distances is
concerned, HVAC becomes an uneconomical and an inefficient way of transmitting
electrical power because it offers huge line losses, costs and demands intermediate
reactive power compensators which in turn limit the bulk power transmission over
large distances [2]. On the other hand two asynchronous AC networks cannot be

interconnected with each other due to stability concerns [3].

As there was always a need for an economical and an efficient power transmission
system which could provide flexibility with asynchronous interconnections, offer
lower line losses and costs during the transmission of electrical power therefore re-
searchers started working to pursue such electrical transmission system and found
HVDC as a viable alternative for HVAC transmission.

1
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In 1929, the development of mercury arc valve rectifiers gained the attention of
engineers to use high voltage direct current HVDC for the transmission of bulk

power over long distances [4].

1.2 Why HVDC?

HVDC is becoming a state of art nowadays for its remarkable advantages over

classical transmission of electrical power. Some of the major advantages for an

HVDC link are described below [3, 4]

1. As HVDC operates at zero frequency, the transmission line has no inductive
or capacitive losses, which enables the transmission of electrical power with

unity power factor [2].

2. It allows the transmission of Bulk power over long distances across cities,
seas and subcontinents whereas HVAC can only transmit electrical power
over a distance of 40k beyond which it requires intermediate reactive power

compensation [2, 5].

3. HVDC provides the stable interconnection between two or multiple asyn-

chronous AC networks [2, 3, 5].

4. HVDC renders lower line losses and offers lower line costs as compared to

HVAC.
5. It fully utilizes the conductor cross section because there is no skin affect [2].

6. After the break even distance for overhead lines which ranges from 500 to

800km, HVDC is more economical than HVAC [2].

7. HVDC is highly environment friendly and does not require large land areas

for its installations [2, 6]

These advantages make HVDC transmission to be considered as viable alternative

for HVAC transmission systems. The basic structure of a two terminal HVDC
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transmission link is shown in Figure 1.1, it mainly constitutes two ends i.e. a
transmitting end which is recognized as Rectifier Station and a receiving end

which is recognized as an Inverter Station.

Rectifier Inverter

= BN
], [

ALY

(€

FiGURrE 1.1: High Voltage Direct Transmission Layout

The rectifier station involves the conversion of electrical power from alternating
current (AC) to direct current (DC) whereas the Inverter station involves the con-
version of electrical power from DC to AC and in between, there is a long distance
overhead /underwater transmission line which is utilized for the transmission of

high voltage high power electricity [2, 3].

HVDC could only be thought of becoming a possibility on practical grounds with
the help of high power converters, so power converters gained huge interest of
researchers to work with and develop better converter technologies that could be
utilized in HVDC [7]. On the basis of DC-link transmission systems there are two
renowned converter technologies named as, Current Source Converters (CSC) and

Voltage Source Converters (VSC), both are briefly discussed subsequently

1.3 Current Source Converters (CSC)

A Current source converter or simply CSC utilizes Thyristors as switching devices
which commutate on line frequency therefore, also recognized as line commutated
current source converters. It is a well developed and quite mature technology
which is being used since 1970s for transmitting bulk electrical power over long

distances.
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1.3.1 Structure of CSC HVDC Converter Station

The basic structure of HVDC based CSC converter station is shown in Figure
1.2. It mainly comprises two series connected six pulse Converters, two coupling
transformers one with Y-Y configuration and other with A-Y configuration which
provides 30 deg phase shift and converts the six pulse output voltage to 12 pulse
output voltage in order to enhance the output voltage quality [5, 8]. AC side
harmonic filters are required to mitigate the switching frequency harmonics from
the output voltage and provide reactive power required for compensation purposes
[2]. DC side smoothing filters serve to mitigate the DC harmonics from the DC
link voltage [5, 8]. Due to the necessity of large harmonic filters both on AC and
DC side, the CSC HVDC occupies a huge space [5].

LCCHVDC
_

@

EC 7 Coupling AC Hrmonic Filter
.rmomc Transformer — —
Filter - -T-

-

FIGURE 1.2: Lay out of CSC Based HVDC converter station [5]

As thyristors come up with highest power ratings therefore CSC based HVDC
transmission is currently being considered as the only choice for the transmission
of bulk power over large distances. However it may come up with certain dis-
crepancies which require extra effort to produce the desired performance, some of

these limitations are listed below;

1. Thyristors does not hold the capability to be turned off autonomously [9, 10].



Introduction 5

The

The switching devices can commutate either with respect to line frequency

or by forced commutation [2].
They require reactive power for the commutation of switches [10].

There is a demand of synchronous voltage sources to provide reactive power

for the commutation of thyristors [5].

LCC technology needs bulky and expensive filters to not only clear the low
frequency harmonic component present in the output voltage waveform but

also to provide reactive power to meet its reactive power demands [5, 11] .
LCC converters always work with a delayed power factor [5, 10, 11].

It offers Poor reactive power control therefore active and reactive power

cannot be controlled independently [8, 10].

They cannot work with isolated systems, therefore there is no black start

capability with CSCs [10, 12].

The direction of power is reversed by reversing the voltage polarity which

costs expensive cables [13].

arrival of insulated gate bipolar transistors (IGBTs) in 1990, allowed the

researchers to work for the converter technology which is more flexible and can be

even used with renewable energy resources. This was the dawn of Voltage source

converter (VSC) based HVDC technology and it has shown a huge development

since it was first commercialized in 1997.

1.4 Voltage Source Converters (VSC)

VSC has addressed all those limitations which were encountered with CSC tech-

nology by using IGBTs as switching devices. These devices hold the capability

to be turned on/off autonomously thus enabling the use of high frequency carrier

pulse width modulation (PWM) to control the switching of the semiconductor

devices.



Introduction 6

1.4.1 Structure of VSC-HVDC

The basic structure of VSC based HVDC converter station is shown in Figure
1.3. It mainly comprises two DC link capacitors required to mitigate ripple in the
dc link voltage, a single six pulse converter in which IGBTs are utilized for the
commutation purposes, a phase reactor which is used to smooth out the harmonics
in the converter output current waveform and provide interface between converter
and coupling transformer, AC harmonic filter which is required for the filtration of
AC output voltage harmonics and a coupling transformer which is used to provide
suitable voltage levels for the grid and converter. However, it also acts as a filter
which smooths out certain harmonics from converter output voltage and current

waveforms.
VSC HVDC

DC link
Capacitor | _I
Phase

Reactor
|||.

Coupling
1 _| Transformer

AC Ha__rmonic
Filter

FIGURE 1.3: Lay out of VSC Based HVDC converter Station [5]
Some of the key advantages of VSC technology are discussed as under:

1. Switching devices (IGBTs) can be autonomously controlled [9, 10].

2. It allows the use of high frequency modulation techniques which considerably

reduce the low frequency harmonics.
3. The need for voluminous and expensive AC harmonic filters is reduced.

4. Tt does not require reactive power however it can supply reactive power unlike

CSC technology [10, 11].
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. Tt can operate with advanced as well as delayed power factor [10].

6. It shows high flexibility to independently control the active and reactive

power.
7. It can work with isolated systems [12].
8. It has black start capability therefore it can even work with dead AC systems.

9. The direction of power flow is reversed by simply reversing the polarity of

current [13].

The main focus of this dissertation is to analyze and discuss voltage source con-
verter topologies regarding their technical advantages in HVDC, therefore the
coming chapters are mainly dedicated towards the discussion of VSC based HVDC
technology.

1.5 Thesis Objectives

This thesis is aimed to make a comprehensive comparative analysis of conven-
tional VSC and MMC. Conventional VSC has a collection of simulation models in
Matlab/Simulink but there was no MMC model present in the Simscape library
therefore the first objective is to design 21-Level MMC model in Simulink which
is achieved successfully. Later For the sake of standard comparison a test case is
established in Matlab/Simulink environment in which both of the converters (con-
ventional VSC and 21-Level MMC) are individually tied to a grid through phase
reactor, coupling transformer, various loads and transmission lines. The case is

developed to make the comparative analysis more realistic and practical.

The control structure is developed for the control of active and reactive power
at point of common coupling (PCC). Later the performance is analyzed on full
load conditions and compared on the basis of shape of converter output voltage
waveform, its total harmonic distortion, AC harmonic spectrum, need for AC har-

monic filter and switching losses. The frequency domain and time domain analysis
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of both converters are made to investigate the stability margins and performance
(steady state and transient state) of closed loop control respectively. Later the

control complexities are also analyzed for both systems.

1.6 Thesis Overview

Chapter 1 of this thesis presents the historical background of HVDC and the de-
velopments made in the field of converter technologies along with their advantages
and limitations.

Chapter 2 presents the literature review. A review of VSC topologies developed
for the better performance of HVDC converters is presented through literature.
The control strategies developed for the control of VSC HVDC converter is pre-
sented. Later the papers which present the comparative analysis of conventional
two-level VSC and multilevel converters are also discussed. By the end of this
chapter gap analysis is identified and problem statement for this thesis is defined.
Chapter 3 presents the mathematical modeling of conventional two-level grid
tied VSC and 21-level grid tied Modular Multilevel Converter (MMC). Based on
the mathematical models, this chapter presents the Matlab/Simulink test models
which are developed for the analysis of both grid tied converter topologies.
Chapter 4 presents the control strategy adopted for the control of the inverter
side dynamics of HVDC converter station. Using dq model of the 3-phase grid
tied HVDC converter, the PI control is implemented. Modulus Optimum, a tuning
technique is used to find out the optimum gains at which the inner current control
loops are regulated.

Chapter 5 presents the results found by the comparison of conventional two-level
grid tied VSC and 21-level grid tied MMC on the basis of converter output voltage
and current quality. Both topologies are also analyzed on the basis of the transient
and steady state behaviors during step input changes in the reference active and

reactive power.



Introduction 9

Chapter 6 concludes the whole discussion made throughout this thesis and elab-

orates the possible future work.

1.7 Thesis Outcomes

Thesis major outcomes are described as under.
1. Design of 21-level MMC model in Matlab/Simulink environment using Sim-
scape Simpower library.

2. Development of 220kV, 50Hz Grid model with transmission and distribution

network.
3. Successful Interface of 21-level MMC model and Grid model.
4. Development of grid tied Conventional two-level VSC model in Matlab/Simulink.
5. Design of inner current control loop in dq reference frame.
6. Active and reactive power control at PCC on various loads.

7. Transient and steady state analysis of both (21-Level MMC and 2-Level

VSC) grid tied converters and later extraction of stability conditions.

8. Performance comparison on the basis of converter output voltage shapes,
AC harmonic spectrum, total harmonic distortion, switching losses and AC

harmonic filter requirements.

9. Finally Both converters were analyzed on the basis of control complexities.

1.8 Chapter Summary

This chapter provides a brief introduction of what HVDC is and why it is becoming

more and more popular among renowned power transmission companies. Along
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with its key attributes the renowned converter technologies are presented with
their respective advantages and drawbacks. Towards the end of the chapter, thesis

objectives and outcomes are listed to provide the overview of the entire thesis.



Chapter 2

Literature Survey

2.1 Introduction

VSC technology was first commercialized by ABB in 1997, by using two-level volt-
age source converters [8, 14]. The development did not clogged here due to the
increased quest for economical and high quality power converters for high volt-
age high power applications. This made researchers to work harder and develop
new multilevel converter topologies which include neutral point clamped converters
(NPC), flying capacitor converters (FC), cascaded H-bridge converters (CHB) and
modular multilevel converters (MMC). These converter topologies are discussed
briefly along their characteristic limitations when utilized in HVDC applications.
Later the gap analysis is presented for this dissertation while the problem state-

ment is defined by the end of this chapter.

2.2 Conventional VSC

The conventional VSC is a basic two-level converter as its name indicates, its
output switches between two voltage levels +V,./2 and -V4./2 [15, 16]. It uses

high frequency carrier modulation for the switching purposes to produce a high

11
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quality waveform [8, 15]. The schematic of single phase half bridge converter with

its two-level output phase voltage waveform is shown in Figure 2.1.

Va2 o~ ' 7\
+Vde/2

L

Vdg/2

Vdg2 —,

FIGURE 2.1: Single phase half bridge VSC with 2-level
output voltage waveform [16]

The conventional VSC offers a number of advantages which include;

1. Simple circuit design [16, 17],

2. Compact structure [18],

3. Lower costs [18],

4. Lower control complexity [7, 17/,

5. Less switching devices [17].

2.2.1 Current Role of Conventional VSC in HVDC

Conventional VSC attained huge interest of vendors due to its simple circuit design
and lower control complexity which brought boom to its use in high voltage high
power applications. Different renowned power companies which include ABB,

ALStom and Siemens have commercialized many projects using two level VSC in
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HVDC systems. A few of commercialized projects using two-level VSC since it

was first developed, are presented in Table 2.1.

TABLE 2.1: List of the Conventional-VSC HVDC
Commissioned Projects [14]

Name of Project Year Power Rating | Topology
Hellsjon 1997 3MW 2-level
Gotland HVDC Light 1999 50MW 2-level
Tajaereborg 2000 SMVA 2level
Terrenora Directlink 2000 180MW 2-level
TrolA offshore 2005 84MW 2-level
Estlink 2006 350MW 2-level
Nord. EON.1 2009 400MW IGBTs
Vallhalloffshore 2009 7T8MW 2-level
Caprivilink 2010 300MW 2-level
Vastlanken ongoing 1200MW 2-level

2.3 Limitations of Conventional VSC

The market overview of conventional VSC shows that how it got success in high
voltage high power applications for more than two decades and still it is being
commercialized in many HVDC projects. Although two-level VSC offers lots of
advantages as mentioned above but it offers certain limitations when used in high
power high voltage applications preferably HVDC transmission [17, 19]. These

limitations are comprehensively discussed in following sections.
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2.3.1 Troublesome Series Connection of IGBTSs

VSC technology uses IGBTSs for the switching purposes with voltage ratings rang-
ing from 1.7kV to 6.5kV [19, 20]. These low to medium voltage rated devices
cannot withstand the stress of full DC-link voltages when used in high voltage
high power applications like HVDC where the DC-link voltages are commonly
more than 300kV [7, 17].

In order to achieve high voltage operating ratings there were two solutions i.e.
either a step up transformer should be used at converter output to help in achiev-
ing the required voltage levels or to use the series connection of IGBTs to make
converter arm valves in order to equally share the full DC-link voltage among each

IGBT [7].

The first solution is not appropriate because high voltage high power transformers
are costlier and increase the over all size of the converter station however second
solution is considered more convenient to use as it does not effect the converter

cost and size [7].

In two-level VSC, each valve comprising chain of series connected IGBTSs is rated
for full DC-link voltage, up to (n > 100) series connected IGBTs have previously
been used in HVDC projects [17, 21].

Each IGBT in the converter arm valve is required to be switched simultaneously
to equally share the full DC link voltage, therefore static (conduction mode) and

dynamic (transient mode) voltage balancing is required for each switch cell [19].

2.3.1.1 Static Balancing

The static balancing is achieved by using a large resister R, in parallel to every
single switch cell in the entire series chain of IGBTs as shown in Figure 2.2 but at

the cost of increased converter power losses [19].



Literature Review 15

2.3.1.2 Dynamic Balancing

The dynamic balancing is more serious and challenging task because the turning
on and turning off time for an IGBT is very fast and in microseconds [22, 22, 23].
If dynamic balancing is not considered, the IGBT turning on first or in last will
have to bear full DC-link voltage [19] which ultimately exceeds from maximum

voltage rating of IGBTs and hence causes converter arm breakdown [17].

The use of RCD snubber circuits is proposed which can assist dynamic balancing
by slowing the switching speed [19]. Another advantage of using snubber is that it
limits the high dv/dt during turn off and di/dt during turn on of switching devices
which reduces the EMI levels [19].

The use of snubber circuits can assist dynamic voltage balancing and limit di/dt
and dv/dt but at the expense of reduced efficiency and increased equipment costs
and power losses [19, 22]. Figure 2.2 shows the series connected IGBTs with
grading resistors R, to provide static voltage balancing, RCD snubbers to provide
dynamic voltage balancing and lower dv/dt whereas series inductance L is used

for the reduction of di/dt [19] .

L
oy o
=

e

FIGURE 2.2: Static balancing by Ry, dynamic balancing by RCD snubber and
L to limit di/dt [17, 19]



Literature Review 16

The series connection of IGBTSs poses a number of contradictory design compro-
mises [22]. For instance, if the switching speed of IGBTs is slowed down to achieve
dynamic balancing by using snubbers but this tends to increase converter losses

and reduces the switching(speed) frequency [22].

The high switching frequencies are ultimate requirement of conventional VSC to
reduce the demand of costlier and huge size AC harmonic filters which improves
the converter output power quality [16, 18, 24]. The converter is vulnerable to

more switching losses at high switching frequencies [10, 24].

Electromagnetic interference (EMI) ia another design limitation which exists in
power electronic circuits naturally and so that in two level VSCs also where si-
multaneous switching of devices at higher switching frequencies especially in the
presence of high dv/dt values corresponds to greater amount of EMI, both con-
ducted and radiated, and causes serious malfunction problems for the surrounding

electronic and automatic control equipment [22, 25].

It can be controlled by reducing switching frequency but shows negative impact
on conversion efficiency due to the naturally present low order harmonic content

in crude AC output voltage waveform of conventional VSC [22].

Unacceptable quality factors, simultaneous switching of IGBT valves and unequal
voltage distribution across IGBTs in off state are other key factors which put
practical limitations to acquire any number of series connected IGBTs to make
converter arm valves therefore an upper limit applies to opt how many IGBTs can

be joined in converter arm valve [26].

The main shortcoming of using two-level VSC with series chain of IGBTSs is that
it costs additional circuitry to make it work properly at the expense of increased
costs, power losses and contradictory design compromises [19, 22]. By the end all
these efforts have nothing to do with the improvement of output voltage quality

[7, 26]. The output voltage of conventional two-level VSC comprises only two



Literature Review 17

output voltage levels, having enormous amount of low order frequency harmonics
[24]. To filter these harmonics expensive and voluminous AC harmonic filters are

ultimate requirement [10].

2.3.2 Need For Bulky and Expensive Filters

To improve the output voltage quality the use of passive AC filters is mandatory
but being extremely undesirable because of higher costs, large area consumption
[21]. The fact that capacitive components generate reactive power to mitigate
voltage harmonics is another drawback of passive AC harmonic filters which makes
the VSC to absorb the reactive power for which VSC is not inherently designed,
it puts limits for the VSC to perform 4-quadrant function therefore this reactive
power is another leading disadvantage when passive harmonic filters are used [2,

24].

2.3.3 High Frequency Carrier PWM

The autonomous switching of IGBT's enables the use of high frequency pulse width
modulation (PWM) for the switching purposes as it shifts the low frequency har-
monic spectrum to higher frequencies which can be easily filtered out by using low

cost and small size passive AC harmonic filters [16].

In any converter, the space contributed by filter is one-third of the area of the
converter [18]. Thus PWM with carrier wave having frequency at least 40 times
higher than fundamental frequency is necessary to assist a sound compromise
regarding the size of passive AC harmonic filters but at the cost of increased

switching losses [21].

The use of PWM is the fundamental technology for VSC regardless of the applica-
tion setup. However it also brings three major by-products which includes; higher
switching losses in converter arms, higher ripple in the converter output current

and electromagnetic noise sources [25].
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2.3.3.1 High Converter Losses

The PWM with higher switching frequencies (1 — 2kHz) causes considerable
amount of converter losses. The two level VSC losses, evaluated by TEC61803,
constitute losses of approximately 1.6% for the total maximum rated capacity of
HVDC transmission (per converter station) at rated loads. The no load losses are

approximately 0.2% [27].

