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Abstract

As energy demand rises and our conventional or fossil fuel reserves are depleted,
as well as due to environmental concerns, the power industry is shifting toward
green energy or renewable energy resources. Renewable energy resources are a
viable option. So the world is focusing on it. To integrate these resources into
our existing AC grid, HVDC systems have become the reliable solution for such
interconnections. As the super grid is in its growing stage, it is composed of a large
number of converter stations, so the probability of fault occurrence is large, so it
is a matter of time to investigate DC faults in the MTDC power transmission sys-
tem. In the near future, because of the large-scale integration of power resources,
severe faults have occurred. A comprehensive study and analysis are required to
tackle these upcoming faults. In this research, the behaviour of an MMC-based
MTDC system was investigated under DC fault conditions. The first step is to
develop a grid-connected 7-level MMC simulation model in the Matlab/Simulink
environment. The MTDC comprises three 7-level MMC converters connected in
series, star, and ring configurations. On the AC side, all MMC converter stations
are connected to a 220 kV AC grid via coupling transformers and phase reactors.
On the DC side, the MMC converter stations are connected with pi-type transmis-
sion lines that have different lengths. The DC-link has a voltage of 100 kV. After
the development of MTDC, DC fault analysis is carried out. The pole to pole and
pole to ground faults are being investigated. The pole to pole fault is severe. Due
to a pole to pole fault, all voltages, like pole to pole, positive pole, and negative
pole voltages, are drastically reduced. Power transmission will be terminated if the
positive and negative pole currents increase drastically. Due to the pole to ground
fault, the faulted pole voltages drop to zero, the un-faulted pole voltages become
twice, and this pole supports the pole to pole voltages, which will be constant
and power transmission will not be terminated. The observations acquired from
this research help the researchers to get an idea about the peak values of fault
currents and voltages and also provide assistance in designing the future MTDC

that survives under severe fault conditions.
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Chapter 1

Introduction

1.1 Background

As the world is evolving very fast, the demand for electrical energy to assist devel-
opment also increases. This requires the electrical system to be enlarged to meet
the electrical energy requirement. Starting in 1882, when Edison developed the DC
generator, the DC power transmission system went through various development

processes [1], [2].

In the past, the DC transmission systems were not adapted for some technical

reasons, as the technology was in its grooming state and was not mature.

DC transmission has many drawbacks, as there are no DC/DC transformers. Due

to this, DC power is transmitted at very low voltage levels over short distances

2].

For the past century, the AC system has been adapted as a global standard for the
transmission of electrical power to businesses for many applications and homes.
However, for several decades, HVDC has emerged as a viable alternate or comple-

ment to AC power transmission because it can interconnect the asynchronous AC
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networks and also have the ability to transmit electrical power over long distances

with minimum losses.

For example, HVDC has great importance for an application like offshore wind
farms. In the case of wind farms, they are located at a faraway distance from the
location at which the power is consumed, so the transmission of electrical power

generated from that point is only possible with HVDC.

In the past, the reason for the adaption of AC transmission was the availability
of the transformer. With the help of transformers, the level of AC voltage is
stepped up for power transmission and stepped down at the customer end, thereby

minimising the system losses.

It is easy to interrupt AC as compared to DC because of the unavailability of DC

breakers. AC transmission systems have some limitations [2].

There are a number of problems regarding AC transmission systems, such as short-
distance power transmission constraints, less power transmission capacity, and
voltage drop due to reactance (inductive and capacitive) of the transmission line or
cable. This means these reactance have a serious impact on transmission capacity.

Less transmission capacity means more losses.

Due to inductive and capacitive reactance, the skin effect causes heat that comes
with insulation damage. In an AC transmission system, it is impossible to inter-

connect two asynchronous AC networks having different frequencies [2].

With innovations in technology, HVDC transmission is now becoming a viable so-
lution for electrical power transmission in our increasingly connected global energy

ecosystem. HVDC transmission is used for bulk power transmission.

HVDC efficiency across long distances will be an essential part of the global renew-
able energy solution, integrating into the existing power infrastructure, ensuring

that renewable energy is accessible and affordable [3].

Because of large-scale global developments, the future of HVDC appears bright,
using HVDC in renewable energy systems. In the development of HVDC, MMC
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converters are widely used. So it is required to study and analyze the DC faults

in the MMC-HVDC power transmission system.

1.2 HVDC Power Transmission Systems

High Voltage Direct Current (HVDC) power transmission technology was intro-
duced in 1954 and is used in the undersea cable interconnection project between

the islands of Gotland (Sweden).

Electric power transmission systems use the high power electronics based HVDC

technology to transfer large amounts of power effectively over a long distance [3].

For HVDC power transmission, underground cables or overhead transmission lines

are used. The layout of a two terminal HVDC transmission system is shown in

Fig. 1.1.
Rectifier Inverter
Sending l S el S Receiving
End End
Transformer

F

Harmonic Filter
(Reactive Power)

F1GurE 1.1: HVDC Power Transmission System [3]

In 1954 and up to the mid-1970s, in HVDC power transmission systems, mercury

arc valves were used as switching devices [4].

In the next couple of years, the Line Commutated Converters (LCC), also known as
Current Source Converters (CSC), will be utilized in HVDC transmission systems

for the conversion of AC to DC [2].
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In the 1990s, with the rapid improvement or advancements made in high-power
semiconductor switch technology, especially in the case of Insulated Gate Bipolar

Transistors (IGBTs), they had affordable prices and the ability of self-commutation.