2.3.3.2 High dv/dt & Current Ripple

The hard switching at full DC-link voltage produces high values of dv/dt with high
switching frequencies (1-2kHz). Another disadvantage is that it produces high
ripple in current waveforms which may cause overheating of electronic circuitry

and produces additional losses [27].

2.3.3.3 High EMI

The high speed switching of power semiconductor devices generates electromag-
netic interference (EMI) [28]. EMI can be classified in to differential mode (DM)
EMI and Common mode (CM) EMI [27].

The high frequency harmonics in line current are typical sources of DMEMI which
is capable of contaminating the power grid which causes the electrical equipment
to work in unsafe operational conditions and malfunctions the microprocessors

and other automatic control devices [25].

The CMEMI is the noise which travels in the direction of high frequency common
mode voltages. The current discharged by CM voltages with high values of dv/dt

destroys the reliability and efficiency of electrical machines [25].

Figure 2.3 represents the design schematic of three phase high power conventional
voltage source converter where each converter arm is composed of chain of series

connected IGBTs and at output of the converter the bulky AC harmonic filters are
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shown which are required to smooth out the crude AC waveform of conventional

VSC.
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FIGURE 2.3: Arrangement of three phase 2L-VSC in HVDC [21]

2.4 Multilevel Concept

The requirement of AC harmonic filters is greatly reduced if the number of output
voltage steps is increased in converter output voltage waveform which in turn
decreases the voltage stress on each switching device due to lower dv/dt values.
Besides, other multiple attributes can also be achieved by using multilevel voltage

source converters [27].

Voltage waveform with more sinusoidal shape, offers lower levels of total harmonic
distortion (THD) and lower harmonic content and hence reduces the requirement

of massive and expensive AC harmonic filters [10]. The concept of multilevel
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converter topology validates itself by producing minimum of three levels in its

output voltage waveform [29].

The renowned basic multilevel VSC topologies (others may be their extended
forms with some slight changes in structure) are Neutral point clamped multi-
level converters (NPC) also known as diode clamped converters, Flying Capacitor
multilevel converters (FC) also known as capacitor clamped multilevel converters,
Cascaded H-Bridge multilevel converters (CHB) and modular multilevel converters
(MMC/M2C) [7]. The basic structure and limitations of these multilevel converter

topologies are discussed in the following subsections.

2.4.1 Neutral Point Clamped Multilevel Converter

Figure 2.4 shows schematic diagram for a three phase three-level neutral point
clamped converter or simply NPC. It is also known as diode clamped multilevel
converter topology. At output it produces three voltage levels V4./2, 0 and -V 4./2
thus reducing the voltage stress by half of DC-link voltage per switching device
[29].

It comprises of the similar structure as that of conventional VSC except having
clamping diodes D; and Dy in parallel which help to clamp the DC link voltage
to half level. For an m-level NPC, it requires (m-1)x(m-2) clamping diodes and
(m-1) DC-link capacitors where this number increases quadratically in m making
it sufficiently infeasible to be utilized in high voltage direct current transmission

system [16, 16, 29].

And if the PWM based NPC multilevel converter is used in high power high voltage

applications than diode reverse recovery becomes a major design challenge [29].

The neutral point voltage balancing is required when the voltage levels increase
more than three and it is very hard to achieve due to unequal distribution of
losses between inner and outer devices because of different component ratings

which makes it highly unsuitable to be used in HVDC systems [7, 30].
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FIGURE 2.4: Arrangement of 3-Level NPC [7]

A few of the practical examples of NPC and its derivative A-NPC is presented in

Table 2.2 where it is utilized by using series connection of IGBTSs to reach higher

operating voltage ratings in HVDC systems. This topology did not get much boom

in comparison with standard conventional VSC HVDC.

TABLE 2.2: List of the NPC-VSC HVDC
Commissioned Projects [14]

Name of Project | Year | Power Rating Topology
Eagle Pass 2000 36MW 3-levelNPC
Murray-link 2002 220MW 3-level ANPC
Crosssound 2002 330MW 3-level ANPC

2.4.2 Flying Capacitor Multilevel Converters

Figure 2.5 shows the arrangement for 4-level three phase flying capacitor multilevel

converter which comprises the similar structure to that of NPC with the only
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exception that it uses flying capacitors instead of diodes [7]. This arrangement
provides better ride through capabilities during outages but at the expense of

increased circuit complexity [16].

For an m-level output voltage waveform, FC needs (m-1)x(m-2)/2 number of
clamping capacitors in each phase along with additional (m-1) DC-link capacitors
[29]. Increase in number of capacitors for higher voltage levels makes the converter

structure less compact, bulky and expensive.

|1+
|1+

FIGURE 2.5: Arrangement of 4-Level FC [7]

Although FC provides more flexibility to produce multilevel output voltage wave-
form but at the same time it offers greater control complexity for capacitor voltage

balancing [7].

The output voltage of FC is half of the DC link voltage which makes it unsuitable
for HVDC applications therefore it has never been utilized in any of the HVDC
projects practically [31]. However its practical use is found in medium to large

motor drive applications [16].
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2.4.3 Cascaded H-Bridge Multilevel Converters

Figure 2.6 provides the basic schematic of (2N+1) Level cascaded half bridge con-
verter where each half bridge acts as a submodule and it is used in a modular

structure which helps in synthesizing high quality staircase output voltage wave-

form.
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FIGURE 2.6: Arrangement of (N+1) Level CHB [7]

Each half bridge submodule comprises a DC-voltage source eliminating the need
for extra clamping capacitors and diodes [16]. At the output of single half-bridge
module three voltage levels are obtained i.e Vg4, 0 and -V [16, 29].

Usually for an m level voltage waveform CHB requires (m-1)/2 number of half
bridge modules with (m-1)/2 number of isolated DC-voltage sources. CHB topol-
ogy requires least number of components as compared to other multilevel topolo-

gies to produce same output voltage level [16].

To utilize CHB in high power high voltage applications large number of isolated

DC sources are required. This requirement can be fulfilled by using transformers
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with special arrangement to provide phase shifted voltages for each H-bridge but
this makes it highly voluminous, expensive and infeasible to be used in HVDC

projects for large scale power transmission [7].

2.4.4 Modular Multilevel Converter

In 2003, the concept of modular multilevel converters was first introduced by
Marquartd and commercialized for the first time by Siemens in 2010 in HVDC
project [7, 10].

MMC proved itself the most promising contender to be utilized in HVDC appli-
cations because of its built in redundancy, modularity, scalability to any voltage
levels, high standards of voltage quality, elimination of filter requirements, lower

switching frequency and lower switching losses [10].
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FIGURE 2.7: Three Phase Modular multilevel converter with basic Structure
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The basic structure of three phase modular multilevel converter is presented in
Figure 2.7 which includes three phase legs and each phase leg comprises two arms
and in turn each arm comprises series connected sub modules and an arm reactor

7).

Most commonly MMC uses half-bridge topology presented in Figure 2.1 and full
bridge sub modules used in cascaded H-bridge converter topology, in a series con-

nection to reach the higher operating voltages.

2.4.4.1 A closer Look of Modular Multilevel Converter

Modular multilevel converter is a VSC topology which has proven itself a state of
art because of its remarkable attributes which include higher design flexibility to

reach high operating voltage ratings with ease [32].

It provides high efficiency because of lower converter losses, economical solution
for high power quality and minimum filter requirements(negligible in some cases)

[17, 21, 33]. The attributes of modular multilevel converter are briefly given below

1. Modularity [32]

2. Scalability [32]

3. Redundancy [17]

4. Lower Power Losses [33]

5. Reduced total harmonic distortion [33]
6. No Filter Requirements [16, 17, 33]

7. No critical capacitor voltage balancing [33]

2.4.5 Role of MMC HVDC in Current Scenario

Since MMC s first commercialization, it has got huge interest of vendors to invest

on it because of its above mentioned attributes which make it highly suitable for
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HVDC applications [34]. A few of completed and under construction MMC based
HVDC projects are presented in Table 2.3.

TABLE 2.3: List of the MMC-VSC HVDC Commissioned Projects [10, 34]

Name of Project Year Power Rating Topology
Trans Bay Cable 2010 400MW MMC
Borwin2 2011 400MW MMC
Skagerrak Pole4 2014 7T00MW MMC
INELFE 2015 690MW MMC
SylWinl1 2015 864MW MMC
HelWin1 2015 576MW MMC
HelWin2 2015 690MW MMC
BorWin2 2015 SOOMW MMC
DolWinl 2015 800MW MMC
Dolwin2 2016 916 MW MMC
DolWin3 2017 900MW MMC
Caithness Moray 2018 1200MW MMC
BorWin3 2019 900MW MMC
ULTRANET 2019 2000MW MMC
COBRAcable 2019 T00MW MMC
North Sea Link 2021 1400MW MMC

2.5 Control of Grid Tied Voltage Source

Converters

In [35], author discussed different types of current control strategies i.e. linear and

non-linear current control of VSCs. As the nonlinear control is out of the scope of
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this thesis, thus by focusing the linear control, this paper classifies linear control
into different types i.e. stationary frame PI control, rotating frame PI control,

state feedback control, model predictive control and deadbeat control.

The main disadvantage of the stationary frame PI control is that it has inherent
tracking error i.e. this technique cannot provide zero steady state error. Whereas
the model predictive control and dead beat control cannot afford to provide over

current limit.

The rotating frame PI control provides zero steady state error but at the expense
of dq0 transformations and an extra phase locked loop. The dynamics of current

control loop in dq reference frame are fast and well damped.

In [26], the author presents two control techniques for the control of the active
and reactive power in a grid tied voltage source converter which mainly include

voltage mode control and current mode control.

The voltage mode control is an open loop control structure in which the real
power is controlled by phase angle, and reactive power is controlled by amplitude
of converter terminal voltage. This control strategy is being simpler and requires
no loops. However as there is no loop closed on current therefore the system is

always at the stake of over currents.

However current mode control discussed by [26] adopts the strategy in which the
the converter AC side current is controlled through the converter terminal voltage
using an inner control loop and later the active and reactive power are controlled

by the angle and magnitude of converter AC side terminal current.

The above mentioned technique is also recognized as Vector control. It pro-
vides current regulation, protects VSC in overload conditions, provides robustness
against system parametric changes (either VSC itself or AC side dynamics) and

higher control accuracy.

In [10], voltage and current modulators are presented to control the output voltage

and current of modular multilevel converter. The current modulators provide
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fast dynamic response but it does not work with constant frequency therefore
filtration is difficult with current modulators. The voltage modulator uses constant
frequency, their filter requirements are simpler therefore these modulators are most

commonly used.

2.6 Pulse Width Modulation

The choice for modulation is really important as there is a variety of modulation
techniques being used for the switching of multilevel converters. The appropriate
choice corresponds to lower total harmonic distortion values, lower losses and high

quality voltage waveform [33].

Pulse Width Modulation (PWM)

High Frequency Low Frequency Fundamental
PWM PWM Frequency PWM
PS-PWM LS-PWM SVM SAM SHE NLM

FicURE 2.8: The classification of multilevel pulse width modulation on the
basis of switching frequency [7]

In literature, different modulation techniques have been discussed for the switching
of multilevel inverters. As this thesis is oriented towards the comparative perfor-
mance analysis of modular multilevel converter and conventional VSC in HVDC
therefore the modulation techniques are analyzed in context to their suitability

for both of the converter topologies.
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The modulation techniques for PWM based VSCs can be classified into three
main categories; 1) high switching frequency carrier modulation, 2) low switching

frequency carrier modulation and 3) fundamental or line frequency modulation [7].

Each of above mentioned three voltage modulation techniques are further classified
into two subclasses as shown in Figure 2.8 and are discussed with their advantages

and limitations subsequently

2.6.1 High Switching Frequency Carrier Modulation

This type of modulation technique is commonly known as sinusoidal pulse width
modulation where a high frequency (fsw > 1 or 2kHz) carrier wave is compared
to a low frequency reference signal and the switching pulses are generated at the

corresponding intersecting instants [15].

For multilevel converters multiple carrier waveforms are generated i.e. for N level
multilevel inverter, N carrier waveforms are generated and compared to the refer-
ence modulation signal and in this way N switching signals are generated for the

switching of respective cells.

The sinusoidal pulse width modulation is categorized into two sub-categories Phase
shifted carrier pulse width modulation (PS-PWM or PSC-PWM) and Level shifted
carrier pulse width modulation (LSCPWM or LSPWM) [7].

PSPWM uses N carriers having same amplitude and frequency, where each carrier
is phase displaced by some angle as shown in Figure 2.9 (a), therefore the switching

of the each cell is phase delayed by the phase difference present in each carrier [36].

This enables PS-PWM to allow the natural balancing of capacitor voltages at high
switching frequencies [7]. It allows equal sharing of semiconductor stress whereas
power handling capability is evenly distributed across each submodule [37]. It
also minimizes the current ripple at DC bus and provides better output voltage

waveform hence reducing the filter requirement [38, 39].
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FIGURE 2.9: SPWM for multilevel Inverters
(a) PSPWM (b) LSPWM [37]

Figure 2.9 (b) shows LSPWM technique and it can be visualized that is quite
similar to that of PSPWM with the only difference that its carriers are level
shifted i.e. each carrier is shifted by some offset value from the zero reference level

[40].

LSPWM is not considered a better option for the switching of MMC because the
power losses among submodules are unevenly distributed [41]. Tt also causes large
circulating currents in the MMC arms due to uneven distribution of capacitor

voltage ripple in each submodule [42, 43].

2.6.2 Low Switching Frequency Modulation

The modulation technique which uses low frequency modulation ( 100 < fiw <
1000), falls under this category [7]. It has two categories; 1) sampled average
modulation (SAM) and 2) space vector modulation (SVM) as shown in Figure
2.8.
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SAM directly controls the output phase voltages while the line voltages are con-
trolled indirectly. Conversely, SVM allows the direct control of line voltages
whereas the phase voltages are controlled indirectly. The three phase equivalent
of both techniques is almost similar with the only difference of SAM distributes

the zero vectors unequally at the start and end of switching sequence [7].

Hence it generates highest levels of harmonic distortion in the output voltage. It
can be easily expandable for MMC with any number of converter arm submodules.

Figure 2.10 (a) shows the operation of sampled average modulation.
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FI1GURE 2.10: Low frequency modulation for multilevel
Inverters (a) SAM (b) SVM [37]

On the other hand, SVM which can be shown in Figure 2.10 (b), shows flexibility to
choose best vectors for switching of submodules in order to enhance output voltage
harmonics, better utilization of DC bus, regulation of magnitudes of common mode

voltages [7] etc.

However, despite of the fact that it provides so many advantages it cannot be

easily extend able to any number of submodules in MMC. For an m-level MMC,
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m? vectors are needed for the switching of submodules therefore MMC with higher

number of submodules (N > 20) restricts the use of SVM [29].

The computational complexity at modulation stage due to alpha beta transforma-
tions, use of look up tables and trigonometric functions makes its use complicated

for higher voltage levels in order to operate in high voltage high power applications

(37, 44].

2.6.3 Fundamental Switching Frequency Modulation

Staircase modulation or commonly known as nearest level modulation (NLM) and
simple harmonic elimination (SHE) use fundamental frequency for the switching
of submodules, therefore these technique fall under the category of fundamental

switching frequency modulation [7].
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FIGURE 2.11: Fundamental frequency modulation for multilevel
Inverters (a) NLM (b) SHE [37]
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NLM uses a single staircase signal and compares it with the reference to generate
the switching signal for each submodule in MMC as shown in Figure 2.11 (a) [37].
The drawback of NLM is that it demands high sampling frequency and generates

poor quality waveforms when used for MMC with lower number of submodules.

Generally, for better quality output voltages, NLM should be used with MMC
having submodules greater than 100 or 200 [7, 45, 46].

SHE offers amazing quality of output voltage by having tight control over output
voltage harmonics while keeping the switching frequency equal to line frequency
[15]. Tts drawback includes the off line manipulation of switching angles for which

large nonlinear equations are supposed to be solved [40].

The number of angles required for switching, drastically increases as the number
of levels in the MMC output voltage increases and thus making it difficult to
attain solution for such a large figure of switching angles [7]. The basic structural

overview of SHE that how it works is presented in Figure 2.10 (b).

2.7 Comparative Analysis of Conventional VSC
and Multilevel-VSC in Literature

[47] is only oriented towards total harmonic distortion analysis of conventional VSC

and three level neutral point clamped converter in an HVDC based environment.

In [48], the comparative analysis of 2-level VSC and MMC is presented in HVDC
with grid frequency support, The discussion is more tilted to provide the compar-
ison of control of MMC and two-level VSC based HVDC system in the presence
of frequency support provided by wind power plants during disturbances in grid

frequency. However it does not provide the output voltage quality comparison.

In [49], the comparative analysis between two-level VSC and three level multiple
topologies like NPC, FC and CHB and concludes that the 3-level converter topol-

ogy, having more sinusoidal output voltage waveform is, more efficient than the
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conventional 2-level VSC. The author also touches the cost, efficiency and filtra-
tion requirements. But this study does not provide any idea regarding their use

in high power high voltage applications.

In [50], the author provides mathematical model and control structure design for
conventional VSC and MMC but does not addresses the output power quality of
both systems.

In [17], different multilevel converter topologies are compared to analyze their
suitability with regards to be utilized in a specific I0OMW, 100kV transformer less
wind generator setup. It does not provide analysis of control structure for modular

multilevel converters

[16] provides the comparison of different converter topologies on the basis of con-
verter output voltage quality while using two different modulation schemes. This

paper does not touch the control and modeling side of converters.

2.8 Gap Analysis

Thyristor based LCC technology is quite mature, it is even currently being used
in HVDC projects for the transmission of large power over long distances, however
due to the limitations offered by LCC, 1990’s VSC technology got popularity with
the arrival of IGBTs i.e. self commutating devices which was first commercialized
in 1997. Since then two level VSC is taking part in the race of HVDC commer-
cialized projects to transmit high power over long distances but still it is running

through developmental changes to meet higher power demands.

Due to higher control flexibility of VSC technology, it is greatly used in HVDC ap-
plications but it always made to make a compromise on bulky, expensive filters and
endured the additional complexities resulting in response to series connection of
IGBTSs to reach high power high voltage operating ratings in HVDC system.Along
side to achieve good quality output voltage and current waveforms conventional

VSC uses high switching frequencies which endures additional converter losses
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upto 1.7% which were only 0.2% in LLC technology [27]. Therefore there was
always a need for a converter which not only provides higher control flexibility
but inherently provides high quality output voltage with low switching frequen-
cies which in turn reduces the demand for voluminous and expensive filters and

incorporates lower converter losses as well.

Modular multilevel, being modular and scalable to achieve any power level the-
oretically has been used in different medium to low power applications. In 2010
when it was first commercialized by Siemens, since then it is becoming an outma-
noeuvre and being casted in many commercialized HVDC projects which can be

pictured through Table.2.3.

This work is subjected towards the detailed and comprehensive analysis of modular
multilevel converter on the basis of output power quality, active and reactive power
control performance and complexity, filter requirements, losses, costs and design
feasibility by comparing it standard high power conventional 2-level VSC which is
being used in HVDC projects commercially since 1997.

Although lots of work is done on the performance investigation of newly developing
modular multilevel converter topology by making comparative analysis with con-
ventional VSC but there is not even a single literature found which addresses all
the performance aspects of MMC with respect to its use in high power high voltage
applications. This work is an attempt to fill this gap by providing comprehensive
details on the basis of comparative analysis between MMC and conventional VSC

when used in high voltage high power applications.

2.9 Problem Statement

To design an efficient modular multilevel converter model which abstains the lim-
itations and performance hindrances offered by standard high power conventional

VSC, by providing high quality output voltage waveform with reduced filtration
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requirements, losses, costs and maintained control flexibility towards the inde-
pendent control of active and reactive power at Pcc in a grid connected HVDC

converter station environment.

2.10 Chapter Summary

This chapter investigated the details regarding the problems of high power con-
ventional VSC and fundamental multilevel VSC topologies with respect to their
use in HVDC from literature. Different literature work is skimmed through for
analyzing the modulation techniques , control design and performance comparison
of conventional VSC and modular multilevel converter VSC. In the end the gap of
this work with the previously done work, which is identified through literature, is

provided and based on the Gap the problem statement for this thesis is described.



Chapter 3

System Modeling

3.1 Introduction

This chapter gives comprehensive details involving the mathematical modeling of
AC side dynamics of conventional VSC and MMC when tied to a grid and later the
simulation models for both converter topologies are presented in Matlab/Simulink
2016b environment. In the end section of this chapter the model designed for the

grid is also presented and discussed.

3.2 Conventional Two-Level VSC

3.2.1 Introduction

The conventional two-level three phase VSC as its name indicates, produces an
output voltage having two levels i.e. +Vdc/2 and -V'dc/2 at its output phases a, b
and ¢ with respect to the supply mid-point having OV voltage [15, 51].

Figure 3.1 represents the general configuration of three-phase two-level VSC which
comprises three single phase half bridge converters connected parallel to each other

[26]. Each phase leg constitutes two arms and every arm has a switching device i.e.

37
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integrated gate bipolar transistor (IGBT) with anti parallel freewheeling diodes

served to allow the passage of reversed current [15, 51].
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FIGURE 3.1: Three Phase two-level VSC with output phase voltage [15].

3.2.2 Fundamentals of Two-Level VSC

As the single phase half bridge converter is the fundamental structure for three-
phase two-level VSC system therefore for the sake of simplicity this section con-
siders single phase half bridge converter topology to understand the working of

conventional VSC and development of mathematical model [26].

Later the equations are extended for three-phase full bridge VSC. Figure 3.2 shows
the basic structure for the single phase half bridge converter connected to the grid
through a coupling impedance. It comprises two switches namely 1 for upper and

4 for lower arm respectively.
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Each switch cell contains semiconductor switching devices ()7 and )4 and an anti
parallel freewheeling diode D; and D, respectively. The positive current flows
through collector to emitter in a transistor whereas the current flowing from anode
to cathode is assumed positive in the diode. The currentsi, and 4, represent the

current through the upper and lower switches respectively.
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FIGURE 3.2: Single phase half bridge converter tied to a grid through phase
reactance[26].

The point p and n represent the dc-side boundary where the DC Power Py, is
delivered to the converter. The terminal ¢ represents the AC side boundary where
the DC power is being converted into the AC power P;,. The terminal s represents
the system boundary where the AC power is being transferred to the grid or some

other system.

Vs represents the source voltage of grid, whereas R and L represent the equivalent
reactance offered by the converter, line impedance and coupling transformer (if

used), which provides an interface between converter and grid.

Two DC voltage sources, Vde/2 are split by a common mid-point with zero voltage,
providing reference for the electrical circuit, supply DC power to the converter
station. The negative terminal of V; is connected to the mid-point of DC voltage

sources to complete the circuit [26].
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3.2.3 Working Principles

Pulse width modulation (PWM) is used for the switching of the half bridge con-
verter switches. There are number of different techniques (with further variations)
used for the switching purposes in two-level VSC but the basic techniques fol-
low space vector modulation, selective harmonic elimination and sinusoidal pulse

width modulation [15].

This thesis uses sinusoidal pulse width modulation for its ease and simplicity for
use [51]. It uses a high frequency carrier and compares it to the low frequency
modulation signal, the instants where modulating signal crosses the carrier signal

defines the switching instants for the switching devices.

Those instants where the amplitude of carrier is higher than the modulating signal
a switch off command is issued for ¢); whereas when the modulating signal gets
higher amplitude than the carrier wave, switch on command is issued for ¢, [26].
The lower switch ()4 switches in a complementary fashion to that of upper switch
cell Q1. The amplitude of carrier fluctuates between 1 and -1 over the time period

of T,.

The switching function is defined as follows [26];

S(t) = {1;iftheswitchisinconductionmode

0; i ftheswitchisinblockingmode}
This implies that
Si(t) 4+ Sa(t) =1
Where S (t) defines the switching function for @); and Sy(t) defines the switching

function for Q.

Figure 3.3 shows the basic operation of pulse width modulation which is used to

carry out the commutation of switching devices in conventional VSC.
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FIGURE 3.3: Fundamental operation of pulse width modulation used for the
switching of converter switching devices.[26].

3.2.4 Mathematical Modeling of AC Dynamics Of
Two-Level VSC

In order to develop the converter switched model and construct the waveforms for
the two-level VSC, some streamline assumptions are made as follows [26].

1. Every switch behaves as a short circuit during conduction state

2. Each switch behaves as an open circuit in blocking state.

3. The transistors do not possess turn-off tailing current.

4. The diodes do not possess turn-off reverse recovery current.

5. Transitions from on state to off state, and vice versa, occur immediately
The switching sequences and another factor which greatly influence the converter
operation is the direction of the converter output current ;. Therefore the con-
verter performs in a different manner for the different directions of current. For

instance, for ¢ > 0 assume that the switching sequence is S; = 0 and Sy = 1

therefore () is off and @)y is on.
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In this condition ¢ can neither pass through D; nor from @4 for being positive in
direction therefore its passage becomes possible through D, and thus the terminal
voltage V; becomes equal to -Vde/2. Now if S; = 1 and Sy = 0, this surely
implies that ) is on and ()4 is off thus the positive current flows through ), and
Vi = Vidc/2. Therefore Q)4 and D; play no role in the operation of the converter
26].

Now if ¢ < 0 and suppose the switching sequence is S; = 0 and S; = 1 than ()
is off and @4 is on then the current passes through @, and V; =-Vdc/2 and when
S1 =1 and S; = 0 than @) is on and @4 is off and current being negative flows
through D;. Therefore it shows that ; and D, plays no role in the converter

operation during negative direction of current.

The duration when the Q1 or Q4 is on, is called the switch's respective duty cycle
and it is represented by d. Figure 3.4 shows that the operation of converter is
greatly affected by the direction of current but the converter output voltage and

current does not rely on current's direction either it is positive or negative.

For example when S; = 1, 1 is on and Q4 is off thus V; = Vdc/2, the current
through upper switch ¢, = 4, and current through lower switchi,, = 0. Alterna-
tively, when Sy = 1, Q4 is on and @ is off consequently V; =-Vdc/2 and i,, = i and
ip = 0 and this condition holds true for both directions of current either positive

or negative.

The entire above mentioned discussion is summed up in Figure 3.4. Relying on the
foregoing discussion, the two level half bridge converter operation can be mathe-

matically summed up by the following set of equations [26].

Sy () + Sa(t) = 1 (3.1)
Vi) = T2 X 51(1) — 125 x Sult) (3.2)
L(t) =i % Si(1) (3.3)
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FIGURE 3.4: Waveforms for Half bridge converter for positive direction and
negative direction of AC current respectively [26]

The equations from 3.1 to 3.4 represent the switched model of half bridge con-
verter where Vi(t) is the converter output terminal voltage and it is a continuous
periodic signal. The half bridge converter switched model is represented in Figure

3.5.
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Half-bridge converter
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FIGURE 3.5: Switched equivalent model of half bridge converter [26]

From Figure 3.5 the AC side dynamics of two-level grid tied VSC are given in 3.5

d .
Li(t) + Ri(t) = Vi(t) = Vi (3.5)

The switched models are good to analyze the instantaneous current and voltage
values provided the switching functions but they result into high frequency values
of the instantaneous output current and voltages which are not desirable in control
systems, because controllers are low pass filters and they are responsive towards
the low frequency averaged values of the variables [26]. Therefore an averaging

operator is applied on the switched model which is defined as

X(t) = T /tT x(t) (3.6)

In 3.6 x(t) represents the variable and X(t) represents the average of that specific

variable and if this operator is applied to 3.3 and 3.4 we get
Si(t) =d (3.7)

Si(t) = (1—d) (3-8)

If the carrier frequency is chosen very high as compared to the modulating signal,

the average values of current i and DC voltage Vgc/2 are considered constant for
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one switching cycle [26]. Thus taking averages on both sides from equation 3.2 to

3.4 and substituting 3.7 and 3.8 we get

~ Vae

Vt) QQd—D (3.9)
i, =id (3.10)
i, =(1—d)i (3.11)

The duty cycle d can vary between 0 and 1, and if sinusoidal pulse width modula-
tion is used the term 2d — 1 is replaced by m where m is the reference modulation
signal. When d varies from 0 to 1, m varies from -1 to 1 [40]. The equations 3.9

to 3.11 can be rewritten as

_¢):‘§C (3.12)
%_Zﬂzm) (3.13)
Lzz“;m) (3.14)

As m changes from -1 to 1 the terminal voltage V; changes from V,./2to +Vj./2.
The equation 3.5 can be extended from single phase half bridge converter to three
phase full bridge converter while taking the AC side dynamics into consideration.
The three phase switched average model of two-level VSC is represented by 3.15
to 3.17 as follows [7, 26].

d
Laiabc(t) + Riabc(t) - ‘/Zabc(t) - Vsabc (315)
Vie
‘/tabc = %mabc(t) (316)
Mape(t) = 1 cos((wt + 6) + @) (3.17)

Where m is the modulation index and its value varies from 0 to 1 [51], w is the
fundamental line frequency in radians, 6 is some initial phase angle and ¢ is the

angle between each phase in a three phase AC system [26].
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3.3 Matlab/Simulink Model for Three Phase
Two-Level Grid Tied VSC

The Simulink model developed for the analysis of conventional two-level three
phase grid tied VSC is based on the mathematical model developed in the equa-
tions 3.15 to 3.17.

The Matlab/Simulink model for two-level three phase grid tied VSC is presented
in Figure 3.6. It comprises two split DC voltage sources Vy./2 of 50kV having a

common grounded mid-point taken as reference. Thus the total DC link voltage

at the input is V. =100kV.

2-Level Grid Tied VSC with Converter Control

2LeveIVSC Converter  Phase Converter Utility Grid
terminal  Reactance Transformer

_|_ VdC

= J—vfjcfz

FIGURE 3.6: Simulation Model of two-level Grid tied VSC in Simulink

The two-level three phase grid tied VSC model is simulated on the basis of math-
ematical model developed in section 3.2.4. For software based modeling Mat-

lab/Simulink 2016b environment was chosen.

The block under the title “Universal Bridge” was chosen from Simscape Simpower
library for realization of simulation model of two level three phase VSC and its
picture is shown in Figure 3.7. The option of IGBTs/Diodes is chosen to be used

as the switching devices.

The Universal Bridge has three input terminals; the two of the input terminals are

connected to the two DC voltage sources respectively which are equal to half of
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the full DC link voltage having a ground connected at the midpoint. The midpoint

is chosen as a reference for the entire electrical circuit model.

The third input terminal is specified for the gating signals used to control the semi-
conductor switching devices i.e. the IGBTs. At output it provides three phase

two-level voltage waveforms whose magnitude varies from -50kV to +50kV as the

switching signal varies from -1 to +1.

-y

Universal Bridge

FIGURE 3.7: Universal Bridge for two-level VSC Simulation model in Mat-
lab/Simulink 2016b

The parameters chosen for two-level VSC are represented in Table 3.1

TABLE 3.1: Specifications of two-level Three-Phase VSC [52]

Description Symbol Value
Full Dc link Voltage Ve 100kV
Fundamental frequency f 50H z
Switching frequency fsw 1650H =
Output phase voltage Vs 50kV
Modulation Index m 0.85
Frequency modulation ratio my 33
Number of Levels in V, N 2

From Figure 3.6 the converter output terminal ¢ represents the VI-measurement

block where the converter three-phase output voltages and currents are measured.
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The phase reactor block is used to control the flow of active and reactive power by
regulating the current passage through them. It is also used as AC harmonic filter

which filters out the high frequency harmonics from the converter output current.

The equivalent resistance R offered by the phase reactor is chosen 0.04€) whereas
the reactance L is chosen equal to 1.29H. Next to the phase reactor, the Simulink
model uses a coupling transformer connected between the converter and AC grid.
It provides coupling interface between the converter station and grid by trans-
forming the high grid voltages to the lower voltage levels which are suitable for

the converter operation.

This simulation model uses Y;A transformer configuration to provide interface
between converter and AC grid. The A configuration allows the circulation of
third harmonic currents with in the transformer and does not allow its flow to
the supply line, it is not suitable to be used on high voltage transmission sides
because it requires higher insulation costs therefore it is used on secondary side or

on converter side [53].

The converter switching frequency is chosen to be 33x50 =1650Hz because for
hard switched converters it is limited to below 1kHz whereas those topologies
which are soft switched they can be switched as high as 2kHz however it renders
more switching losses along with more power losses due to additional equipments

to slow down the switching speed [23].

Therefore, this thesis considers the switching frequency f,, =1650Hz as high
switching frequency by considering the limitations of hard and soft switched con-
verters especially for conventional VSC which is being switched at full DC-link
voltage of 100kV.

The Y/star configuration has an important feature that it requires less insulation
inside the transformer which makes it highly suitable to be used on high voltages

therefore it is used on the primary side [54].
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The AC system is modeled using a three phase balanced voltage source having
nominal AC voltage (Viap) of 220kV (r.m.s) and 50H z nominal AC frequency f.

The transmission parameters of the AC system are provided in Table 3.2.

TABLE 3.2: Specifications of Simulink Model for two-level Three-Phase VSC

[52]
Description Symbol Vlue
Phase reactance R+ jL 0.04Q + j1.29H
Transformer primary voltage Vori 220kV
Transformer secondary voltage Viee 52kV

Transformer leakage reactance | R, + jL, | 0.0048Q2 4+ 0.03H

Transformer turn ratio K 0.85
Ac source voltage Vs 220KV

Nominal AC source frequency f 50H z
Sampling time for power GUI T, 6.06e 55
Sampling frequency fs 3300Hz

3.4 Modular Multilevel Converter

3.4.1 Introduction

The basic configuration of single phase N + 1 level modular multilevel converter
(MMC) is presented in Figure 3.8. MMC as its name indicates that it is a multilevel
converter topology which comprises two arms i.e. an upper arm and a lower arm
per leg/phase. Each arm consists of N series connected submodules (SM) which
corresponds to IV 4 1 voltage levels or steps in the output line to neutral voltage

waveform [7].
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FicUre 3.8: Basic Configuration of Modular multilevel converter

MMC uses an arm reactor (L) in its each arm to suppress the circulating currents
which arise due to the difference between the phase leg and DC voltages [33]. Arm

inductance is also used to minimize the fault currents during dc short circuits [33].

Every SM in MMC commonly uses half bridge converter topology which is shown
in Figure 3.8 and 3.9 [10]. It mainly comprises a cell capacitor (C) and two

integrated gate bipolar transistors (IGBTs) each with an anti parallel diode [15].

3.4.2 Operational Principles

The half bridge submodule is shown in Figure 3.9, since the IGBT's are controllable
devices, the gating signals (G; and G5 are used to control the switches S; and Ss.
Both switches perform in complementary fashion i.e. S =0 = S = 1 and vice
versa. The half bridge SM can have three possible states during MMC operation
which are given below [10, 55, 56];
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1. On State: when SM is on it is said to be in inserted or on state. The gating
pulse GGy is high and G is low while the output voltage of SM (Vym) will be
equal to the voltage across capacitor (V). The charging or discharging of
capacitor is depending on current direction for ¢ > 0 capacitor charges and

for ¢ < 0 the capacitor discharges.

2. Off State: when SM is off it is said to be bypassed or in off state. The gating
pulse G is low and G is high while V;m = 0 asV = 0 and it would remain

zero i.e. constant, no matter what the current direction is.

3. Blocked State: when both SMs are off it is said to be in blocked state,
hence Giand Gs both are low whereas current will be conducted through
the freewheeling diodes. For ¢ > 0 the capacitor will charge but ideally it

cannot be discharged.

I+
™

Illllllllllllllt: Gzl

Vi : Sy

‘llllllllllllll'l -
(a) SM in On State (b) SMin Off State

FIGURE 3.9: Half Bridge Circuit for i submodule(SM) [10]

The capacitor in each submodule is a vital element for making MMC a multilevel
converter as it holds the voltage of Vo = Vy./N across it and manages to make

N + 1 voltage levels at the output voltage waveform [7].

Each arm has the capability to withstand the full DC link voltage by sharing it
among each submodule where each submodule withstands voltage equals to V. /N,

thus MMC has the capability to block twice the Dc-link voltage per phase [55].
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A single phase 5-level MMC with 4 submodules in each arm are shown in Fig-
ure 3.10, it provides the clear view of upper and lower arm voltages where each
waveform comprises voltage equals to +Vj. whereas the line to neutral voltage

waveform comprises the peak voltage of Vj./2.

_ [
4 Upper Valve Voltage =Usm
Vde
+V dc? AC Waveform
AC
Vdc
Y
-Vde/2
Lower Valve Voltage
Vdc
L A

FIGURE 3.10: Operating principle of 5-level modular multilevel converter [57]

3.4.3 Mathematical Modeling of Modular Multilevel

Converter

The basic single phase grid tied MMC configuration is shown in Figure 3.11 and it
is used for the mathematical modeling under this section. In Figure 3.11 the sum
of voltages across each capacitor in upper and lower series connected submodules
are replaced by equivalent variable DC voltage sources separately in both arms

whose voltages [55].
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Arm inductance is represented by L,,,and the equivalent resistance offered by the
arm reactor is represented by Rg.,. The DC link voltage V. is split in to two
equal halves V,./2 with a separating 0 voltage point. The upper and lower arm

currents are represented by ¢yand ¢y, respectively.

The phase reactor is represented by R,+jL, to mitigate the AC side high frequency
harmonics and improve the quality of output current waveforms. The grid side
voltage is represented byVy, V; and i; are converter output terminal voltage and

current respectively.

The circuit modeling is done on the basis of the assumption that the number of
series connected submodules and the switching frequency used for the switching
of the semiconductor devices is considered infinitive. These assumptions help to
develop a continuous model of MMC [55]. Applying Kirchoff’s current law (KCL)

in Figure 3.11.

A

idif iu Rarm
Aisu Larm
T +
e
- Ny2vcy =~
U _CU ZT vt Re Lg Vs
Il | it
+ Ly t Pcc L
+ N Sv ]
Vdg/2 L2 V(L.
¥y isl Larm
idif isl Rarm
< -

FIGURE 3.11: Equivalent continuous model of single phase MMC [55]

iy +ip =i, (3.18)

iy = sy + faif (3.19)
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i = lg — laif (3.20)

Substituting 3.20 and 3.19 in 3.18 we get,
U = Ty + sl (3.21)
The difference between the upper and lower arm currents is,
U — i = sy — tsl + 20gif (3.22)

Let N is the total number of series connected submodules per arm of MMC and
ny is the insertion index for the submodules inserted in the arm where £k = U and
L. Then the capacitor voltage across each submodule v, and the total voltage per
arm V., which is the sum of the individual capacitors per submodules is represented
as [10, 55]

Ve = ny, Z Vel (3.23)

If n, =0 = all the submodules in the converter leg are bypassed and ifn; = 1
— all the submodules in the converter leg are inserted. Asn; ranges from 0 to 1
therefore the number of inserted submodules in the one arm means the bypassing

of submodules in the other arm. Hence, it is expressed as
nyg+np =1 (324)

Applying Kirchoff’s Voltage Law (K'V' L) in the upper and lower leg in Figure ?7.