Voltage Source Converters (VSC), also known as self commutated converters, have

been widely used for HVDC power transmission from that time [2].

The first VSC-HVDC transmission system was installed in 1999 [3]. In comparison
to HVAC power transmission systems, it is believed that HVDC systems are a
better technical choice for long distance cable connections since the invention of

the VSC [4].

With the passage of time, VSC-HVDC also has some constraints and limitations,
for example, a limited number of output voltage levels and insufficient scalability

for industry needs [5].

Later, Lesnicar and R. Marquardt presented the modular multilevel converter to

resolve the aforementioned problems [6].

1.3 Basic Components of VSC Based HVDC Sys-

tem

Basic structure of VSC-HVDC power transmission system is shown in Fig. 1.2.
The basic functions and characteristics of the components being used are discussed

in this section [7], [8], [9].

1.3.1 Transformer

The transformer is used to make the AC grid voltage level suitable for the rated

DC voltage transmission level.

As is clear from the figure, the harmonic filter is situated in between the trans-

former and the phase reactor, so harmonic current does not have any effect on
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FIGURE 1.2: Basic representation of a VSC-HVDC transmission system [9]

the transformer, so the VSC based HVDC power transmission system can use an

ordinary transformer [8].

1.3.2 Harmonic Filter

In VSC based HVDC power transmission systems, harmonics are generated due
to the switching of converters. These harmonics are of high frequency and depend

upon the converter topology and type of Pulse Width Modulation (PWM) scheme.

The harmonic filters are used to reduce or block high frequency harmonic current
that is flowing into the AC system and also make sure that this harmonic current

does not affect the transformer performance [7].

1.3.3 Phase Reactor

The phase reactor consists of a large inductor with small resistance. The function
of the phase reactor is just like a harmonic filter to reduce the harmonic distortion
and make the phase current smooth. The Phase reactor plays an important role

in determining converter dynamics on the AC side [9].



Introduction 6

1.3.4 Converters

Converters are the essential part of the HVDC power transmission system. The
function of converters is to perform conversions between AC and DC. In MMC-
based converters, a bridge consists of two arms, known as the upper arm and the
lower arm. These arms are composed of several sub-modules containing IGBTSs as

switching devices, connected in series to create a high-level DC voltage.

Several PWM schemes are used for the switching purposes of these converters
to create the desired voltage levels and improve the harmonic distortion of the

converters.

1.3.5 Capacitor

The capacitor is used to maintain the DC voltages constant within the desired
range by charging and discharging. These DC capacitors also reduce the ripples

that are generated by the converters.

1.3.6 DC Cable

In HVDC transmission, the solid dielectric extruded polymer cables have pre-
fabricated joints and are used for power transportation. These kinds of cables
are lighter in weight and more flexible than the mass-impregnated or gas filled
conductors used for HVAC transmission systems, which are expensive and have

more weight.

1.4 HVDC and HVAC Transmission System

The HVDC and HVAC systems can be compared in terms of two points of view:
installation cost and technology. Fig.1.3 represents the economical comparison

between HVDC and HVAC transmission systems [3], [4].
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The HVDC transmission system is gaining more importance due to the advance-

ment in renewable energy technology.

The trend of HVDC power transmission system installation is increasing in Amer-
ica, China, and Europe. The main reason behind the increasing demand for HVDC
power transmission systems is their lower cost as compared to HVAC for power

transportation over long distances.

Cost

AC system cost V
Breakeven Dustance

S50km ~ B0km

DC line costs

DC system cost curve

AC line
cosls
o : DC terminal costs

AC terminal costs

: : >
- ; - « Distance
AC cost effective DC cost effective

FIGURE 1.3: Comparison between HVDC and HVAC with respect to cost [10]

HVAC technology is considered more suitable than HVDC, mostly for short dis-
tances. The reason behind is that, the initial cost of HVDC power transmission
system is higher as compared to an HVAC power transmission system because of
the requirement for costly components for the conversion of AC to DC, like filters

and converters [3].

The HVDC power transmission system is more convenient and suitable for the

transmission of power over a large distance. There is no skin effect in DC cable
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because of zero frequency, the requirement for reactive power compensation is
eliminated. But in the HVAC transmission system, the skin effect exists, so it is
required to recoup for the reactive power, as an increase in the distance increases

the cost [11].

When it is required to transmit power over a large distance, the installation cost
of cables and insulators being used for the power transmission in HVDC is less

when compared with the HVAC installation cost.

The loss of transmission cables and the installation costs decrease by about two-
thirds [10]. The distance marked as the break-even distance as shown in Fig.
1.3 between the HVAC and HVDC is correlative and may vary depending on the

required transmission capacity.

The distance for overhead lines lies between 400 km to 700 km, and 25 km to 50
km for the cable system [10].

HVDC has numerous advantages over HVAC which are listed below [12], [13].

1. No skin effect in the case of an HVDC transmission system, so it can utilize

the whole cross-section area of the transmission line conductor [14].

2. There are fewer transmission losses in DC cable, especially for long-distance
high voltage applications, because the HVDC operates at zero frequency
and, due to this, there exist no capacitive and inductive reactance losses, so

power is transmitted with a unity power factor [14].

3. The cost of cable manufacturing for HVDC is lower than for HVAC because
manufacturing long-distance and high-voltage cables for HVAC is more dif-

ficult and expensive [12].