Ve . d . d . : d .

9 —ny Z Vs — ‘/S(Rarmzdif + Larmazdif) - (LgE + Rglt) - Rarmlsu + Larm Elsu
v, d d <3d25)
dc . . . . .
9 +nr Z Usk + ‘/;(Rarmzdif + Larmaldif) - (Lga + Rgzt) = Rarmzsl + Larmazsl

(3.26)

Suppose the source current in upper and lower arm are are equal i.e.

T (3.27)
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Therefore combining the fact thatV; = V, with the assumption made in 3.25 and
using in 3.23 and 3.24 which gives,

. d .
V:s — Ny Z Vs + N1p, Z Vs = 2(I%ar‘mzdif + Larmazdif) (328)

From 3.28 > V., = > V; = Vj. is a case where the upper and lower arm capacitor
voltages are perfectly balanced. This condition implies that the circulating current
produces only when there is imbalance between the converter arm voltages. The
circulating current becomes zero in steady state if the deviancy of sum of capacitor
voltages from the DC link voltage Vg.is zero [55]. Substituting the supposition
made in 3.27 in 3.21 and later in 3.22 then we get,

?

bouw = iy = é (3.29)
and

_ iy — i
igif = U2 L (3.30)

Substituting 3.29 and 3.30 in 3.25 and 3.26 and then adding gives,

. d . d
1LY Vew—nu »_ Va = 2Vi + 2Rgi, + 2Ly it + Rarmie + Lorm i (331)

The output terminal voltage of the converter V;, the equivalent resistance R., and

the equivalent inductance L., is shown in 3.32, 3.33 and 3.34 respectively

nLZ‘/cu_nuz‘/cl

Vi = 5 (3.32)
Re, = R“Q”” + R, (3.33)
Leg = L“Q”” + L, (3.34)
Therefore equation 3.31 can be rewritten as
V=1L iit + Regiy + Vs (3.35)

“dt
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Equation 3.35 presents the mathematical model for the AC side dynamics of single
phase grid tied MMC. This model is extended to the mathematical model of three
phase grid tied MMC in equation 3.36

d . ,
Viabe(t) = Veabe(t) = Leq ritabe + Regirae(t) (3.36)
Vae
Viae(t) = =5 Mane(1) (3:37)

Equation 3.37 represents the three phase output terminal voltages Vg in terms
of three phase reference modulating signals m,. for three phase inverter modular
multilevel converter [10, 55, 56, 58]. The modulating signals are the control signals
that are responsible for synthesizing a controlled N 4 1 level output voltage wave-
form [40]. As the modulating signal m(¢) changes from -1 to 1, in response, the
output terminal voltage changes from -V,./2 to V./2. Equation 3.38 represents

the relation for three phase modulating signals [40] as
Mape(t) = 1 cos((wt + 0) + ¢) (3.38)

m is the modulation index and it ranges from 0 to 1, 6 is the initial phase angle,

w is the fundamental frequency in radians and ¢ is the angle for three phase AC

2 =21

signals and can take values {0, %, ="} for the respective phases [40].

3.5 Matlab/Simulink Model of Three Phase Grid
Tied MMC

Under this section, the simulation model for 21-level grid tied MMC is presented
on the basis of mathematical model developed in the foregoing section. This
model is developed in Matlab/Simulink 2016b environment and shown in 3.12.
The number of series connected submodules (N) is chosen twenty to build MMC
converter simulation model, as a result the output voltage waveform of the MMC

comprises (N + 1) levels i.e. twenty one.
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21-Level Grid Tied MMC with Converter Control

A\ oI
A A !
I_LH / »

Converter Phase Converter Uttty Grid
ALevelWNC  terminal Reactance  Transformer

— Vdol2

FIGURE 3.12: Simulation Model for 21-level Grid tied MMC in Matlab Simulink
2016b Environment

The different blocks of the simulation model are discussed in this section. The
input Dc voltage source V;,=100kV is divided into two equal halves of the DC
voltage Vg./2 =50kV, split by a supply mid-point having 0V voltage as reference

for the entire simulation model.

The three phase 21-level MMC Simulink model is shown in Figure 3.13. It com-

prises three phase legs each comprising two arms, an upper one and a lower one.

The arm inductance Ly for upper arm is equal to the arm inductance Ly has
the value of 3mH. Therefore the equivalent resistance offered by the arm reactor

is also same in upper and lower arm i.e. Rpy=Ry; and it is chosen 1.

The voltage across each capacitor Vi in a submodule is 2mF. The upper and lower

arm in each phase leg comprises twenty series connected half bridge submodules.

These series connected submodules are collectively represented by a block named
as Uy for upper arm and Lj for lower arm where k represent the three phases

{a,b, c} respectively.

The parameters used for the design of Simulation model of 21-level MMC in
Simulink are provided in Table 3.3.
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TABLE 3.3: Design Parameters for 21-Level MMC Simulation Model [15]

Description Symbol | Values
Sub Module Capacitor C 0.002F
Arm Inductance Lorm 0.003H
Arm Resistance Rarm 10
Number of submodules per arm N 20
Number of levels in output voltage | N +1 21
Output peak voltage Vo 50kV
Voltage across each capacitor V. 5kV
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Fi1GURE 3.13: Simulation model of three phase 21-level MMC

The simulation model for half bridge submodule is shown in Figure 3.14. The

gating pulses are provided in a complementary fashion to both of the IGBTs in

the half bridge Submodule. Not gate logical operator is used to complement the

gating pulses for the IGBT named SMbar to that of the IGBT titled SM, thus

ensuring that both switches are not turned on at the same time.
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SM in on state implies SMbar in off state and vice versa.

These half bridge

sub modules are connected in series in the each arm of the converter where each

submodule corresponds to a discrete voltage step in the converter output voltage.

The 21-level MMC uses twenty submodules per arm to output twenty one level

voltage waveform.

Gating
pulses

Logical
Operator

F1GURE 3.14: Simulation model of three phase 21-level MMC

The upper arm of 21-level MMC for phase A, uses twenty series connected half

bridge submodules is shown in Figure 3.15

Ua >

/

Gating Pulses

c
=<

c
=

4
g

FIGURE 3.15: Three phase 21-level MMC single phase arm Model in Simulink.
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3.6 AC Grid Modeling

This section involves the modeling of three phase AC grid, by simply using a three
phase symmetrical balanced voltage source. In order to realize a practical grid,
a three phase transmission line joins the AC grid through the grid side bus and

connects three phase load.

This load is connected to another three phase load through another three phase
transmission line which in turn joins with point of common coupling PCC. The

single line diagram of the Grid is shown in Figure.3.16.

L +F—T1

Transmission Line Transmission Line

AC System

PCC | Load Load AC Bus

FIGURE 3.16: The single Line Diagram of Designed Grid

3.6.1 Simulink Based Model of Grid

The simulation model of grid is designed on the basis of single line diagram pre-
sented in Figure 3.17. The model uses three phase balanced AC source at 220kV

nominal voltage and 50Hz nominal frequency.

The grid side bus is used to provide connection between the three-phase trans-
mission lines and the grid whereas it also provides the measurement ports for

measuring the three phase grid voltages and currents.

An active three-phase 50MW load with wye-grounded configuration is connected

to the grid through a transmission line of 10km. This load is connected to another
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load with similar specifications by means of a another 10km transmission line,

which in turn connects the load with the point of common coupling PCC.

Three Phase Transmission line with 220kV 50Hz AC Grid

—8 A a——aA au—au—’_a
9B U -bp—af—s
+ ¢ 8(C CE—=f—_,

10km

@@?

220kV,50Hz
AC Grid

F1GURE 3.17: The simulation model of three-phase AC Grid in Simulink

The parameters used for the design of grid model are represented by table 3.4

TABLE 3.4: text

Description Symbol Values
AC Grid Voltage Vs 220kV (r.m.s)
Ac Grid Current I 347A (r.m.s)
Nominal Grid Frequency f 50Hz
Transmission Line 2xm 2x10km
Load 2x L 2x50MW

The instantaneous active power P, of 150 MW is flowing through the circuit when
the converter is in stand-alone mode of operation and it can be is shown in Figure

3.18.
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FIGURE 3.18: Grid Power in standalone mode of operation

The three phase grid voltages and current waveforms obtained from the grid side

bus and the simulation results are presented in Figure 3.19
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FIGURE 3.19: Three phase Grid voltages and currents measured at Grid side
Bus.
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3.7 Chapter Summary

This chapter presented the detailed discussion about the structure, working prin-
ciple, mathematical modeling and development of simulation model on the basis
of mathematical modeling developed previously for both 2-level grid tied VSC and
21-level grid tied MMC. In the end the modeling of AC grid was also presented.



Chapter 4

Control of Voltage Source

Converters

4.1 Introduction

In this chapter the strategy developed for the design of control structure is dis-
cussed for VSC based HVDC systems. As this work is focused on the inverter
side dynamics of the VSC which are same for both of the converter topologies
i.e. conventional two-level VSC and modular multilevel converter MMC. There-
fore the same control strategy is developed for both grid tied converter topologies.
This control strategy involves the DQO transformations, Modeling of three grid
connected converters in DQO reference frame, Design of PLL, PI compensator de-
sign by using Modulus optimum tuning criteria, Transfer function extraction and
control of switching devices. The simulation models of whole control system is

also presented by the end of this chapter.

4.2 Grid Tied VSC System

The ABC reference frame model for a grid tied VSC system is shown in Figure
4.1.
64
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AC
V8C Converter Station pcc system
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FIGURE 4.1: Reference model for the grid tied VSC System [26]

The reference model for a grid tied voltage source converter presented in Figure

4.1 can be mathematically expressed by the following expression,

-

Ld ZZZI;C = _R;abc + Vabc - ‘Zabc (41)

Where ;abc represents three phase output current signals of VSC system,vtabc is
converter three phase output terminal voltage and \_/;abc represents the three-phase

AC grid voltages in ABC reference frame.

L represents the line reactor and R represents the equivalent resistance offered by
the line reactor [26]. As the three phase system models are very complex for the

analysis therefore their control structures are not easy to develop [59].

This thesis transforms the three phase alternating (AC) signals from stationary
frame of reference to a rotating reference frame where the vector quantities (sig-

nals) are reduced to two constant (DC) vectors [60]. Such a transformation is
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known as dq0 or simply dq transformation and it is explained in the section be-

low.

4.3 DqO Transformations

The direct quadrature or commonly known dq0 transformation is a mathematical
transformation which is used for the dynamic analysis of three-phase electrical
systems because it reduces the complexity and simplifies the system parameters

by making them purely dc values.

The dq0 transformation also known as Park Transformation was first proposed by
Robert H. Park in 1929 for the simplified study of electrical machines [61]. The
idea of using this transformation was adopted in order to simplify the analysis
of electrical machines and nowadays it is most commonly used technique for the
development of simplified control techniques with zero steady state error because
of the fact that it transforms the three AC signals from stationary reference frame
to two phase DC signals in rotating reference frame.

A

Xp Xq

Xd

NI

v

FIGURE 4.2: Axis transformation from abc to dqo reference frame

[60]

Figure 4.2 represents the transformation of abc-stationary frame to dq0-rotating
frame. The stationary frame, comprising three phase rotating signals where each
signal is apart from the other by an angle of 120 deg, is transformed to a rotating

frame having non varying dc vectors which are orthogonal to each other [61, 62].
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4.4 Mathematical Expression for Park’s

Transformation

The mathematical relation expressing Park’s Transformation is given by equation
4.4.
Tdq0 = T{L‘abc (42)

The transformation matrix T used to perform Parks Transformation is related in

4.3 [62].

Tq cos(f) cos(@ — &) cos(f + ) T,
2
Ty | =\/3 sin(9) sin(d — &) sin(0+ 3¢ Ty (4.3)
V2 V2
T Y 5 Y T

Equation 4.3 shows the transformation of three phase sinusoidal electrical signals
T T

[g;a b %} to two dimensional dqg-vectors [$d T, :L‘Oi| by using transforma-

tion defined by T. This feature of dq0 transformation makes it really attractive

to be used in the control applications of complex three-phase AC systems.

As it simplifies the analysis and allows the use of simple PI controllers to get zero
steady state errors with the simple DC quantities in order to achieve fast and

stable output dynamic and steady state response [26, 59, 60].

Therefore to further proceed with control of three phase grid tied inverters there is
a need to develop the three phase equivalent mathematical model in dq reference

frame. This job is done and details are provided below.

4.5 DQO Modeling of Three-Phase VSC System

The dq0 modeling of three-phase VSC system based on the model presented in
Figure 4.1 is shown in Figure 4.3 [26]. In order to simplify the control structure

design, the three phase mathematical models are transformed to dq0 mathematical
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model and can be expressed by the set of subsequently provided equations

d
Ld—tid = Lw(t)iq — Rig+ Vig — Vi (44)
d . . .
L%Zq = —Lw(t)iqg — Rig+ Vg — Vi, (4.5)
dp
— =w(t 4.6
P — (4.6
) VSC Converter Station . PCC sygtce::m
p &
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FIGURE 4.3: Schematic for the active/reactive control of VSC in dqo frame
[26, 40]

The set of equations 4.4 to 4.6 present the dq model of three phase AC system
which is mathematical equivalent for models expressed in 3.15 to 3.17 and 3.36
3.38 respectively [26]. In dq0 model iy and i, represent the d and q components
of converter output current , Vi and V;, represent the d and q components of
converter output terminal voltage and V4 and Vs, are d and q components of AC

grid side voltages respectively.
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Here p is the angle between the ABC stationary frame and dq0 rotating frame of
reference and w is the angular speed with which the dq0 frame is rotating [40]. The
expressions for active power Py(t) and reactive power Q (t) at point of common

coupling are found in equation 4.7 and 4.8 respectively.

Po(t) = 5 (Vaalt)ialt) + Vig(0)ig(1) (4.7
Qult) = 3 (~Vaalt)iglt) + Vig(1)ia(0) (1.9

From 4.4 to 4.8 it can be clearly observed that the grid tied VSC system is strongly
coupled system due to the coupling states iq and 7, therefore the independent
control of active and reactive current or the independent control of active and
reactive power is not possible until or unless the term V, does not become equal

to zero [40]. When V;,=0 than 4.7 and 4.8 can be rewritten as follows

P(t) = 2 (Vaat)ia(1) (19)
Qult) = S(~Vialt)ig(1) (4.10)

Hence it is evident from 4.10 and 4.11 that the active power Ps(t) and reactive
power Q4(t) can be independently controlled by the respective active current iy
and reactive current i,, when the g-component of grid voltage V,, is forced to
make equal to zero [26, 40]. The references for the active and reactive power can

be acquired by using equation 4.12 and 4.13.

3 :
Psref = é[vsdzdref] (411)

3 .
eref = 5[_Usdzqref] (412)

The foregoing discussion concludes that V;, = 0 is the only and necessary con-
dition, which allows synchronization of grid with the converter which enables to
make the grid voltages in phase with the converter current and power flow become

realizable either from grid to converter ar from converter to grid [40].
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Once the grid is synchronized, the active/reactive currents or active/reactive power
can be independently controlled at point of common coupling (PCC) as long as

the above mentioned condition is held true.

For this purpose the services of phase locked loop are brought under practice due to
its ability to lock the grid phase angle to regulate the system on the grid frequency
[60]. This thesis performs grid synchronization in dq frame with the help of phase
locked loop (PLL).

4.6 Phase Locked Loop (PLL)

The space phaser 1_/;(t) equivalent of three phase AC grid voltage can be repre-

sented in dq0 reference frame as follows [26]

Via(t) = V. cos(wot + 6y — p) (4.13)
Vig(t) = Vs sin(wot + 6y — p) (4.14)

Where wy is the grid initial frequency, 6y is the grid initial phase angle and p is
the angle between the three phase reference frame and dq reference frame and V.
is some constant. From 4.14 it is evident that if the phase angle of grid voltage wy
t+ 6o= p than V,, becomes equal to zero therefore a mechanism devised in [26] is

used to regulate Vi, at zero and can be expressed by the following feedback law
w(t) = H(s)Vs(t) (4.15)

Where w(t) is the grid frequency and H(s) is the transfer function of the com-
pensator substituting 4.7 and 4.14 in 4.15 we get 4.16 represents the nonlinear
dynamic behavior of the system and it is well-defined as Phase locked loop PLL
[26].

5P = Vsl (s)(wot + 00 + p) (4.16)
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If PLL tracks wot + 0y than the term wot + 0p-p =& 0 = sin (wot + Oy — p) ~
WQt + 90— pP-

These all assumptions are used in 4.16 and rewritten as follows in 4.17 and the
operation of 4.17 is represented in the form of a control block in Figure 4.4.

d N
pTie VsH (s)(wol + 6o — p) (4.17)
Figure 4.4 shows that PLL takes the initial angle of grid wg t+6, as the reference
signal, p is the output of PLL and V,H (s) is the transfer function of the compen-
sator. PLL regulates V;, at zero by adjusting the rotational speed of dqo reference

frame.

Compensator Saturation

@0t + & ¢ —» H(s) —» /l\/_ @, 1 5

/ = 5

5 >

FIGURE 4.4: control block diagram of phase locked loop [26]

The integrator in Figure 4.4 is realized by resettable voltage controlled oscillator
(VCO) which is shown in Figure 4.5 whose output p is reset to zero once it reaches
27m. The saturater or limiter is used to limit the frequency of grid between max-
imum and minimum point to avoid unwanted nonlinear dynamics of the PLL in

worst case scenario [26].

The schematic diagram of PLL is shown in Figure 4.5 and explains its role in the
transformation of three phase grid voltages to two dimensional dq frame vectors.
It provides the angle to the dq transformations which aligns both of the frames
by making difference of angles equal to zero. When both of the frames get aligned
with each other, the reactive component of grid voltage is forced to become equal
to zero. The physical implementation of this phenomenon is realized by grid

synchronization i.e. the converter is synchronized with the grid.
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FIGURE 4.5: The schematic Diagram of Phase Locked Loop [26]

The vectorial picture of the operation of PLL for grid synchronization is shown in
Figure 4.6. It shows that when the dq reference frame moves ahead of the ABC
frame space phasor than V;, < 0 therefore PLL slows down the speed of rotation

of the dq frame as shown in Figure 4.6 (a) [40].

Vgq < 0 = the frame is ahead

, >0 = thef is behind
Slow down the rotation of frame g £ N o NI TR

Speed up the rotation of frame

(a) (b)

FIGURE 4.6: Operation of phase locked loop [40]

But if the dq frame moves behind the ABC frame space phasor than Vi, > 0

therefore PLL speeds up the rotation of the dq frame to ensure the alignment of
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both frames [40].

Hence the frequency of dq frame follows the frequency of grid. Whereas p repre-
sents the angle with which the PLL controls the speed of rotation of dq frame.

The alignment of ABC reference space phasor and dq reference frame ensures
the grid synchronization, proper transformation of ABC frame signals to dq frame
signals (dc quantities) thus enabling the independent control of active and reactive

power by regulating the q component of grid voltage i.e. Vs, at zer0.

This foregoing discussion is all about the dq transformations and phase locked
loop, the next section discusses the development of control structure in dq reference

frame.

4.7 Inner Current Control of VSC System

In order to design a control structure it is mandatory to extract the transfer
functions of that system which could explain characteristic behavior of the system.
Therefore the subsequent section deals with the extraction of transfer functions in
dq frame for a grid tied VSC system which uses pulse width modulation (PWM)

for the switching of devices.

4.7.1 System Transfer Functions

Figure 4.7 shows the most general form of the inner current control loop of a
VSC system which uses PWM for the control of switching devices. It mainly
comprises two proportional Integrator (PI) regulator blocks for the control of d

and q components of current respectively.

The PI regulators process the error between the reference and measured value of
dq currents and transform the error into the voltages. The detailed overview of the

control block diagram with their transfer functions is presented in the subsequent



Control of Voltage Source Converters 74

System

Lagres e Mdq Udq y Iaq .

. D@ - - PI | PWM ———»| Transfer -
Controller Function

FIGURE 4.7: General Illustration of Inner current Controller in dq frame [63, 64]

4.7.2 PI Controller

The PI control is represented by the equation below [65]

Kis)=K,+— =K 4.18
) = Ky ot = 1y (1) (4.18)
Where K, is the proportional gain and 7; is the integral time constant and its

. Kp
value is 7

4.7.3 Pulse Width Modulation Converter

It is assumed that the converter output voltage follows the reference voltage signal
by an average delay of half of the switching period due to the switching of VSC.
Therefore general expression for the PWM is given below [63]

R(s>:< ! ) (4.19)

1+71,s

Where T, = —Tswg'“h

4.7.4 Decoupled Control

In order to ensure the decoupled control of the system, dq model is expressed in
4.4 and 4.5 where a new control input u, and u, is defined which cancels out the

cross coupled terms. Therefore defining 4.4and 4.5 in steady state follows w(t)=wy
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and expressed as [26].

i
ﬁ = Lwyiy — Rig+ Vig — Vsd (4.20)
di, . .
E = LWOZq — RZd + ‘/;fq — Vsq (421)
Vie
Via(t) = = “ma(t) (4.22)
Vie
Vig(t) = =7my(t) (4.23)
2 _
mg = (ug — Lwoiq + Vsa) (4.24)
Ve
2 .
my = v (ug + Lwoia + Vig) (4.25)

By equating 4.24 and 4.25 in 4.22 and 4.23 respectively and substituting the corre-
sponding outcomes in 4.20 and 4.21 accordingly, then the decoupled system model
is expressed in 4.26 and and 4.27.

The new control input is represented by ugq and wu, whereas -Lwgi, + Viq and -
Lwoiq + Vs, are the feed forward terms which allow the decoupling of both state
variables i.e. i4 and i, respectively. The decoupled VSC system is represented by

following equations with new defined control input [26]

d . .

L%M 4+ Rig = uyq (426)
d . .

Lazq + Ri, = u, (4.27)

From 4.26 and 4.27 it can be seen that the new control input successfully decou-
ples the system and makes it first order differential equation which enables the

independent control of active and reactive currents in a simplified manner.

4.26 and 4.27 provide the same dynamics for d and q variables therefore for further
analysis only d axis variables are used in this thesis which are equally applicable to
g-axis dynamics, consequently the g-axis controller will have the same parameters

[26]. Taking Laplace transform of 4.26 we get;
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Lsiq(s) + Ria(s) = ua(s)

ia(s) = (SLl )ud(s)
1

s
s G(s) = % (1 - m) (4.28)

4.28 represents the system transfer function of grid tied VSC system where 7 is

the time constant and it is equal to L/R [26, 63, 64].

4.7.5 Compensator Design

The detailed block diagram of the inner current controller of Figure 4.4 in dq

reference frame using PI control is presented in Figure 4.8 [26, 40] .

Id*
Id
Kd(s} P
d'q ma _'J_,.gé ‘|
asl mb _1_,,53 l-
PWM |——5q !
me —i—s55 !
wl abc =56
fq \‘ ill'
Kq({s) I St
it
Ig*

14
alii—' Pl [—f

FIGURE 4.8: Block Diagram of Inner current control loop [26, 40, 58]

The references for d-axis iq and g-axis currents i, are represented by ig..s(t) and

iqref(t) respectively and are expressed by 4.29 and 4.30 [26, 66].

2

Z.dref(t) - mpsrefa,') (429)
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2
iqref(t) = Weref(t) (430)

The feed forward terms in the compensator cancel out the cross coupling terms
making the decoupled control possible in d and q axis [26, 67]. The converter
output voltage in dq reference frame is amplified by the term 2/v,4. thus producing
reference voltages in dq frame [67]. Using inverse dq0 transformation the dq axis

vectors are transformed to three phase ABC reference frame.

Later these three reference signals are used as modulating signals to perform pulse
width modulation in order to produce the gating signals for the converter switches
[40]. The compensator design involves the use of Modulus Optimum tuning criteria
[65] to tune the gains of PI controller. It is further discussed with detail in the

subsequent section.

4.8 Modulus Optimum Tuning Criteria

When the system transfer function has two poles out of which one pole is dominant
or slow so that it mainly affects the system dynamics and the other pole being
fast decays quickly than such systems can be controlled by tuning the control
loops using a famous technique called as “Modulus Optimum Tuning Criteria
763, 65, 68, 69]. It cancels the slow pole by the controller zero closed loop gain of
the system should be kept higher for large frequencies [70].

4.8.1 Tuning of Current Controller

The simplified block diagram representation of Figure 4.8 is shown below

Figure 4.9 shows that at input the compensator takes error between the desired
and measured current values in dq reference frame. The compensator block is
presented by the controller transfer function expressed in 4.18. The controller
generates the dg-axis modulating signals which are fed to the PWM generator

block whose transfer function is expressed in 4.19.
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FIGURE 4.9: Simplified block diagram of closed loop control
of VSC in dq frame [63]

It eventually generates new control signals which are fed to the converter for the
switching of the devices where as the converter transfer function is expressed in
4.28. At the output the measured values of dq current are obtained and again fed
to the compensator to regulate the measured values to desired values of current in
accordance with the error signals. The open loop transfer function for the entire

system can be written as follows

1+ T;s 1 1/ 1
— K . . 4.31
Gow(s) p< Tis ) (1+Tas) R <1-|—TS) (4:31)

Canceling the slow pole of the plant by the zero of the controller [63, 68]

—> T; = 7. The open loop transfer function then becomes

K 1
Gor(8)= 2 ———— 4.32
or(S) TR s(1+1T,s) ( )
Based on 4.32 the closed loop transfer function can be found out as
K.
GK g
Tt Ta (4.33)

LHOE 4 fost oo
4.8.2 Transfer Function Analysis

Under this section the transfer functions are extracted for both of the converter
topologies i.e two-level grid tied VSC (GTVSC) and 21-level grid tied MMC i.e
(GTMMC), using Modulus Optimum tuning criteria.
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The parameters used for the extraction of transfer function for inner current loop
of two-level GTVSC include Line reactance L + jR of 0.04Q24-0.129H, transformer
leakage reactance R, + jL, of 0.003(2+0.0048H, the fundamental frequency f of
50Hz and converter switching frequency f, of 1650Hz [52].

The average converter switching delay which can be represented by T, = Ty, /2 =
1/2x fs, and its value is chosen to be 0.0003s. The sampling time for the converter
control T is equals to 6.06e ®s. The 21-level grid tied MMC based Simulink
model uses same parameters with an additional parameter of MMC Arm reactance
Rorm/2 + jLarm/2 equals to 0.000692+0.0006H which gets added up with the line
reactance and gives equivalent series reactance R, + jL.,=0.040682 +0.1296H.

These parameters are summarized in Table 4.1.

TABLE 4.1: Transfer function Parameters [52]

Description Symbol Value
Line Reactance 2-Level R+ jL 0.04Q+0.129H
Line Reactance 21-Level Req + jLeq | 0.0406§24-0.1296H
Transformer Reactance R, + jL, 0.0032+0.0048H
Converter Switching Frequency fsw 1650Hz
Average Converter Switching delay T, 0.0003s
Sampling time for converter control T 6.06e %
angular frequency w 314rad
Frequency f 50Hz

4.8.2.1 Transfer Function for 2-Level Grid Tied VSC Using Modulus

Optimum

The transfer function for the inner current control of 2-level GTVSC is evaluated
using equation 4.33 and Table 4.1. Before that the optimal gains are calculated

at which the current closed loop is tuned. According to Modulus optimum tuning



Control of Voltage Source Converters 80

criteria the optimal gains are calculated as following equations [64]

The proportional gain K, =7 x R/2T, = 0.68,
The integral time constant T, = 7 = L/w x R = 0.0102s,
Integral gain K; = K,/7 = 66.

Thus the open loop transfer function based on 4.33 is evaluated to be

G(s).K(s) = 1666.67/0.00067s> + s

And closed loop transfer function is expressed as

G(s)K(s)/1+ G(s)K(s) = 1666.67/0.00065> + s + 16666.7

The inner current control loop parameters for 2-level GTVSC are summarized in

Table 4.2

TABLE 4.2: Current control parameters in 2-level GTVSC

Description Symbol | Value
Proportional Gain K, 0.68
Integral Time constant T; 0.0102s

Integral Gain K; 66

4.8.2.2 Transfer Function For 21-Level Grid Tied MMC using Modulus

Optimum

Similarly, the transfer function of inner current control loop of 21-level GTMMC

is also evaluated using parameters described in Table 4.1. The optimal gains are
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obtained using Modulus Optimum tuning technique for grid connected modular
multilevel inverters [68]. This is similar to the way adopted for the tuning of

control loops for conventional VSC as discussed in [63-65].

Therefore the gains for inner current control loop of GTMMC are evaluated as
given below and subsequently used to extract the open loop and closed loop trans-

fer functions based on 4.33 and 4.34 respectively

The proportional gain K, =7 x R/2T, = 0.683

The integral time constant 7; = 7 = L/w x R = 0.0101s
Integral gain K; = K,,/7 = 67.23

Thus the open loop transfer function for 21-level MMC inner current control loop

based on 4.33 is evaluated to be

G(s).K(s) = 1658.29/0.00065% + s

And closed loop transfer function is expressed as

G(s)K(s)/1+ G(s)K(s) = 1658.29/0.0006s> + s + 16658.29

The inner current control loop parameters for 21-level GTVSC are summarized in

Table 4.3

TABLE 4.3: Current control parameters for 21-level GTMMC

Description Symbol | Value
Proportional Gain K, 0.683
Integral Time constant T; 0.0101s

Integral Gain K; 67.623
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4.9 Control of Switching Devices

After that modulation signals are generated by the current control loop and trans-
formed back to the three phase AC signals from the dq frame, a methodology
must be developed to generate the gating pulses which can control the switch-
ing devices of converter. As this thesis is dealing with the comparative analysis
of 2-level VSC and 21-level MMC therefore a modulation technique which can be
equally applicable to both converter topologies is opted for the converter switching

purposes.

Therefore a most commonly used approach i.e. Sinusoidal Pulse Width Modula-
tion technique is used to control the converter switching devices. The subsequent
section discusses sinusoidal pulse width modulation (SPWM) for conventional
VSC and the later section discussed phase shifted carrier pulse width modulation

(PSPWM) which is the extension of SPWM for multilevel converter topologies.

4.9.1 Sinusoidal Pulse Width Modulation (SPWM)

Sinusoidal pulse width modulation is used for the switching of semiconductor de-
vices in two-level VSC [15]. A triangular or saw tooth signal V, with very high

frequency f. is used as a carrier wave [15, 51].

The reference signal m with fundamental frequency f less than carrier frequency
fe is used as a modulation signal [51]. During modulation, the modulation and

the carrier signals are compared by a comparator as shown in Figure 4.10.

For a three-phase 2-level VSC, three phase reference signals are compared with the
carrier frequency generating the gating signals for the switching devices 571.55,53.54,5556

in each phase [51].

As for each phase only one modulation signal is used therefore bipolar SPWM is
utilized which provides simultaneous switching of each pair of switches in opposite

phase legs as given shown in Figure 4.1 [51].
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FIGURE 4.10: Operation of Sinusoidal PWM for the
generation of Switching Signals [51]

However it is ensured that no two switching devices in the lower and upper arm
of the same leg are turned on simultaneously which can short circuit the DC-link
capacitors [15]. Equation 3.17 represents the three phase modulation signals where
the modulation index m is the ratio of amplitudes of modulating and carrier signal

[51]. The expression 4.34 represents the relation for modulation index as follows

== (4.34)

Where A,, is the amplitude of modulating signal and A, represents the amplitude
of carrier wave which ranges from 1 to -1 . The modulation of switching devices
must be performed in the linear region of modulation range i.e. 0 < m < 1 ?77.
The frequency of the switching signals is realized by the frequency of the carrier
signal which is integer multiple of the fundamental frequency and it is defined as

frequency modulation index m; , the expression for m; is given in 4.35 [51].

4

7 (4.35)

mpy
Higher m; implies higher switching frequency which helps to shift the low fre-
quency harmonic content to high frequency harmonics in 2-level VSC thus en-
suring less expensive and reduced size AC harmonic filters by smoothing out the
output voltage and current waveforms. The next section discusses the control

methodology for the switching of semiconductor devices in 21-level MMC.
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4.9.2 Phase Shifted Pulse Width Modulation

Phase shifted pulse width modulation (PSPWM) is used for the generation of
switching/gating signals in multilevel converter topologies. This modulation scheme
uses the comparison of N (where N corresponds to number of submodules per arm
and can vary from case to case) carrier waveforms and a reference modulating

signal to produce the switching signals for each switching device [7, 71].

PSPWM has certain advantages over other modulation techniques when the switch-
ing of multilevel converters is main concern, due to which it is used in the current
thesis for the switching of submodules in the upper and lower arms of MMC topol-

ogy. A few of its advantages are listed below

e It naturally provides the capacitor voltage balancing across in each sub-

module at higher switching frequencies [7, 71].

e The stress on each switching device and power handling capability is evenly

distributed across each submodule [7].

Thus PSPWM is used due to its advantages that it does not require the extra
capacitor voltage balancing algorithms hence reducing control complexity [7]. The
mechanism involves the generation of N carrier waveforms where each carrier is

phase displaced by a phase angle ¢ for half bridge submodule and given in 4.36.

=" (4.36)

Each phase displaced carrier is compared with the modulation signal to generate
the switching signals for the series connected submodules [7, 36]. As each half
bridge submodule contains two IGBTs connected in a leg so both switches are
turned on in a complementary operation however the first carrier is zero phase
displaced. The theory for generation of modulation signals, amplitude modulation
index and frequency modulation index is same as discussed for the case of 2-level

VSC.
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4.10 Matlab/Simulink Model for VSC Control

This section is dedicated towards discussion of the software based simulation model
designed for the control of grid tied VSC system based on the mathematical model
developed in the foregoing sections. The converter output voltage is controlled by
the converter inner current control loop and the entire methodology used for the
development of Simulink based model of converter control is illustrated in the

following sections.

Strategy For Vector Control

Vabe_grid VdVg_meas

Gating
Pulses

ldlg_meas  VdVg_conv

labc_con
PLL & Measurements

Uabc_ref PWM Generator
Current Regulator Generation

FIGURE 4.11: Strategy developed for the Control of VSC in Matlab/Simulink
2016b

Figure 4.11 shows that the grid voltages and converter currents are given to the
PLL and measurements block which provides the synchronizing angle wt and dq
transformed grid voltages and currents. The current regulator block is given the
measured dq frame grid voltages and currents as well as their references respec-

tively.

The current regulator block outputs the dq frame converter output terminal volt-
ages in dq frame which are fed along the grid angle wt, to the Uabc,.s generation
block. This block generates the reference modulation signals in abc frame. The
unit delay is used to compensate the delay during the control system sampling

and processing.
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After that the PWM generator takes the three phase modulating signals as input
and produces gating signals for the switching of the semiconductor devices in
each arm of the Inverter. Each block in Figure 4.11 is explained with its detailed

simulation model and working principles subsequently.

PLL & abc to dqo Transformation

PLL wt
(3ph) Wt
.—’ . —,
Vabc_B1 ‘ "~ 4’.
Vdvg
abc to dq0
wt
-
labc_B1 L&D
Idig
abc to dqo

FI1GURE 4.12: phase locked loop and DQO transformations

PLL and Measurements block represents the model designed for the dq trans-
formation of converter three phase output currents and grid three phase output
voltages. Three-phase PLL block is used to track the angle of the grid which is

given to dqo transformation blocks to synchronize the dq frame.

This synchronization helps to transform the three phase currents and voltages
to dq frame constant vectors. The output of this PLL and Measurement block
are; grid angle wt, dq frame grid voltage and currents vy and v, and I; and I,

respectively. Figure 4.12 shows this block.

Phase locked loop performs in accordance with the discussion made in section 4.6.
The angle with which PLL synchronizes the grid space phasor and dq reference
frame is shown in Figure 4.13 (a), Figure 4.13 (b) represents grid frequency tracked
by PLL thus showing a fast and smooth response by the PLL compensator. The
grid is synchronized with the converter as the converter current and grid voltage

for phase A are in phase with each other which can be shown in Figure 4.13 (c).
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FIGURE 4.13: (a) Grid angle (b) PLL grid frequency tracking (c) Synchroniza-
tion of Grid voltages and converter currents

The Specifications of PLL block that are utilized in Simulink block are provided
in the Table 4.4.

TABLE 4.4: Specifications of Phase Locked Loop [52]

Description Symbol Value
Proportional Gain K, 180
Integral Gain K; 3200
Differential Gain Ky 1
Minimum Frequency fo 50 Hz
Sampling time T, 6.06e s
Sampling frequency fs 3300Hz
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The three phase AC signals are normalized before these signals are fed into the
transformation block. Figure 4.14 (a) and 4.14 (c) represent the normalized three
phase grid voltages and converter output currents respectively. The grid voltages
are normalized by a factor of 1/(Vyompri * sqrt(2)/sqrt(3)) whereas converter three

phase currents are normalized by the factor of (Viompri * sqrt(3)/Prom/sqrt(2)).

These normalized values are fed to dq0 transformation blocks along with the grid
tracking angle tracked by phase locked loop which ensures the alignment of dq
reference frame with grid voltage phasor. As a result the dq transformed grid
voltages are presented in Figure 4.14 (b) and dq transformed converter currents

are presented in Figure 4.14 (d). It can be seen that both dq0 transformed currents

and voltages are pure DC vectors.
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FIGURE 4.14: (a) Three phase grid voltages, (b) DQ frame grid voltages, (c)
three phase converter terminal currents (d) DQ converter currents.

The parameters that are utilized for DQO transformations are presented in Table

4.4 with their specifications
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TABLE 4.5: Specifications of Parameters used in Dq0 Transformations

Description Symbol Value

Nominal Base Power P.om 1MVA

Nominal Primary voltage Viomprim 220kV

Nominal Secondary voltage Viomsec 52.051kV

3 phase normalized grid voltages Vibe 2

3 phase normalized converter voltages Lope 14.03
D-axis grid voltage Vy 1
Q-axis grid voltage Vq 0
D-axis converter current 1, 7
QQ-axis converter current 1, 0

sampling frequency fs 3300Hz

Now after that we achieved the pure DC signals in DQO reference frame, these
signals are provided to the inner current control loop where the active and reactive
power are independently controlled by their respective active and reactive current

components.