4. For HVDC systems, it is easy to get or access power from distant or remote
resources. For example, offshore wind power farms have lower losses as

compared to HVAC, which has more transmission losses [13].

5. Bi-directional power flow [13].
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6.

10.

11.

HVDC systems have more effective power control.

The HVDC power transmission system allows the transmission of power be-
tween asynchronous AC systems, meaning the AC systems that are operating

at the same or different frequencies.

In an HVDC power transmission system, there are no limitations on trans-
mission distance for both underground /submarine cables and overhead trans-

mission lines.

. Accurate and fast control of power flow means an improvement in power

system stability for the HVDC link.

At the same size of the conductor, the HVDC transmission system can trans-

mit more power as compared to the HVAC.

HVDC does not require a large area for its installation and is also environ-

mentally friendly [15].

1.5 Application of HVDC Transmission System

HVDC transmission systems are widely used in a variety of applications, including

those listed below [4], [16],[17] and [18].

1.

An important applications of HVDC transmission systems is to interconnect
asynchronous AC systems. It is an economical and reliable means of electrical

power interconnection between them.

For this purpose, back to back HVDC systems are utilized, in which power
is transmitted between the AC buses at the same location. In the case of
a back to back HVDC system, the converter stations, i.e., the inverter and

rectifier, are situated at the same station location.

These converter stations do not have any DC transmission lines between

them [4].
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2. Large power transmission over a long distance: When the break-even dis-
tance (the distance point at which the cost of different transportation sys-

tems is the same) increases.

HVDC is an economical solution for power transportation from remote en-
ergy resource, as offshore wind farms and hydroelectric power plants, to

different load centers.

One example of this kind of HVDC power transmission is the Itaipu HVDC

power transmission system situated in Brazil [19].

3. Power transmission using submarine and underground cables: The HVDC
power transmissions systems are widely used in the submarine and under-

ground cable power transmission.

These cables are used to transport power into congested or overcrowded

areas.

In such areas, the difficulty is faced in building new generations of plants
where it is difficult to acquire permission for the installation of new overhead

transmission lines.

It is easy to get the Right Of Way (ROW) for HVDC underground cable as
compared to HVAC transmission line and for the HVDC overhead transmis-
sion line [4].

Similarly, the HVDC submarine cables are utilized to transport power to

isolated loads where the power consumption is greater than the power gen-

eration.

One example of such a kind of HVDC application is the Gotland project,

situated in Sweden [4].

4. Electric power flow stabilization: HVDC transmission systems provide the

fast and accurate control capability.

They can solve issues like power flow in AC ties (transmission lines that
connect one area to another are known as tie lines) can be difficult to control

and can cause overloading and stability problems [4].
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1.6 Configurations of HVDC System

In power transmission, various HVDC configurations are used. A selection of these
configurations is depends upon the location and function of the converter station.

Some HVDC system configurations are discussed here in this section.

1.6.1 Mono Polar System

Fig 1.4 shows the mono polar HVDC transmission link. The mono polar HVDC
link is the simplest and least expensive configuration for an HVDC transmission

link.

In a mono polar HVDC link, a single conductor is used for the transmission of

power, and the current return path is an earth, water, or metallic conductor.
Mono polar links are mostly used for submarine cable transmission.

Its installation cost is low, so it is used to interconnect two remote AC systems
using an overhead transmission line cable at a distance of 300 km to 3000 km or

more [10].

AC system 2}—@— —@—{ AC system 1

Earth/Water/Metallic

(Return path)

FIGURE 1.4: Mono-polar HVDC link [10]
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1.6.2 Bipolar System

Fig 1.5 presents the bipolar HVDC transmission link.

The bipolar HVDC transmission link is widely used for HVDC power transmission

systems.

In a bipolar link, the current return path is provided by two earth electrodes or

by a metallic conductor.

Ogh: A HO

AC system 2 ||| I|| AC system 1

Earth /Metallic

(Return path)

F1cure 1.5: Bipolar HVDC link [10]

It consists of two poles; one pole is positive and the other pole is negative with

respect to the ground. These poles are independent of each other.

A bipolar HVDC system can be operated as two mono polar HVDC systems.
In a situation in which one pole is out of order or un-serviceable due to regular

maintenance or some fault.

It is possible to transport the power by using the other pole with reduced power

transmission capability [20].

1.6.3 Back to Back System

Fig 1.6 shows the back to back HVDC power transmission system.
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AC system 2 AC system 1

v H - =)=l

FIGURE 1.6: Back to back HVDC transmission system [10]

The back to back HVDC power transmission system is similar to the bipolar

HVDC link without earth return, as is clear from the figure.

The back to back HVDC transmission system is especially utilized for interconnect-
ing asynchronous AC systems having different operating frequencies and different
voltage levels. The rectifier station and the inverter station are both located at
the same location or in the same building in a back to back HVDC transmission

system.

The conductor length between two converters is kept as short as possible. It pro-
vides freedom to choose any desired DC voltage level. In general, it is required to
decrease the number of semiconductor switching devices used for the sub-modules
used in the converter stations, reduces the size of the converter station building.
The DC voltage level is fixed at a low level and the DC current level is fixed at a
high level [4].