The structure of inner control loop developed for the decoupled control of active
and reactive current on the basis of dq0 model of three phase VSC system [66, 67]
is presented in Figure 4.15. It constitutes two PI controllers, one for d-axis current

and the other for g-axis current.

At input the error eq/e, between the reference I/l and measured lgmeas/Igmeas

and then these corresponding d/q errors are fed to the compensator as input.

The error e4/e, is processed by the controller Ky4(s)/K,(s) and at output produces

the converter output voltages Viq/V;, in the d/q reference frame. The feed forward
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terms are added at the controller output on the basis of 4.24 and 4.25 to ensure

the decoupled control in dq reference frame .

Inner Current control loop

e

vid

Idlg_meas
P’ VdVg_conv
€q
Vd
I
Vg

Idlg_ref

fd

VdVq_meas

T B

FIGURE 4.15: Inner Current Control of VSC in DQ reference Frame

The schematic that has been used to generate the reference values of active and
reactive power follows the use of Signal builder blocks in Simulink. Two signla
builders are used, one for active power and the other for the reactive power. How-
ever the reactive power is kept at zero reference value to regulate the converter
reactive at OVAR throughout the simulation which employs that converter neither
absorbs nor generates reactive power. Whereas active power signal is generated
by using a square wave signal in which various changes are subjected to the active

power control loop.

Figure 4.16 shows the generation of reference signals for the d/q component of
current based on 4.11 and 4.12 and presented in the form of simulation model.
As we have discussed earlier, the independent control implies that the change in
reference for the active and reactive power corresponds to the change in reference

values of active and reactive currents.
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Thus by controlling the d and q components of current we can independently
control the active and reactive power at point of common coupling (PCC). This

control strategy is known as Direct Power Control DPC at PCC [66, 67].

The half nominal DC link voltage is divided by the nominal secondary voltage, this
normalizes dc link voltage Vj./2 [1]. When the converter output voltages Viq/Vi,
are divided by normalized Vj./2 we get reference modulation signals mg4/m, in dq
reference frame. Where my, corresponds to the amplitude and m, corresponds to

the phase angle of the converter output voltage in dg-frame.

Reference Power Genaration

Pref
dref
Refernce Active
Power
Qref
Igref

Refernce Reactive
Power

FIGURE 4.16: Simulation Model for the generation of Active and Reactive
Power References.

The dq frame modulation signals are then transformed to three phase reference
modulation signals mg.(t), which are phase displaced by 120° by using dq0 to abc

frame transformation block from Simulink Simscape library.

The three phase reference modulation signals are later used by PWM block to
generate gating pulses for the control of semiconductor switching devices in corre-
sponding 2-level grid tied VSC and 21-level grid tied MMC. Figure 4.17 represents
the transformation of dq frame modulation signals to three phase modulation sig-

nals.
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Modulating Signals Generation

Vnom_dc VdVq_conv

= mabc_ref
Saturation -

dq0 to abe

Vnom_sec*sqrt(2)/sqrt(3) ‘

FI1GURE 4.17: The transformation of DQO signals to ABC reference frame for
generation of modulation signals

As long as signals stay inside the control loop both systems methodology towards
control was same but after we have got the modulation signals than both systems

adopt their own methodology for the generation of switching signals.

The three phase modulation signals for two-level VSC are represented in Figure
4.18 (a) whereas Figure 4.18 (b) represents the three phase modulation signals for
21-level MMC.
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FIGURE 4.18: Modulating Signals (a) 2-Level VSC (b) 21-Level MMC.
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The gating pulses for two-level three-phase VSC are generated by using the PWM
generator block (two-level) from Simscape Simpower library and it is shown in

Figure 4.19.

It takes the three phase modulation signals as reference signal which is generated
by the control system and compares them with the high frequency carrier waves
to generate the six switching pulses for the control of six switching devices in a

conventional three phase VSC.

mabc_ref -
Gating

Pulses

PWM Generator
Two-Level

FIGURE 4.19: PWM generator model for 2-level VSC in Simulink
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FIGURE 4.20: Three-phase modulation signals with a triangular
carrier wave 2-level VSC PWM
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The three phase reference modulation signals mg.(t), having fundamental fre-
quency 50Hz and amplitude varying between 1 and -1, are compared to the carrier
waves, with frequency 1650Hz and amplitude swinging between 1 and -1, by the
PWM generator which is shown in Figure 4.20

As a result switching pulses are generated for the control of each IGBT in each
phase. Each phase comprises two IGBTSs in each submodule, therefore for the
switching of each IGBT in a single phase, two switching or gating pulses are

required.

These gating signals are generated in a complementary manner to avoid the short
circuit of DC sources . The switching pulses are shown in Figure 4.21 where

S151bar, S393par and S5Sspe- are the switching pulses for three phase two-level

VSC.
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FIGURE 4.21: Gating signals generated by PWM generator block
for 2-level three-phase VSC
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The parameters used for the generation of switching signals by using sinusoidal

pulse width modulation for two-level three phase VSC are specified in Table 4.6.

TABLE 4.6: Specifications for SPWM for VSC

Description Symbol Value
Modulation frequency f 50Hz
Amplitude Modulation Index m 0.85
Carrier frequency fe 1650Hz
Frequency Modulation Index my 33
Total switching signals per phase Ny 2
Total switching signals in 3 phase Ny 6
Sampling Time T 6.06e5s
Sampling frequency fs 3300Hz

The switching signals for 21-level MMC are generated by using PWM generator
(multilevel) block from Simscape Simpower library. These signal generator blocks
generate switching pulses on the pattern of phase shifted pulse width modula-
tion PSPWM where twenty half bridge submodules are switched at the switching

frequency of 1650Hz.

Each PWM signal generator takes the single phase reference modulation signal and
produces carrier waves equal to twice the number of submodules that are provided
to the signal generator block. For three phase 21-level modular multilevel converter
the Matlab/Simulink block uses three PWM generator blocks as shown in Figure
4.22.

For 21-level MMC the PWM generator block uses twenty carrier waves which
are phase displaced by 18° calculated on the basis of 4.36. The amplitude of
modulation signal, being a sinusoidal signal, varies between 1 and -1 having 50Hz

frequency.s
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FI1GURE 4.22: PSC-PWM generator model for Modular Multilevel Converter
in Simulink

Whereas each carrier signal swings between 1 and -1 having 1650Hz frequency.
Each carrier waveform with the reference modulation signal for phase A 21-level

modular multilevel converter are shown in Figure 4.23.
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FiGURE 4.23: PSC-PWM with reference modulation signal and carrier waves

The parameters for the generation of switching signals by using phase shifted pulse

width modulation in 21-level three phase MMC are specified in Table 4.4
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TABLE 4.7: Specifications of the parameters of PSC-PWM for 21-level MMC

Description Symbol| Value
Number of carriers N 20
Phase displacement per carrier [0) 18°
Total switching signals per phase | N; 40

Total switching signals in 3 phase| Ng 240

Modulation frequency f 50Hz
Amplitude Modulation Index m 0.85
Carrier frequency fe 1650Hz
Frequency Modulation Index my 33
Sampling Time T, |6.06e %

The modular multilevel converter uses series connected half bridge submodules
where each submodule comprises two switching cells in its single phase leg, both
of which operate in complementary manner therefore each submodule requires two

switching signals which are opposite to each other.

As the single arm of the 21-level MMC comprises twenty series connected half
bridge submodules therefore the model generates forty switching pulses for each
arm in a three phase MMC. The forty switching signals for one arm are inverted

to be used for the switching of other arm in the same converter phase leg.

Figure 4.24 shows first ten switching signals generated for the switching of first
ten series connected Submodules in MMC upper arm phase leg A, where each
switching signal is phase displaced by 18° due to which each submodule switches
by the delay angle of 18° during phase shifted pulse width modulation in 21-level
MMC
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FIGURE 4.24: First ten switching signals for the switching of first ten series
connected submodules in 21-level MMC upper arm phase leg A.

4.11 Chapter Summary

This chapter discusses all the control aspects of both converter topologies including
the dg-modeling, design of inner current control loop and control of switching de-
vices. Later the models discussed in earlier sections in this chapter, are presented
towards by simulation models developed in Matlab/simulink 2016b for each con-

verter topology.



Chapter 5

Simulations and Results

5.1 Introduction

This chapter involves the discussion of the results evaluated by the comparison
of conventional two-level grid tied VSC (GTVSC) and 21-level (GTMMC). The
results are produced using Matlab/Simulink 2016b environment where a case study
is developed to test both converters regarding their performance towards reference
command tracking and output power quality. To simplify the analysis, two cases
are defined; Case A and Case B, where Case A corresponds to the comparative
analysis of 2-level GTVSC and 21-level GTMMC on the basis of converter output
power quality and Case B corresponds to the analysis of stability and dynamic

performance of control loops.

5.2 Case Description: Matlab/Simulink Model

For the analysis of conventional two-level GTVSC and 21-level GTMMC a case
is developed by using the HVDC converter station operating in inverter mode of
operation. To make analysis more practical and realistic, this thesis develops a
220kV, 50Hz AC grid interfaced with the converter through a phase reactor and
a coupling transformer. Two split DC voltage sources Vg4./2 of 50kV are used

99
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to provide the full DC link voltage V4. of 100kV at the input of the converter.
The Phase reactor R+jL = 0.04Q24-0.129H is used to provide the interface for
the converter and the transformer. It also smooths out the harmonics from the

converter output voltage and current waveforms [20].

The coupling transformer with Wye grounded Delta (Y,A) configuration is used
between phase reactor and point of common coupling (PCC) as an interface be-
tween converter and grid to provide suitable voltage levels for the converter [54].
The primary side voltage V,ompri equals 220kV is stepped down by the transformer
secondary at voltage V,omsec €qual to 52kV [1].

The AC grid is designed by using a three phase symmetrical voltage source with
220kV (r.m.s) voltage and 50Hz nominal frequency. Initially the power circulating

in grid is 150MW when the converter is in standalone mode.

Two loads with equal power rating of 50 MW are used in parallel connection with
two transmission lines of 10km distance in between and from Grid. Both converter
topologies i.e. 2-level GTVSC and 21-level GTMMC are used and tested through
the developed methodology.

A carrier wave with high frequency f,,, of 1650Hz is used for the switching of both
converter topologies therefore the sampling frequency f, of 100x1650Hz is chosen
for the sampling of the entire system signals. The sampling time T,oper is thus
chosen to be 6.06e%s for the sampling of power signals whereas T, =6.06e°s

is chosen for the sampling of control signals.

The bus B, represents the converter station output bus where converter output
voltages and currents are measured, bus B, represents the point of common cou-
pling (PCC) which is conjunction between converter and grid. Bus Bj represents
the grid side bus where grid voltages and currents are measured. The single line
diagram of the described case is presented in Figure 5.1. The specifications of the

entire system are summed up into Table 5.1.
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FIGURE 5.1: Single Line Diagram of the developed case study.

TABLE 5.1: System Specifications used to develop
the Matlab/Simulink model

Description Symbol Value
Nominal D¢ Link Voltage Ve 100kV
ConverterTerminal Voltage Vi 50kV (Vpear)
Phase Reactance R+jL 0.042+0.129H
Transformer primary Voltage Vaomprim 220kV
Transformer secondary voltage Viomsec 52kV
Transformer Turns Ratio Voomprim/ Vaomsee | 0.85
Converter Switching Frequency fsw 1650Hz
Sampling time for power gui Tpower 6.06e s

Ac voltage |78 220kV
Transmission Line 2x L 2x10km
Parallel Connected Load 2x L 2x50MW
Grid Power in Stand Alone Mode | P, 150MW

Ac system nominal frequency f 50Hz
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5.3 Simulation Model in Matlab/Simulink

Environment

Under this section, simulation models for 2-level GTVSC and 21-Level GTMMC
are presented which are designed in Matlab/Simulink environment using Simscape
Simpower library. The Power GUI is used with sampling time T, = 6.06e s for
the both of the entire Simulink models. The simulation run time for both of the
models is t,,,=1s. Figure 5.2 and Figure 5.3 represents the corresponding Simulink
model for 2-Level GTVSC and 21-Level GTMMC respectively along with inner
current control block and the scope section block. The converter control block
presents the inner current control implemented by using PI compensator in dq
reference frame as discussed in chapter 4 whereas scope section block is used to

analyze the behavior of model parameters during the entire simulation period.
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FIGURE 5.2: Simulink model of 2-Level GTVSC with inner control and scope
section block

21-Level Grid Tied MMC with Converter Control
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FIGURE 5.3: Simulink model of 21-Level GTMMC with inner control and scope
section block.
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5.4 Case A: Comparative Analysis of Converter

Output Voltage Quality

The concept of power quality is versatile and it does not have any standard defini-
tion but in the current thesis the definition under consideration is, “Power Quality
includes all those aspects of events due to which the performance of the system

deviates from the normal operation” [72].

Case A is dedicated towards the comparison of quality of output voltage and
current waveforms for both 21-level GTMMC and 2-level GTVSC where both

topologies interfaced with grid are examined to make a comparative analysis.

This Case defines certain parameters in order to make a comparison between 2-
level GTVSC and 21-level GTMMC, these parameters are; shape (measure of
smoothness) of converter output phase voltage and current waveforms, harmonic
spectrum, the respective harmonics with their order, total harmonic distortion
(THD) in the output phase current and voltage waveforms, converter switching

losses, costs and filter requirements by considering IEEE standard 5197 [73].

5.4.1 Converter Output Voltage Shape

Figure 5.4(a) and Figure 5.4(b) represent the three phase output voltage waveforms
for conventional 2-level GTVSC and 21-level GTMMC respectively, comprising
peak to peak voltage V(,_,) of 100kV where V,, is the peak phase voltage and its
value is 50kV. As it can be seen from Figure 5.4(a) that the three phase output
voltage waveform for conventional GTVSC is crude having only two voltage levels
i.e. +50kV & —5H0kV and if it is compared to a pure sinusoidal waveform, it is

only providing high and low voltage levels of full DC-link voltage.

Figure 5.4(b) shows that the three phase output voltage waveform of 21-level

GTMMC is smooth and almost sinusoidal, comprising twenty one voltage steps
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each. In 21-level GTMMC each voltage step takes its equal share of 5kV which is
equal to the 20" part of full DC link voltage of 100kV.
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FIGURE 5.4: Three phase converter output voltages (a) 2-level GTVSC (b)
21-level GTMMC

Figure 5.5(a) and Figure 5.5(b) shows a more clear view of converter output volt-
age by presenting single phase output voltage waveform over one complete cycle
for two-level GTVSC and 21-level GTMMC respectively. The output voltage of
two level GTVSC shows that the converter is hard switched i.e. the converter
output switches at full DC-link voltage of 100kV whereas the 21-level GTMMC is
comparatively soft switched where each submodule switches according to its share

l.e. at bkV.

Hard switching renders high switching losses, higher values of dv/dt which in
turn at higher switching frequencies generate enormous amount of electromagnetic

interference (EMI) noise in two-level VSC. In 21-level MMC, switching at lower
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voltage levels reduces switching losses and renders lower values of dv/dt which is

in huge interest to produce a high quality output voltage waveform .
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FIGURE 5.5: 1-cycle of output phase A voltage (a) 2-level GTVSC (b) 21-level
GTMMC

Figure 5.6 shows the single phase output voltage waveform of 21-level GTMMC, it
can be noticed that every single step comprises 5kV voltage, giving peak to peak
voltage (V,_,) of 100kV and peak voltage V, = 50kV at the output of 21-level
MMC. The equal voltage of 5kV in each step indicates that the voltages across all

capacitors in the series connected submodules are well balanced.

Phase shift pulse width modulation (PSPWM) using high carrier frequency fg,
of 33x fundamental frequency provides natural voltage balancing across each ca-
pacitor in all series connected submodules. Therefore even without using complex
capacitor voltage balancing algorithms, capacitor voltages did not come across the
trouble of voltage imbalance where each capacitor maintains its respective voltage

level efficiently.
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FIGURE 5.6: Magnified view of levels of output voltage of 21-level GTMMC

5.4.2 Voltage Harmonic Spectrum

In this section the output phase voltages and currents for 2-level VSC and 21-
level MMC respectively are analyzed and compared on the basis of the harmonic
content present in the corresponding waveforms. The Fast Fourier Transform
(FFT) Analysis tool in the Power GUI block is used to perform the FFT of both
converters ' waveforms in Simulink 2016b simulation model. The sampling time 7T
equals 6.06e%s whereas the sampling frequency f, of 3.3kHz are used by the FFT
window to perform signal processing. FFT was performed on 1 cycle of output

voltage and current waveforms for both converter topologies.

The converter output voltage and current waveforms are analyzed at full load
conditions to better analyze the performance of both converters tied to the grid.
Therefore keeping reactive power () zero, active power P is changed from 0 to

10MW at 0.1s. When the system reached steady state than at 0.2sec the FFT

analysis was performed.
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The fundamental frequency f was chosen to be 50Hz. The harmonic spectrum
expanded over the range of 0 to 10kHz frequency. The x-axis displays the harmonic
order whereas y-axis displays the % magnitude of the fundamental component i.e.
50kV. The harmonic analysis was performed by ensuring that all the parameters
are strictly same for both of the converter models in FFT window. All of these

parameters are summarized in Table 5.2.

TABLE 5.2: Parameters used for FFT Analysis of phase voltages of 2-level VSC
and 21-level MMC

Description Symbol | Value
Fundamental frequency f 50Hz
Fundamental component magnitude | V), 50kV
Switching frequency fsw 1650Hz
frequency modulation Index my 33
Sampling time T 6.606e 55
Number of samples per cycle fs 3.3kHz
FFT over Number of Cycles Ny leycle
FFT over time instant T 0.2s
X-axis maximum harmonic order h 200~1k0Hz
Y-axis maximum magnitude Y%omag 100
Maximum load L., 10MW

The harmonic spectrum obtained by using FFT Analysis tool are presented in
Figure 5.7 and Figure 5.8 for output phase voltage of two-level VSC and 21-level
MMC respectively. As Both figures are produced on the same scale in order to
make the clear comparison between harmonic spectrum of both converters’ output
phase voltage waveforms therefore this analysis provides with the vivid picture of
how high the harmonic content is, which actually resides in the crude AC output

voltage waveform of 2-level VSC.
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However the harmonic spectrum of 21-level MMC did not show any significant
amount of harmonic content whose amplitude could hardly get higher than 0.2%

over the same range of frequencies on x-axis.
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FIGURE 5.7: Voltage Harmonic spectrum of 2-level GTVSC
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FiGURE 5.8: Voltage Harmonic spectrum of 21-level GTMMC

From Figure 5.7, it is clear that, in two level VSC the first harmonic component
which contributes 61.98% of the fundamental component, is lying at n x m;+k ~

1 x334+21i.e. 33+ 2. The second harmonic is present at 2 x 33 £3 &~ 66+3 and its
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magnitude decreases to 32% of fundamental component. The magnitude of higher

order harmonics decreases with the increase in value of n with SPWM [40].

The harmonics in the output phase voltage of N+1 level MMC by using PSPWM
modulation technique, are present at the order of n x N X m; where n is the
integer and can take values from {1,2,3,...}, N is the number of series connected

submodules in converter arm and my is the frequency modulation index [7].

As in Figure 5.8 only fundamental component can be viewed therefore to further
analyze the presence of harmonics in output voltage waveform of 21-level MMC,
the range of frequencies on x-axis is broadened from 10k t0 40kHz. Figure 5.9
represents the harmonic spectrum of output phase voltage of 21-level MMC over

a broader frequency range as compared to the range used in Figure 5.8.
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FIGURE 5.9: Harmonic spectrum of output voltage of 21-level GTMMC over a
broad frequency range

From Figure 5.9, it can be clearly analyzed that the very first harmonic component
present in the output phase voltage of 21-level MMC is residing at the harmonic
order (h) of round about 660 i.e 33kHz and comprising 1.27% magnitude of the
fundamental component which constitutes highest value among all the harmonics

which are found present in 21-level MMC output voltage waveform.

These high order frequency harmonics comprising such a low level of magnitude
goes in favor of 21-level modular multilevel converter to be utilized in high power

high voltage applications because this converter has eradicated the need for bulky
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and expensive filters required for the power quality improvement at point of com-

mon coupling in HVDC systems.

5.4.3 Harmonic Order in Converter Output Voltage

To further analyze the harmonic spectrum of output voltage for both converter
topologies, the harmonics are analyzed statistically to verify that which of the
harmonic orders dominate, and how much they contribute in the output voltage

waveform for both converter topologies.

Figure 5.10 shows that the two-Level output voltage waveform is dominated by
75% of various different harmonics and 25% of the fundamental component. Us-
ing higher switching frequency even could not eliminate the low order harmonics
among which the dominant low order harmonics are hs, hs, hg, hi1, his, hi7, hig,
ho1 and hsez. The contribution of these harmonics in the magnitude of output

voltage can be clearly visualized in Figure.5.11.

On contrary, in 21-level MMC output voltage waveform the fundamental harmonic
component contributes &~ 95% whereas the other harmonic components contribute
only the ~ 5%. According to IEE standard 5197* —2014 [73], the recommended
practice and obligation for the control of harmonics in electric power systems is

provided in Table 5.3.

TABLE 5.3: IEEE Standard 51972014 [73]

PCC Bus Voltage Single Harmonic THD
V < 1.0kV 5.0% 8%

1kV <V <69kV 3.0% 5.0%
69kV < V < 161kV 1.5% 2.5%
161kV <V 1% 1.5%
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FIGURE 5.10: Two-level Voltage with individual harmonics and their magni-
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FIGURE 5.11: 21-level Voltage with individual harmonics and their magnitudes
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For system voltages > 161kV at PCC, the individual harmonic level must be <
1% and the total harmonic distortion of the system must be < 1.5% to avoid
filter requirements. The two level VSC does not meet both requirements, as the
maximum magnitude offered by the individual harmonic is 61.98% and the total

harmonic distortion sums up to be 102% with the switching frequency of 1650Hz.

Figure 5.15 shows that 21-level MMC in a grid tied environment offers the maxi-
mum individual harmonic of 1.27% and total harmonic distortion of 5.68% in its

output voltage.

The use of AY transformer configuration interestingly reduces the amount of total
harmonic distortion up to 0.27% in case of conventional VSC and 0.02% in case
of MMC. As A secondary transformer does not allow the passage of harmonics to

Y primary hence these harmonics are dissipated as heat in the A winding.

Higher harmonics cause heating of transformer which in turn causes huge losses
in transformers. Therefore to remove the huge harmonic content two-level output
voltage the use of AC harmonic filters is indispensable for the improvement of

power quality and for the safe operation of transformer also.

However, as the harmonic content in the output voltage waveform is quite low
and meets the IEEE standard 51972014 in case of single harmonic distortion
therefore the transformer performance may not get bothered much with such a

low level of total harmonic distortion present in MMC output voltage.

This analysis proposes that 21-level MMC tied to the grid through a phase reactor
and AY transformer does not require AC harmonic filters at PCC as the power

quality is with in the limits and in accordance with the IEEE standard 5197,

5.4.4 Converter Output Current Shape

In 21-level MMC, the soft switching of each submodule ends with a ripple free
converter output phase currents. In contrast, the 2-level VSC uses high switching

frequency of 1650Hz which switches each IGBT in converter arm 1650 times per
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cycle at full DC-link voltage. This introduces large ripples in converter output
current waveforms. The smooth and ripple free currents are desired on the utility

side to avoid overheating and other losses in the electrical drives and processes.

Figure 5.12 (a) shows three phase output current of 2-level VSC and Figure 5.12
(b) shows the three phase output current waveforms of 21-level MMC where both
converter topologies are analyzed and compared on the basis of smoothness and

amount of ripple content present in the converter output current waveforms.
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FIGURE 5.12: Three phase converter output currents (a) 2-level VSC (b) 21-
level MMC

5.4.4.1 Converter Current at PCC

The quality of converter current for output “ phase a ” is analyzed at point of
common coupling (PCC) for both converter topologies i.e. 2-level VSC and 21-
level MMC and the graph is provided in Figure 5.13 (a) and Figure 5.13 (b). It

can be clearly viewed that even after being passed through the line reactor and
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coupling transformer which are meant to smooth out the current harmonics and
ripple content, still the current waveform of 2-level VSC is unable to achieve a

smoothness, showing a good amount of ripple content.

On the other hand, the output current waveform of 21-level MMC is smooth
enough and ripple free therefore it does not require any further processing. It is
proposed that 21-level MMC does not require filters to smooth out the output

current waveform.

Whereas 2-level VSC, despite of using high switching frequency still requires AC
harmonic filters between the phase reactor and coupling transformer to further
smooth out the current waveforms so that the harmonics in current does not enter

the AC system through PCC.
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FIGURE 5.13: (a) output phase current of 2-level VSC at PCC (b) output phase
current of 21-level MMC at PCC
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5.4.5 Converter Output Current Harmonic Spectrum

The output current harmonic spectrum are also analyzed for both converter topolo-
gies under the same Matlab/Simulink environment by using the FF'T Analysis tool
box. The harmonic spectrum of 2-level VSC output current is presented in Fig-
ure 5.14 where among all harmonics the 5* harmonic dominates with the highest

magnitude of 1.51% of fundamental component.
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FIGURE 5.14: Output current harmonic spectrum of 2-level GTVSC
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The total harmonic distortion amounts to 4.81% in the output current of two-
level VSC. The total harmonic distortion amounts to 0.11% in the output phase
current of 21-level MMC and it is presented by Figure 5.15. The current harmonic
spectrum analysis also favors 21-level MMC and proves its superiority with respect

to output current waveform of two level VSC.

5.4.6 Comparison of Total Harmonic Distortion

This section analyses the trend of total harmonic distortion when the voltage levels
are increased at the converter output voltage. Figure 5.16 shows the graph in which
two level VSC and multilevel MMC(for different voltage levels) are analyzed on

the basis of THD present in converter output voltage waveform .
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FiGuUrE 5.16: THD trend for different levels of converter output voltage.

This comparison is made by using open loop control where the switching signals
are generated by using PWM generator block from Simscape Simpower library
of Simulink. The trend of THD in this graph shows that 2-level VSC offers the
highest level of total harmonic distortion ~117%. The three-level MMC offers the
THD of ~ 97.50%.
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The 5-level MMC offers = 50%, 15-level MMC offers ~ 37.50% and finally 21-
level MMC was found to offer =~ 7.15% of THD in their respective output voltage

waveforms.

The THD for two-level VSC and 21-level MMC is even more reduced to 102%
and 5.65% respectively, when measured with the closed loop control tuned with

optimal gains using Modulus Optimum tuning criteria.

5.4.7 Comparison of Cost and Switching Losses

To withstand 100kV DC link voltage, 2-level converter requires 20 series connected
IGBTSs to make a converter arm valve while keeping a margin of 23% as safety
margin to avoid the risk of over voltages. Therefore a net total of required IGBTs

for two-level three phase VSC are 6 x 20 = 120.

Keeping the same safety margin for 21-level MMC, 20 half bridge submodules
were used to equally share 5kV voltage from full DC link voltage of 100kV. As
each half bridge submodule carries two IGBTs therefore the total IGBTs used in
the design of three phase 21-level MMC were double to that of two-level VSC
i.e.6 x 2 x 20 = 240.

As the number of IGBTs in MMC is increased up to double the number of IGBTs
in two level VSC, conventionally it must offer more switching losses but this does
not happen actually. MMC allows the switching of IGBTs at very low switching
frequency almost at 3x fundamental frequency rendering very low values of total

harmonic distortion in output voltage which in turn renders lower switching losses.

The switching losses corresponding to various switching frequencies are analyzed
for both converter topologies by analyzing the effect of variation of switching fre-
quency on the output voltage quality i.e. total harmonic distortion in the converter
output voltage. The value of frequency modulation index is varied at 20, 15, 10, 8,
5 and 3 corresponding to each value the THD value in the output voltage waveform
of two level GTVSC and 21-level GTMMC is plotted in Figure 5.17 and Figure
5.18 respectively.
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FIGURE 5.17: Effect of variations in mf on THD of 2-level GTVSC output
voltage.
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FIGURE 5.18: Effect of variations in mf on THD of 21-level GTMMC output
voltage.

The quality of 2-level output voltage waveform is greatly affected by the corre-
sponding variations of switching frequency i.e. while decreasing f, from 1kHz
to 750Hz the THD increases from 100% to 104%, by further decreasing fs,, from
750Hz to 500Hz the THD increases from 104% to 112%. However by decreasing
fsw further to down to 400 decreases THD to 98%. After this point by further
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decreasing f,, to 5x50 and 3x50 increases THD to 99% and 104% respectively

as shown in Figure 5.17.

Interestingly, when the same plot is developed for similar values of m; for 21-
level GTMMC it was found that decreasing my from 20 to 3 or in other words
decreasing switching frequency fs, from 1kHz to 150Hz could only increase the
THD up to ~ 0.50% which is very insignificant amount and does not effect the

overall converter output voltage quality which can be seen in Figure 5.18

The analysis of both graphs shows that 2-level GTVSC is subjected to more switch-
ing losses as compared to 21-level MMC which can produce high quality output
voltages with even reduced switching frequencies which in turn corresponds to

reduced switching losses and high power conversion efficiency.

Although the number of IGBTs is increased by double in 21-level MMC, but as
IGBTs are low voltage rated cheaper devices therefore this renders insignificant
increase in the cost of 21-level MMC as compared to 2-level VSC. However the

indispensable demand for AC harmonic filter significantly increases the cost in

two-level VSC.

5.4.8 Comparison of Filter Requirements

As both converter topologies are being analyzed in a grid tied environment which
is always a load changing environment therefore the converter output voltage is
also analyzed on the basis of total harmonic distortion at various loads to analyze
the maximum filter requirements. This analysis was made at various time instants
i.e. at 0.3sec when the converter was injecting 10MW power, at its full capacity,

to the grid and acting as a source.

At 0.5sec, when the converter power was -10MW i.e. it was acting as a load being
supplied by the grid. At 0.7sec, when the converter power was +5MW i.e. it was
supplying power half of its maximum rated capacity and finally at 0.9sec when the

converter power was -bMW i.e. absorbing power from grid and acting as a load of
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5MW. The THD corresponding to these time instants (in steady state) for both

converter topologies is presented in Figure 5.19.
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FIGURE 5.19: Effect of Load Variations on THD

In HVDC systems an AC harmonic filter is always used at the output of converter.
However its size depends on the maximum susceptible harmonics whigh frequency
harmonics as well as low frequency harmonics. In two level VSC as the THD values
are abruptly increasing and decreasing to quite large values therefore a large size

and expensive AC harmonic filter is required at the output of 2-level GTVSC.

However in 21-level GTMMC it can be viewed from Figure 5.19 that at each
load change, it renders only an insignificant change in the THD of output voltage
waveform. Therefore it can be proposed that the requirement of AC harmonic

filters at the output is almost reduced to negligible level as compared to 2-level

GTVSC.

The AC harmonic filters are most commonly passive filters which not only increase
the overall cost and size of the converter station but also produce the reactive power
which become another drawback for the VSC system. Because the converter is not
inherently designed to absorb the reactive power therefore the use of AC harmonic

filters limits the over all working performance and efficiency of the VSC system.
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5.5 Case B: Comparative Analysis of Control

Performance & Complexity

Under this section the control performance and complexity of 21-level GTMMC is
compared with conventional standard VSC. For this purpose the transfer functions
obtained in chapter 4 are used to perform frequency-domain analysis and later

time-domain analysis for both converter topologies.

In the subsequent sections the Matlab/Simulink model of 21-level MMC and con-
ventional VSC are analyzed on the basis of performance of the control loop towards
various step changes in reference Active power by keeping Reactive power reference

at zero value.

The converter, PCC and grid voltages, currents, active and reactive power are
analyzed towards the subjected changes in active power. Towards the end of this
section additional control parameters which must be considered during designing

of control structure for 21-level MMC are investigated.

5.5.1 Comparison of Closed Loop Stability

The frequency domain analysis is performed to analyze stability of the converter
inner current closed loop. For this, the open loop transfer functions of the current
control loop of 2-level GTVSC and 21-level GTMMUC as discussed in section 4.8.2.1
and section 4.8.2.1 respectively, are used to perform bode plots which analyze the

stability of inner current closed loop for both converter topologies.

The bode plots are performed in Matlab by using Bode() or simply Margin()
command. The analysis shows that for both converters the Gain Margin (G.M)
is infinity whereas the Phase Margin (P.M) for 2-level GTVSC is 51.8 and for
21-level GTMMC, it is 51.9 which are almost equivalent.
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These results show that the inner current closed loop is stable, and having suf-
ficiently large phase margin signifies that inner current closed loop controller is

robust against the over currents that arise due to voltage variations.

Figure 5.20 provides the comparison of stability analysis by using bode plots and
concludes that the open loop inner current control of 2-level GTVSC and 21-level

GTMMC have stability margins.
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FIGURE 5.20: Frequency domain analysis of inner current control loop for 2-
level GTVSC and 21-level GTMMC

Table 5.4 presents the stability margins obtained from the frequency domain anal-
ysis of open loop current control using bode plots for both of the grid connected

converter topologies.

TABLE 5.4: Frequency Domain Analysis of open loop current transfer functions

Topology Gain Margin (G.M) | Phase Margin (P.M)

2-level GTVSC Infinity 51.8

21-level GTVSC Infinity 51.9
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5.5.2 Transient Analysis (Step Response)

The time-domain analysis is used to analyze the performance of closed loop current
control when the reference signal is introduced subjected to a step change in input
with respect to time. The transient and steady state response of inner current
control loop are analyzed corresponding to the unit step change in the reference

input by using step() function command in Mat lab.

Here the closed loop transfer functions of inner current control loop for both con-
verter topologies i.e. 2-level GTVSC and 21-level GTMMC as discussed in section
4.8.2.1 and section 4.8.2.2 respectively are used to analyze the step responses which

are presented in Figure 5.21.
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FIGURE 5.21: Step response of current controller for two-level GTVSC and
21-level GTMMC

From Figure 5.21 it is clear that both systems show the similar well damped

response for current control loop tuned by Modulus optimum tuning criteria.

The peak Amplitude A, was found to be same for both converter topologies i.e
1.6. The percent maximum overshoot (% MOS) for both systems was found with
a slight difference i.e. 16.3% for conventional VSC and 16.2% for MMC for a step
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input, the peak time ¢, taken by VSC to reach the steady state was found to be
0.00216s where as for MMC it was 0.00221s.

The settling time (¢,) and the rise time (¢,.) were same for both converter topologies
i.e. 0.00485s and 0.000983s respectively. These results are summarized in Table
9.5.

TABLE 5.5: Time domain analysis of closed loop transfer functions.

System A, % MOS tp ts t,

2-level VSC 1.16% 16.3% 0.00216s | 0.00485s | 0.000983s

21-Level MMC | 1.16% 16.2% 0.00221s | 0.00485s | 0.000983s

Table 5.5 shows that the speed of responses for current closed loop in both systems

is exactly same.

Therefore it can be concluded that, 21-level GTMMC in spite of having 20 series
connected floating capacitors in its each arm and additional arm inductors in
each phase leg shows the same transient response as conventional GTVSC. The
transient and steady state responses are found to be fast and well damped for both

converter topologies.

5.5.3 Analysis of Closed Loop Control Performance in Simulink

Model

In this section the Simulink model of 2-level GTVSC and 21-level GTMMC are
analyzed on the basis of performance of the closed loop control. The behavior
of active power controller is analyzed towards the reference active power P* step
change of 1I0MW where as the reactive power controller is analyzed by regulating
converter reactive power (Q at zero during the step input changes made in active

power reference P*.
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5.5.3.1 Simulation Model Active Power Step Response

At time t=0 s the active and reactive power are both at zero values . The re-
sponse of inner current controller is analyzed when the reference active power P*

is introduced with a step change from 0 to 10MW at time t=0.2 s.

Figure 5.22 (a) represents the step response of two-level VSC active current con-
troller whereas Figure 5.22 (b) represents the step response of 21-level MMC active

current controller.

Both controllers with different converter topologies are found to perform in a
similar manner towards the same input change at same time instant, which is in
agreement with the analysis of step responses of the respective converter transfer

functions as made in section 5.5.2.
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FIGURE 5.22: Step response of active power control (a)in two-level GTVSC (b)
in 21-level GTMMC



Simulations and Results 126

5.5.3.2 Simulink Model Reactive Power Regulation

The reactive current I, and reactive power Q of 2-level VSC and 21-level MMC are
aimed to regulate at zero value reference value. In order to achieve this objective
the reference reactive power Q* command is set at zero value. The reactive current
controller response is similar for both converter topologies and effectively regulates
the converter reactive power QQ and converter reactive current I, back to zero after

a transient was observed due the step change made in reference active power P*.

Figure 5.23 (a) represents the reactive power regulation by reactive current con-
troller of 2-level VSC whereas Figure 5.23 (b) represents the reactive power reg-
ulation by reactive current controller of 21-level MMC. The analysis from Figure
5.21 and Figure 5.23 represents that the control flexibility of conventional VSC
is reserved in modular multilevel converter which shows the same transient and

steady state response as obtained by conventional VSC.
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5.5.4 System Performance at Dynamic Loads

Under this section, the active power is varied at different time instants in order to
analyze the flexibility of active power control towards different variations made at
different time instants. The reactive power is regulated at zero through out the
simulation time period. Therefore both grid connected converter topologies are
subjected to these variations to investigate response of converter active/reactive
current, three phase voltages and currents at PCC, grid active/reactive power and
grid three phase voltages and currents. This simulation constitutes the run time

from 0 to 1s.

Before proceeding further, the edges of the reference active power signals are made
a little bit round by using a low pass filter with time constant 7=0.005s, so that
the controller may not face any fast and abrupt changes made in reference active
power which corresponds towards large overshoots in the converter instantaneous
power while tracking the reference command signal. The use of low pass filter
helps to evade the sharp corners of large steps in the reference signal by making

the sharp corners round, due to which expected large overshoots are removed [74].

At time t=0 s, the converter active power P is set at zero initially, during this
time the converter is neither acting as a source nor as a load. At time t=0.2 s,
the active power reference step P* is changed from 0 to 10MW corresponding to
which the converter instantaneous power P is changed from 0 to 10MW i.e. the

converter starts injecting power into PCC and acting as a source of 10MW power.

At t=0.4 s, the direction of reference active power P* is reversed and given a step
change from 10MW to -10MW, the power reversal does not endanger the converter
stability and hence converter tracks the reference power with same efficiency. In
this mode, it acts like a load which consumes 10MW power through PCC from
grid. Further at time t=0.6 s, the reference active power command P* is again
introduced with a step change, but this time with a lower step change of +5MW

to analyze the flexibility of controller at lower power variations. The converter
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efficiently tracks the step reference command and now it acts like a source of

SMW.