1.6.4 Multi-Terminal HVDC System

The multi-terminal HVDC power transmission system is shown in Fig 1.7. Two
or more converter stations can be connected in series or parallel via the multi-
terminal HVDC transmission system. Most important features of multi-terminal
HVDC transmission systems is the ability to exchange power between multiple

suppliers and multiple consumers located in remote places. In multi-terminal
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HVDC transmission, one of the converter stations is working as a rectifier and the

others are working as inverters [4], [21].

Terminal Terminal
| 3
G, T| — T,
@_GD_ ] || DC Transmission | 4@—~_@
Wind Line
AC
Farm 1 MMC-1 MMC-2 .
Grid
Terminal

P

G2 Tg
R—ap— J%}
Wind
Farm 2

MNMC-3

FIGURE 1.7: Multi-terminal HVDC transmission link [21]

1.7 HVDC Converter Technology

Energy conversion from AC to DC and then from DC to AC is the fundamental goal
of an HVDC system. The rectifier station, also known as the sending end converter

station, and the inverter station, also known as the receiving end converter station.

HVDC power transmission technologies are categorized into two groups based on

the type of converter used.

1. Current Source Converter (CSC)

2. Voltage Source Converter (VSC)

1.7.1 Current Source Converter Based HVDC

Fig. 1.8 below shows the Current Source Converter (CSC) based HVDC power

transmission system configuration, also called as the classical HVDC transmission
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system. For CSC-HVDC transmission systems, thyristors are used as switching
devices, and they require the AC line voltage for the commutation process or they
commutate at line frequency, so for this reason, the CSC is also called as the Line

Commutated Converter (LCC).

Reactor Reactor

fm DG Line vi
Transformer ! ‘ Transformer
= S —
. L v
( )
Transformer Transft
¥ i 4]

Reactor DC Line Reactor

—
g
Shunt
Capacitor

F1GUuRE 1.8: CSC-HVDC system configurations [16]

It consists of DC filters, AC filters, transformers, phase reactors, converters, shunt
capacitors, cables, or DC transmission lines [16]. The LCC-HVDC configuration
requires a voltage source such as a wind turbine, or STATCOM station because it

cannot control the DC voltage itself [22].

The LCC depends upon the line voltages of the AC system for the conversion
process. In LCC the thyristors used as switching devices once turn ON, then they
do not have the capability to turn off autonomously, they require the line voltages

of an AC system for the commutation process.

In LCC, the current cannot change direction and can be considered as constant
current that flows through a large inductor. The LCC acts as a constant current

source on the AC side; therefore, it is also called a CSC [22].

At the sending end terminal, the converter performs AC to DC conversion (recti-
fier) and at the receiving end terminal, the converter performs DC to AC conver-
sion (inverter). In Fig. 1.8 four converters are shown; each converter consists of a

six pulse converter bridge. This converter bridge is the fundamental converter unit
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of the CSC-HVDC system. Two converter bridges are connected in a series config-
uration to form a twelve-pulse converter bridge to reduce the harmonic distortion

produced by the converter in an AC system [16], [23].

The power that is transported by the HVDC transmission line is controlled by
controlling the magnitude and polarity of DC voltages. The DC current remains
unidirectional in such a way that one converter station controls the voltage and
the other converter station controls the DC current. The transformers are utilized
to make the AC voltage level appropriate for the converter stations. The converter
stations produce harmonic content in the current that is reduced using AC filters
[12], [16]. The shunt capacitors and AC filters are used for the compensation
of reactive power that is consumed by the converter stations. Converter stations
produce ripples in the DC voltage that are reduced by using DC filters, and ripples

in DC current are reduced by using the smoothing reactors [12], [16].

Thyristors used in the CSC-HVDC transmission system have a high power rating,
so they are mostly used in practice and are considered the only choice for power
transmission over large distances, but they have some drawbacks, and extra effort

is required to get the required performance. Some of these are given below:

1. Thyristors used in CSC cannot be turned off automatically [8], [24].

2. Thyristors used in CSC can either commutate with respect to line frequency

or by forced commutation [14].
3. Reactive power is required for the commutation of switching devices [24].

4. A synchronous voltage source requires providing reactive power for the com-

mutation of thyristors [25].

5. In LCC, the bulky and expensive filters are required to remove the low-
frequency harmonic components present in the output voltage of the con-
verter, and the filters also provide the reactive power required for the com-

mutation of thyristors [25], [26].

6. CSC always operated in delay power factor mode [24], [25], [26].
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7. CSC cannot control the active and the reactive power independently because

it has poor reactive power control ability [24], [27].

8. CSC cannot work with isolated systems, so for this reason, they have no

black start capability [24], [27].

9. In CSC, if it is required to change the power flow direction, the DC voltage

polarity also needs to change, which is costly [28].

1.7.2 Voltage Source Converter Based HVDC

In voltage source converter based HVDC power transmission systems, Insulated

Gate Bipolar Transistors (IGBTSs) are used as switching devices instead of thyris-

tors.

IGBTSs have the ability to self commutation or turn off autonomously rather than

thyristors in a CSC that requires the line voltage of an AC system for the commu-

tation process, so this allows the utilization of high frequency carrier Pulse Width

Modulation (PWM) schemes for the control of the switching devices.

Fig. 1.9 shows two terminal VSC based HVDC system configurations that consist

of AC filters, transformers, reactors, converters, DC capacitors and DC line [16].

Transformer
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FIGURE 1.9: VSC-Based HVDC system configurations
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The difference in operation between the current source converter, also called the
LCC HVDC power transmission system, and the VSC HVDC power transmission
system is the higher controllability of the VSC. HVDC power transmission system,
due to higher controllability, the VSC HVDC system has many advantages over
the CSC HVDC system. Some of these are given below [8], [24], [28] [29], [30],
26].