Finally at t=0.8 s, the converter again experiences a step change of -5bMW in
its active power reference command P* and the controller achieves it by forcing
the converter to act as a load of 5SMW. During all these variations the converter
reactive power Q is set to be regulated at zero VAR. As soon as the converter
instantaneous reactive power () experiences any transient during active power
reversal, the reactive power controller brings it back to track its reference reactive

power Q* of 0OVAR and this is achieved efficiently by the reactive power controller.
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FIGURE 5.24: Active & reactive power control at different loads for(a) 2-level
VSC (b) 21-level VSC

Figure 5.24 (a) shows the response of 2-level VSC whereas Figure 5.24 (b) repre-

sents the response of 21-level MMC towards the reference power step variations
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while keeping the reactive power for both converter topologies equal to zero VAR.
It can be analyzed from the comparison of both figures that both converter topolo-
gies perform with the same control efficiency. Therefore it is concluded that the
inner current control efficiency in 21-level MMC is maintained as it was offered by

standard conventional VSC.

5.5.4.1 Active/Reactive Current Control Loop Response

Corresponding to the variations subjected to the active power references for 2-level
VSC and 21-level MMC, the active current I; behaves in a similar manner as that

of the active power P because of the fact that P,.; = ﬁidref.

However when the reactive current experiences small transients during each active
current polarity reversal, the reactive current controller efficiently regulates back
the converter reactive current I, at zero reference level that in turn corresponds

towards the regulation of reactive power at 0VAR.

The phenomenon is presented in Figure 5.25 (a) and Figure 5.25 (b) where the
reference command tracking of active and reactive current can be viewed for 2-
level GTVSC and 21-level GTMMC respectively. Both converter topologies are
observed to have the same control response towards every single variation in input

reference step command.

However, the direction of d-axis and g-axis current waveforms (I; and I,,) in 21-level
GTMMC is observed to be opposite as that of the direction of d-axis and g-axis
current in 2-level GTVSC. It mainly happened due to the difference in mathe-
matical models used to realize the corresponding Simulation models in Simulink

software.

In [55], the mathematical model shows additional negative sign with the transfer
function of grid connected MMC and it must be the reason behind the opposite

direction of dg-current in MMC with respect to the dg-current in conventional

VSC.
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FIGURE 5.25: Converter active & reactive current at different loads (a) 2-level
VSC (b) 21-level VSC

5.5.4.2 Voltage and Current at PCC

The three phase voltages and currents at point of common coupling are analyzed
during the active power variation made at different time instants in the section

5.5.4.1.

The three phase voltages (Va) at point of common coupling are remained unaf-
fected by the reference active power P* variations however the current direction
reverses corresponding to each variation (polarity as well as magnitude) made in

reference active power.

The change in active power magnitude also changes magnitude of three phase

currents (I,.) at PCC . For large values of power the PCC currents are large
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whereas for smaller magnitudes of power, the converter currents at PCC are found

to be reduced at lower magnitudes.

Thus, it is concluded that the direction of flow of active power is controlled by
controlling the converter current polarity. Whereas the magnitude of converter
active power is controlled directly by magnitude of converter current. However

the magnitude and direction of three phase voltages at PCC remain unaffected by

active power variations.
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FIGURE 5.26: Phase Voltage at PCC 2-level GTVSC (b) Phase current at PCC
in 2-level GTVSC
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FIGURE 5.27: (a) Phase Voltage at PCC in 21-level GTMMC (b) Phase current
at PCC in 21-level GTMMC

Figure 5.26 (a) shows the phase voltage of 2-level VSC at PCC while Figure 5.26
(b) shows the phase current of 2-level VSC at PCC. Figure 5.27 (a) and Figure
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5.27 (b) shows the corresponding phase voltage and phase current for 21-level VSC
at PCC respectively.

5.5.4.3 Grid Instantaneous Active and Reactive Power

It is interesting to note that during each step change made in reference active
power P* to control the converter instantaneous active power P at PCC, the grid
instantaneous power P, also changes accordingly during simulation of both con-

verter models.

At time t=0 s, when the active power P is zero the grid instantaneous active power
P, = 150MW i.e. in standalone mode of operation the 150MW instantaneous

power is circulating in the grid side electrical circuit.

When at time t=0.2 s, the converter reference active power is given a step change
of +10MW, the grid instantaneous active power P, is reduced by 10MW and
settles down at 140MW. This can be interpreted as the 10MW power which was
previously coming from grid, it is now provided by converter therefore the grid

power decreases by 10MW.

At t=0.4 s, the grid power experiences a step change from 140MW to 160MW
which = the grid is providing extra 10MW power to feed converter which acting

like a load now.

Similarly at time instants t=0.6 s, and t=0.8 s, the grid power changes from 160
MW to 145MW and from 145MW to 155MW corresponding to the reference active
power variations of -5MW and +5MW, where converter first acts as a source of

5MW and than load of 5MW respectively.

The grid reactive power Q, is found 310 MVAR during standalone mode however
it is regulated to round about its nominal value when it experiences any transients,

when the converter active power is subjected to any step change.
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Figure 5.28 (a) and Figure 5.28 (b) represents the grid active and reactive power
respectively where it can be seen that the variations in the active power of converter
brings the variations in the grid instantaneous active power. This in turn causes
transients in grid reactive power. The figure 5.28 relates the variations of grid
active and reactive power corresponding to the variations made in active power at

PCC by 2-level GTVSC.

Whereas Figure 5.29 (a) and Figure 5.29 (b) represents the grid active and reactive
power variations respectively, corresponding to the variations made in active power

at PCC in 21-level GTMMC.
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5.5.4.4 Grid Voltage and Current

This section analyzes the impact of active power variations on the grid side voltages
and currents. Figure 5.30 (a) and Figure 5.31 (a) represents the grid phase voltage
for 2-level GTVSC and 21-level GTMMC respectively. It is analyzed that the

active power reversal at PCC does not show any impact on grid voltages.

However in Figure 5.30 (b) and Figure 5.31 (b) it is observed that the amplitude
of grid phase current varies with the variations in the magnitude of active power
at PCC for both converter topologies i.e. 2-level GTVSC and 21-level GTMMC
respectively. However the grid current polarities are not changed during converter

power reversal at any time instant during the whole simulation period.
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The amplitude of grid current decreases when grid power deceases in correspon-
dence to increase in amplitude of active power. Similarly the amplitude of grid
current increases when the grid power increases in correspondence to decrease in

the active power at PCC.

More precisely when converter acts as a source, load draws some of the current
from converter and other from grid however when converter acts as a load more
current is drawn from grid i.e. to feed the converter as well as each load at its

rated power.

This section analyzed the performance of 21-level GTMMC with respect to the
performance of conventional VSC at PCC, on the basis of performance towards
control of converter instantaneous active power when certain variations are made

in reference active power.

The regulation of converter reactive power is also analyzed when the active power
reversal introduces transients in reactive power of the converter. This analysis
concludes that 21-level GTMMC and 2-level GTVSC are found to posses same

control flexibility and performance.

However 21-level GTMMC in standalone mode of operation shows ripple which is
offered by the floating capacitors joined in series connection in 21-level MMC arm.
This ripple can be mitigated by using appropriate capacitor voltage balancing

algorithms which adds complexity to MMC control.

5.5.5 Control Complexity Analysis

The modular multilevel converter has some constraints which offer hindrance in the
design of proper control strategy. Among them the proper selection of modulation

index is an important aspect.

Another element which was found greatly affecting the output performance of
MMC is switching frequency. Both aspects are discussed in the following sections

and elaborated with the simulation results produced during results formulations.
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5.5.5.1 Modulation Index

The number of levels in the output voltage of modular multilevel converter are
found to be directly related to the value of modulation index (7). Lower values
of modulation index abstain the appearance of maximum achievable number of
voltage levels in the output of multilevel converter which in response increases the

total harmonic distortion (THD %) in converter output voltage waveform.

Alongside poor voltage quality, the lower values of modulation index hinders to
achieve the rated voltages which introduces greater ripple content in capacitor volt-
ages and output power. In this way lower values of modulation index deteriorate

not only the output voltage quality but also the whole system performance.

Therefore it is strongly suggested to use higher values of modulation index i.e.
1 Z0.8 in modular multilevel converters to achieve efficient and high quality power
conversion as well as power transmission in an HVDC system. In comparison, the

output of Two-level VSC is not affected by lower values of modulation index m.

The analysis was performed using 21-level GTMMC for different values of modu-
lation index (77)={0.5,0.6,0.7,0.85} corresponding to which output voltage of 21-
level GTMMC was analyzed on the basis of converter peak output phase voltage
(V,), maximum achievable number of output voltage steps (N) and total harmonic
distortion (THD) caused due to the reduction of voltage steps in converter output

phase voltage.

The results of this analysis are presented in Table 5.6.

TABLE 5.6: Investigation of Effects of Variation of Modulation Index

. N v, THD%

0.85 21 49.89kV 5.70%
0.7 19 44.71kV 6.85%

0.6 17 39.55kV 8.02%

0.5 15 34.53kV 8.96%
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The pictorial view of Table 5.6 is presented in Figure 5.32 where;

Figure 5.32 (a) represents the output voltage waveform of 21-level GTMMC while
keeping m = 0.85, twenty one voltage steps are appeared at output voltage wave-

form with V,, ~ 50kV and THD = 5.70%.

Figure 5.32 (b) represents the output voltage waveform of 21-level GTMMC while
keeping m = 0.7, nineteen voltage steps are appeared at output voltage waveform

with V,, &~ 45kV and THD = 6.850%.

Figure 5.32 (c) represents the output voltage waveform of 21-level GTMMC while
keeping m = 0.6, seventeen voltage steps are appeared at output voltage waveform

with V,, ~ 40kV and THD = 8.02%.

Figure 5.32 (b) represents the output voltage waveform of 21-level GTMMC while
keeping m = 0.5, fifteen voltage steps are appeared at output voltage waveform

with V, ~ 34kV and THD ~ 9%.
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5.5.5.2 Switching Frequency

Switching frequency is another major element which affects the converter output
voltage, as high switching frequencies help to produce voltage waveforms with low
harmonic distortion or it can produce more sinusoidal output voltage waveform
thus ensuring high quality power conversion and also reduces the need for filtra-
tion. Another important benefit of higher switching frequencies is realized during
the analysis of case study, according to which, at higher switching frequencies
the voltage across each capacitor in the series connected submodules of MMC is

balanced in steady state.

As higher switching frequencies correspond to higher switching losses therefore an
optimal frequency can be chosen which helps to maintain voltage balance across
capacitors of each submodule per MMC arm. Figure 5.33 represents the pictorial
view for behavior of twenty capacitors voltages in the upper arm phase of leg A

of 21-level MMC when operated at different frequencies.

The Figure 5.33 shows that by decreasing the switching frequencies, capacitor
voltages start deviating from their desired voltage values and results into the
lower quality and less efficient power conversion. At switching frequency 30 times
greater than fundamental frequency, the capacitor voltages are well balanced and

stick to their defined voltage levels as shown in Figure 5.33 (a).

When the frequency modulation index (my) is reduced up to 20, the capacitor
voltages do not deviate from their mean values as shown in Figure 5.33 (b), even
at my=10, capacitor voltages are well balanced and stay with in the limit of 5kV

+300v in steady state which can be seen in Figure 5.33 (c).

However when the frequency modulation index is reduced to 5 and further ;| the
need for capacitor voltages balancing algorithm becomes indispensable because
capacitor voltages start deviating from their mean values as shown in Figure 5.33
(d). The use of optimal switching frequency can provide a way out for lower
switching frequency corresponding towards comparatively lower switching losses

without the need for complex capacitor voltage balancing algorithms.
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The analysis made from Figure 5.33 can be concluded that there is always a con-
flicting situation between lower switching frequencies = (lower switching losses)
and natural balancing of capacitors’ voltage. Therefore to reduce switching losses,
MMUC can support reduced switching frequencies up to 3 times fundamental fre-
quency without the demand of bulky and expensive filters required for producing
high quality output voltage but at the cost of increased control complexity in the

shape of demand for capacitor voltages balancing algorithms.

5.6 Chapter Summary

This chapter defines a case in which 2-level VSC and 21-level MMC are tested to
make the comparative analysis on the basis of converter output voltage quality and

performance with feedback control loop. Case A provides the comparative analysis



Simulations and Results 140

of conventional VSC and 21-level MMC on the basis of output voltage quality.
Case B discusses the control system performance of both grid connected converter
topologies. Different results are produced which prove the MMC superiority over
conventional VSC and favors its use in high power high voltage applications. The
last section of this chapter provides other control parameters which can badly

affect the output of MMC if not considered properly.



TABLE 5.7: Summary of comparative analysis of two-level GTVSC and 21-level GTMMC.

Serial Specification 2-L Grid tied VSC 21-L Grid tied MMC
No.
1. Converter Design Com- Converter Design requires series chains Converter design is modular and sim-
plexity of IGBTSs constituting high design com- pler therefore it offers lower design com-
plexity in HVDC plexity in HVDC
2. Shape of Output Voltage Crude AC waveform with two voltage Sinusoidal AC waveform with 21 volt-
steps age steps
3. Voltage Harmonic Spec- The first harmonic at 33+1 with high- The first harmonic at 66011 with high-
trum est magnitude of 61.98% of fundamen- est magnitude of 1.27% of fundamental
tal component component
4. Dominant harmonics in hs, hs, hg, hi1, his, hi7, hig, he; and hgss, hear, hero, heso, heg1 and hgsy
Converter output voltage hos
5. THD (%) in Output Volt- 102.66% 5.65%
age
6. Converter Output Cur- AC waveform with high ripple content Smooth sinusoidal AC waveform
rent Shape
7. THD (%) in Output Cur- 5.31% 0.11%
rent
8. Converter switching losses It requires high switching frequency It allows operation at 3x fundamental
thus renders high switching losses. frequency thus renders lower switching
losses.
9. AC harmonic filter re- Indispensable Almost negligible
quirements
10. Cost high converter costs including bulky Over all cost of the converter is greatly
and expensive filters reduced with negligible filter require-
ments
11. Control Performance Same Same
12. Control Complexity Low High

SYNSIY PUD SUOYDINUILG

il



Chapter 6

Conclusion and Future Work

This work aimed at the comprehensive study of modular multilevel converter to
analyze its performance and suitability regarding its use in HVDC. Therefore in
order to achieve this goal MMC is compared with conventional VSC in a grid tied
system where the converter output power is controlled by using classical vector
control technique. At first, the deep insight of the limitations of all the previously
developed and commercialized VSC topologies in HVDC is provided, later the
mathematical model for the AC side dynamics of conventional VSC and MMC
are explained in view of literature, having come to the point that MMC and VSC
both posses the same AC side dynamics.

Based on the mathematical model, the converter control is designed which involves
the dqo transformation of system variables, grid synchronization, design of inner
current closed loop control and open loop control of Active power (DPC) while
reactive power is regulated at zero VAR. As per author’s knowledge, the novelty
of this work is to provide the detailed and comprehensive analysis of MMC by
comparing it to conventional VSC (a topology which has been widely used in
HVDC projects since 1997) on the basis of mathematical modeling, converter
control performance and complexity, output voltage quality, converter losses, costs
and filter requirements. This work encloses all the aspects for which modular
multilevel converter should be considered as a promising candidate, among other
VSC topologies, to be utilized in HVDC systems.
142
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6.1 Conclusion

After analyzing the results obtained through the simulation model of both grid tied
2-level VSC and 21-level MMC, this entire work is concluded in the subsequent

paragraphs as follows;

While using MMC in high voltage high power applications the need for trouble-
some series connection of IGBTSs to make converter arm valves is eliminated which
in turn abolishes converter complexity, additional circuit losses and costs. There-
fore the modularity of MMC assists the series connection of submodules (even
more than 200) to any number to make converter arms, in order to achieve high
quality output voltage waveforms. Thus converter design structure is simple and
scalable without requiring any auxiliary equipment. The 21-level MMC produces
twenty one level output voltage waveform which is almost sinusoidal and this sinus
behavior is achieved by easily stacking twenty submodules in series to make single

converter arm.

The converter output voltage quality is increased by swifting the converter topol-
ogy from 2-level VSC to 21-level MMC by using same switching frequency. The
total harmonic content which was 75% in two-level VSC, reduced up to almost
negligible amount of 5.65% in 21-level modular multilevel converter, thus greatly

reducing the demand for bulky and expensive filters.

In 21-level MMC each switch cell is switched independently of the other, thus the
requirement of simultaneous switching is eliminated which in turn eradicates the
need for sophisticated gate drives to provide dynamic and static voltage balancing

as was the case with conventional VSC.

The switching frequency of 21-level MMC can be reduced to 3x50Hz thus reducing
switching losses almost <1% which was 1.7% with conventional VSC. The value of
total harmonic distortion in 21-level MMC output voltage and current waveforms
is reduced to 5.65% and 0.09% respectively which tends to reduce the requirement
of AC harmonic filters which in turn makes 21-level MMC a cost effective and

compact solution to be used in HVDC.
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However by reducing switching frequency 3x50Hz, the amount of THD found in
21-level MMC output voltage waveform is 6.14% whereas with switching frequency
33x50Hz the amount of THD in 21-level MMC output voltage waveform is 5.65%
therefore the significant reduction of switching frequency brings an insignificant in-
crease in the THD values. Therefore it is proposed that 21-level GTMMC does not
require AC harmonic filters even at lower switching frequencies of 3x fundamental

frequency.

The risk of high dv/dt is eradicated by using low frequency pulse width modulation
to switch each IGBT at low voltage value of 5kV which in turn reduces the hazard
of electromagnetic interference (EMI) both conducted (9kHz to 30kHz) as well as
radiated (30kHz to 150kHz). In contrast, there is huge risk of EMI (both conducted
and radiated) in conventional VSC because of inherently present high values of
dv/dt over which use of high switching frequencies act as icing on the cake and
causes worst case scenario in conventional VSC. The 21-level GTMMC allows the
use of lower switching frequencies and lower dv/dt thus there is no danger of EMI

in 21-level MMC.

Based on the mathematical modeling of GTMMC and conventional GTVSC the
the AC side dynamics of both converter topologies are analyzed to be same there-
fore same control strategy adopted to control the converter output power. The
control system analysis shows that 21-level MMC performs with the same control
flexibility as that of conventional VSC. However MMC requires additional param-
eters to be considered while designing the control structure for MMC. This work
presented that the higher values of modulation index are crucial to produce re-
quired number of voltage steps in converter output voltage waveform. Besides if
the converter is switched at lower switching frequencies to achieve lower switch-
ing losses than each floating cell capacitor voltage starts deviating from its mean
value. Therefore 21-level MMC requires capacitor voltage balancing at switching

frequencies < 5xfundamental frequency.

Hence it is concluded in general that N+1-level MMC proves itself a promising can-

didate to be practiced in high voltage high power applications where the switching
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losses, costs, power quality, scalability to higher voltage steps with higher power
conversion efficiency and size of the converter are main concerns. Therefore it
is concluded that, MMC provides a feasible solution which takes away all the
fore mentioned hindrances but at the cost of comparatively more complex control

structure which requires capacitor voltage balancing in each switching submodule.s

6.2 Future Work

The work performed in this thesis provides a base for number of future works.
However to extend the use of MMC (after analyzing its highly flexible, low loss
and economical design structure) in two terminal and multi terminal VSC based
HVDC systems and to explore the control techniques which are robust as well
as provide better dynamic responses to control the converter active and reactive

power independently, are in best of the future interests.
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