1. In VSC HVDC, IGBTs with self-commutation capability are used [8], [28].

2. In the VSC HVDC transmission system, high-frequency PWM is used that

reduces the low-frequency harmonics.
3. VSC-HVDC does not require large, expensive filters.

4. Unlike CSC HVDC, VSC HVDC does not require reactive power for the

commutation of switching devices [24], [26].

5. In VSC HVDC power transmission system, the active power and the reactive
power can be independently controlled by controlling the PWM signal of the

converter station.

6. In VSC HVDC power transmission system, the power flow direction can be
changed or reversed without changing the direction or polarity of DC link
voltages. By simply reversing the polarity of the current, the power flow

direction can be changed or reversed [28].
7. Passive networks can be connected with the VSC-HVDC system.

8. Because VSC HVDC can work with isolated systems, it can perform black
starts [30].

9. In CSC or line commutated converters, the commutation process is depen-
dent on the line voltages, but in VSC-HVDC, commutation failure due to
AC system disturbance can be avoided because the commutation process is

independent of the line voltages.
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10. In the VSC HVDC system, the communication between the rectifier and the

inverter station does not require [29].

VSC HVDC systems are used as an alternative to classical HVDC (LCC) systems,
but they also have some drawbacks. VSC HVDC systems have more switching
losses due to high frequency PWM operation, and their cost is higher compared to

LCC HVDC systems. The current and voltage ratings of the converter are lower

[31], [32], [33].

On the other hand, the VSC HVDC systems are more suitable for interconnecting
the remote power resources to the AC grid because they can provide reactive power

support and black start capability.

Due to internal capacitors, the VSC has more energy storage capacity as com-
pared to the LCC HVDC system [34]. Despite the LCC having higher current and
voltage ratings and fewer losses, they require additional components like AC har-
monic filters and STATCOM that increase the cost and complexity as compared
to voltage source converter (VSC) based HVDC systems [32].

One of the most advanced voltage source converter technologies that has been
developed recently is called Modular Multilevel Converters (MMC). This thesis
research topic is based on a multi-terminal MMC based HVDC power transmission

system.

MMC has many advantages as compared to conventional voltage source converter

based HVDC systems. These will be discussed in detail in upcoming sections.

1.8 Thesis Objectives

The objective of this research thesis is to conduct a comprehensive study of DC
faults and their analysis in multi-terminal modular multi-level converters based
on HVDC power transmission systems. In Matlab/Simulink, there are various

simulation models for HVDC power transmission systems, but they are based on
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two-level voltage source converter technology. As there is no MMC simulation
model in the Power Simscape library, as a first step, a 7-level MMC model in
Matlab/Simulink was developed successfully, with the view of developing MMC-

based MTDC power transmission.

The main objective of this thesis is to perform DC fault analysis in a multi-terminal
MMC HVDC power transmission system, so for this purpose, three HVDC power

transmission topologies were used.

The first one is the series topology, which is composed of three MMC converter
stations. One of them serves as a rectifier to convert AC into DC, also called a
sending end converter station. The remaining two converters, known as receiving
end converter stations, function as inverters to convert DC to AC. The sending
end converter station is linked to the receiving end converter stations on the DC
side by a 100 km pi-type transmission line. The AC side of all converter stations
is connected to the AC grid via phase reactors, coupling transformers, various
loads, and transmission lines to make the simulation and analysis more realistic
and practical. The second receiving end converter station is connected to the DC

bus of the first receiving end converter station via a pi-type transmission line.

The second topology that is being used for the development of HVDC power
transmission is the star topology. In star topology, all the converter stations are
connected at the common node. In star topology, the tapping is carried out at
the node for connecting the receiving end converters. On a three-terminal MMC-
HVDC power transmission system, three 7-level MMC converter stations are used;
each is connected to the AC grid individually on the AC side, and on the DC side,
these converter stations are connected via a pi-type transmission line of 200 km,
300 km, or 500 km. One of these three converter stations is working as a rectifier,

and the remaining two converter stations are working as inverters.

The third topology that is being used for the development of HVDC power trans-
mission is the ring topology. In a ring topology, three 7-level MMC converter
stations are used, and all converter stations are connected via a pi-type transmis-

sion line of a length of 100 km in a ring.



Introduction 21

Following the development of the aforementioned MMC HVDC power transmission
systems, DC faults, including pole to pole and pole to ground faults, are generated
at specific points. The impacts of these generated faults on the currents and
voltages on the AC and DC side are examined, for example, faults at the converter
terminal on the DC side, faults at the transmission line, or faults that are generated

at the node.

The objective of this DC fault analysis is to get information about the impact of
a fault on the overall system operation and performance. Once we can acquire
information about the variations in current and voltage due to faults, we can get
information about the current peaks. This knowledge helps us in the designing of
protection devices and helps us in taking the necessary safety measures to bear

the minimum damage due to these faults.

This DC fault analysis also helps us in the protection coordination for the MMC
converter stations. For example, if, due to some fault, some of the MMC sub-
modules stop working or become damaged, these sub-modules are quickly bypassed
or replaced with new ones that are in working condition to provide the transmission

of power uninterrupted. This increases the power transmission reliability.

1.9 Thesis Outline

This thesis is composed of the following chapters:

Chapter 1

Chapter 1 gives a brief introduction to HVDC technology, the history of HVDC,
a comparison of HVDC and HVAC, HVDC configuration, the types of converter
technology, and discusses the advantages and disadvantages of HVDC converter

technology, etc.
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Chapter 2

Chapter 2 presents the literature review regarding the multi-level concept. An in-
troduction to the modular multi-level converter’s basic operation is discussed. A
comparison between voltage source converters (VSC) and current source convert-
ers (CSC) is provided. The topologies used for MMC, the basic operation of MMC
topologies, characteristics of MMC, and modulation techniques used for MMC are
discussed. Also, a brief introduction of a modular multi-level converter (MMC)
based multi-terminal HVDC power transmission system is discussed. First of all,
we discuss a 2-terminal modular multi-level converter (MMC) HVDC power trans-
mission system. Then we discuss the three terminal MMC HVDC transmission

systems, and finally, we discuss their basic operation.

In this chapter, the basic topologies that are being used for the multi-terminal
HVDC transmission system are described briefly. This chapter also gives a brief
introduction to DC faults in MTDC transmission lines. The structure and working
principles of the MMC HVDC power transmission system are discussed. The DC
side fault mechanism of the pole to pole and pole to ground is discussed; Research
papers regarding DC fault characteristics and fault current analysis are presented.

And at the end, the gap analysis and problem statement are provided.
Chapter 3

In Chapter 3, the MATLAB/Simulink model of the 7-level modular multi-level
converter is discussed. After this, the control methods for the MMC are described

in detail along with the MATLAB/Simulink model.
Chapter 4

Chapter 4 gives the simulation results regarding DC fault analysis in the multi-
terminal modular multi-level converter (MMC) based MTDC power transmission
systems. In Matlab/Simulink, DC fault characteristics are analyzed in MTDC
power transmission systems by using fundamental MTDC topologies like series,

star, and ring topology and, in the end, concluding.
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Chapter 5

Chapter 5 concludes the whole thesis work and gives information about the re-

search work that is expected in the future.



Chapter 2

Literature Review

2.1 Introduction

The Voltage Source Converter (VSC) based High Voltage Direct Current (HVDC)
technology was used for the first time in a commercial project in 1999 on the island
of Gotland [35]. In this project, the two-level VSC-based technology is used with
a voltage rating of £800 kV and a power rating of 50 MW. Since then, the power
rating, the DC voltages, and the distance of the VSC-HVDC power transportation

have been improving continuously.

Till the end of the year 2017, more than 30 VSC based HVDC power transmission
projects are operational worldwide [35]. One of the most advanced voltage source
converter technologies that have been developed recently is called modular mul-
tilevel converters. This thesis research topic is based on an MMC based HVDC
power transmission system. MMC has many advantages as compared to conven-
tional VSC based HVDC power transmission systems. When compared to a line
commutated converter , the VSC based HVDC power transmission system has no
commutation failure, the DC voltage remains constant when current polarity is
changed or reversed, and independent control of active and reactive power [29],
[8]. The multi-terminal HVDC system consists of multiple sending and receiving

terminals that can transport distributive energy to various distant loads.

24
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MMC based HVDC power transmission systems are now commonly used in HVDC
projects [6]. For example, the first commercial Trans Bay Cable project (TBC)
and many other projects all utilize the Half Bridge (HB) MMC based HVDC power
transmission systems. The DC pole to pole faults and pole to ground DC faults
have a serious impact on the normal operations of the MMC based HVDC power
transmission system [36]. So it is necessary to have a better understanding of the

modular multilevel converter.

2.2 Introduction of Modular Multi-level Converter

The MMC is a type of VSC that converts the AC voltages into DC voltages.

Arm Leg

o

FIGURE 2.1: Modular Multilevel Converter Basic Structure [37]

The word ”"multi-level converter” means the converter has more than two or at
least three levels in its output voltage waveform [37]. In Fig. 2.2 a two-level
conventional voltage source converter is shown, having two output levels, as shown

in Fig. 2.3.
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FIGURE 2.2: Two-levels VSC [37]
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FIGURE 2.3: Voltage waveform that is generated by two-levels VSC [24]

The concept of multilevel is elaborated or described in such a manner that if the
output voltage waveform of a converter has a greater number of steps, then the
content of harmonic distortion decreases. As a result, the requirements of the AC
harmonic filters are eliminated to some extent. The stress on switching devices

decreases due to dv/dt (rate of change of voltage) across each switching device

being reduced [38].

Fig. 2.3 and Fig. 2.4 shows that the quality of the voltage waveform of MMC
is better than the voltage waveform of two-level VSC. The waveform of MMC
has more steps or levels as compared to the VSC waveform. The two-level VSC
generates the PWM waveform, which contains more Total Harmonic Distortion
(THD) as compared to MMC. The waveform generated by MMC is closer to a
sinusoidal waveform. In MMC, the requirements for bulky and expensive filters

are reduced [24].

Marquardt first introduced the modular multilevel concept in 2003. Siemens’ first
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commercial project of MMC-HVDC was launched in 2010 [39]. The MMC topology
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FIGURE 2.4: (a) Principle of operation of multi-level converter (b) MMC output
waveform [24]

is widely used in HVDC applications due to its characteristics of modularity. This
means MMC'’s are built with identical Sub-Modules (SM), so it is easy to add or
remove any faulty sub-module when required. Another characteristic of MMC is
its scalability. This means any voltage level is achieved by using a larger number
of sub-module. When levels or steps in the output voltage waveform increase, then
the THD reduces, so the output voltage quality increases, and the requirements
for bulky and expensive harmonic filters reduce. MMC allows for lower switching

frequencies, which results in lower switching losses [24].

2.3 MMC Basic Operation

The basic operation of MMC is discussed in this section. Fig. 2.5 shows the basic
structure of MMC. MMC is composed of three phase legs, and in each phase leg,
two arms exist, called the upper arm and lower arm. In each phase leg arm N
or n (number of sub-module) sub-modules also called a cell, often hundreds of
SM are connected in series to get hundreds of kilo volts [39], each arm also has a
series arm reactance indicated by L that is essential in order the limit the current
called circulating current produced by the voltage difference in arms [40]. The

arm reactor also reduces the fault currents when a short circuit occurs during dc
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faults. The output voltage of each phase leg arm is the sum of the voltages of
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FIGURE 2.5: Basic structure of 3-Phase 5-level MMC [39]

each sub-module connected in series. An MMC that has a large number of sub-
modules connected in series can provide an output voltage waveform quite similar
to a sinusoidal waveform due to the large number of levels of voltage that can be
produced by the converter. That has fewer harmonic components in the output

voltage, so there is less requirement for bulky and expensive filter [41].

In MMC, the voltage across each sub-module capacitor is given by the following

equation.

Ve
V. = 2.1
2 21)

The basic structure of 5-level MMC is presented in Fig. 2.5. The figure clearly
shows that 5-level MMC consists of three 3 phase legs, two arms in each phase leg,
and N (numbers of sub-module) sub-modules connected in series in each phase leg
arm. The Half Bridge (HB) or Full Bridge (FB) topology is used for sub-modules.
N+1 refers to the number of output voltage levels for MMC. In a case study
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of 5-level MMC, there will be N = 4 sub-modules in an arm, four sub-modules
connected in series in an arm, and a total of eight sub-modules in a phase leg, and
N+1 (4+1=5) levels in the output voltages. The states for the MMC operation

are stated in a table given below [24].

TABLE 2.1: States for MMC Operation

States Nup TNow Veoa

—Vie Vi
0 g+ 0%

Ve Vae
e+ 15

N W

—Vae Vae
T2

—Vdc Vdc
2 +3 4

2

Tt = W N =
—
[

“+ 4%

When all the above states presented in the above table are executed, a 5-level

voltage waveform will be generated, as shown in Fig. 2.6.
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FIGURE 2.6: Levels for 5-level MMC output voltages

For the 5-Level MMC, there are five states presented in table 2.1. Several PWM
techniques are being utilized for the execution of these states to achieve the re-
quired converter phase voltage V represented in table 2.1. V has 5-levels depending
upon the on off condition of sub-modules. In table 2.1, the terms n,, and 14,
represent the number of sub-modules in the upper phase leg arm and lower phase

leg arms of MMC.
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2.4 States of MMC

The value of Vdc presented in table 2.1 is 400 V.

1. In state 1, four sub-modules in the upper phase leg arm will be in ON state

and no sub-module in the lower phase leg arm will be in ON state.

_V;lc ‘/dc__‘/dc
2 +04 2

=200V (2.2)

2. In state 2, three sub-modules in the upper phase leg arm will be in ON state,

and one sub-module in the lower phase leg arm will be in ON state.

=100V (2.3)

3. In state 3, two sub-modules in the upper phase leg arm will be in ON state,

and two sub-modules in the lower phase leg arm will be in ON state.

- ‘/dc Vdc - ‘/dc
2 =
2 + 4 0 4

—0V (2.4)

4. In state 4, one sub-module in the upper phase leg arm will be in ON state,

and three sub-modules in the lower phase leg arm will be in ON state.

_Vdc Vdc ‘/dc
= =100V 2.5
2 +3 4 4 ( )
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5. In state 5, no sub-module in the upper phase leg arm will be in ON state,

and four sub-modules in the lower phase leg arm will be in ON state.

_Vdc Vdc ‘/dc
4 = =2 2.
5 + 1 5 00 V (2.6)

2.5 Comparison Between VSC and MMC

Historically, the thyristor controlled LCC was used for HVDC power transmission
systems [42]. They have various limitations, such as the semiconductor devices
used in the system do not have self commutation capability, and external voltages

are required for the commutation process [43].

Later on, as converter technology advanced, the Voltage Source Converter (VSC)
was used for the HVDC power transmission system [44]. They consist of insu-
lated gate bipolar transistors. They can self commutate. The VSC has several

limitations. Some of these are given below [42].

1. Power losses in semiconductor devices due to PWM.

2. Great stress on semiconductor devices due to the very high rate of change

(dv/dt) of voltage across switching devices.

3. High harmonic distortion in the output waveform so requires expensive fil-

ters.

4. They cannot limit their fault currents.

To cater to these limitations, multi-level VSC’s have been developed, but they also
have several disadvantages. For example, they cannot meet the industrial power
level requirements because they have limited voltage levels in the output voltage

waveform.

So they have total harmonic distortion in the output voltage waveform. For the
first time, Lesnicar and R.Marquardt presented the concept of a MMC to improve
all of the given problems in multi-level VSC [6].
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1. They can limit the DC side fault currents, so they are considered suitable

for multi-terminal HVDC power transmission systems.

2. In MMC, the high di/dt (rate of change of current) in switching devices is

avoided because the arm current flows continuously.

3. MMC has more steps or levels in the output voltage waveform, so the output
voltage waveform looks closer to a sinusoidal waveform, having less harmonic
distortion, and as a result, the requirement for a bulky and expensive filter

is reduced [24].
4. MMC allows lower switching frequency, hence lower switching losses [24].

5. In MMC, many sub-modules are connected in series, so the total voltage

bearing capacity is divided between the sub-modules of each phase leg arm.

2.6 Sub-Module Topology for MMC

Many topologies are used for sub-modules, as shown in Fig. 2.7.

The two basic topologies that are mostly used for the sub-modules are the Half
Bridge (HB) and Full Bridge (FB) topologies, shown in Fig. 2.7 (a) and (b).
The half bridge topology has the limitation that it can only generate a two-level
output that is positive and has zero voltage. The full bridge topology can generate

positive, zero, and negative voltages.

One drawback of the full bridge topology is that it requires a higher number of

electronic components as compared to the half bridge topology.

To resolve this problem, the unidirectional sub-module topology shown in fig (c)

is used, but its utilization is limited due to the current direction [45].

Some more topologies are used for sub-module. These are multi-level NPC’s,; as
shown in Fig. (d), and multi-level flying capacitors as shown in Fig. (e), but their

configuration is complex.
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(a) ()

(d) (e)

FIGURE 2.7: Sub module topologies (a) Half Bridge (b) Full Bridge (c¢) Unidi-
rectional (d) Multi-level NPC’s (e) Multi-level flying capacitors [45]

The half bridge and full bridge topologies are mostly used for the MMC, so these

topologies are discussed in detail in the next section.

2.6.1 Operation of Half Bridge Topology

In Fig. 2.8 the half bridge topology is presented. A single half bridge sub-module
consists of two IGBTs and two anti-parallel diodes connected across each IGBT

and a capacitor.

The sub-module capacitor is either connected or bypassed by controlling the ON
and OFF conditions of T1 and T2. Each half bridge sub-module functions as an

independent 2-level voltage converter, producing an output voltage of Vym or 0 V.

The sub-module is in ON state when T1 is ON and T2 is OFF in the case of

insulated gate bipolar transistors used as a switching device in MMC. When the
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FIGURE 2.8: Half bridge topology of sub-module used in MMC [46]

capacitor is connected or inserted into the circuit in ON state, the output voltage

(Vem) equals the capacitor voltage (V).

When T1 is OFF and T2 is ON, the sub-module is in OFF state, and the capacitor
is bypassed, resulting in a 0 V output voltage (Vym). When the sub-module is in
ON state, the current flows through the capacitor.

If the direction of current is toward the capacitor shown in Fig. 2.9 (a), then we

say that the direction of current is positive and the capacitor charges.

If the direction of current is in the opposite direction to that of the capacitor
shown in Fig. 2.9 (b), then we say that the direction of current is negative and
the capacitor discharges. The short circuit condition occurs when the IGBTs T1

and T2 cannot turn ON simultaneously [24].

Fig. 2.9 represents the operation of a sub-module. The above figure shows that
when diode D1 conducts in Fig. 2.9 (a), then it is shown that the current is in a

positive direction, or toward the capacitor, so the capacitor charges.

In Fig. 2.9 (d), when diode D2 conducts, the current is in a negative direction or

going away from the capacitor, so the capacitor discharges [46].
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FIGURE 2.9: Sub-module operation according to the direction of current (a)

direction of current is positive, capacitor charges (b) direction of current is

negative and the capacitor discharges (c) when diode D2 conducts, the current
is in a negative direction (d) T2 is ON, the sub-module is in OFF state [24]

2.6.2 Operation of Full Bridge Topology

In Fig. 2.10 the full bridge topology is presented.

» +

Vdc

-
=

------------------------

SMM

FIGURE 2.10: Full bridge topology of sub-module used in MMC [46]
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In Fig. 2.10 the full bridge topology is presented. A single full bridge sub-module
consists of four IGBTs and four anti-parallel diodes connected across each IGBT
and a capacitor. Above figure shows that when the IGBT, T1, and T2 are in
the ON state, the output voltage of the sub-module (Vym) equals the sub-module
capacitor voltages (Vym = +V,). When T1 and T3 are in the ON state, or when
T4 and T2 are in the ON state, the output voltage of the sub-module (Vym) is zero
(Vsm = 0). When T3 and T4 are in the ON state, the output voltage of the sub-
module (Vym) equals the sub-module capacitor voltage (V.) but has the opposite
polarity (Vom = —V,). When the direction of current is positive or towards the
capacitor, the capacitor will charge, and when the direction of current is negative

or the current flows away from the capacitor, the capacitor will discharge.

2.7 Characteristic of Modular Multilevel Con-

verters

MMC topology is a state of the art voltage source converter topology due to its
ability of high design flexibility and scalability to achieve high voltage ratings easily
[47]. Tt is an economical solution for high power quality; efficiency is high due to
fewer harmonic losses, and due to multilevel, there is less requirement for bulky
and expensive harmonic filters, even negligible in some cases. Some characteristics

of modular multilevel converters are as follows [48], [49], [50].

1. One of the important characteristics of MMC is Modularity which means

identical sub-modules [47].

2. Scalability, by increasing the number of sub-modules, any voltage level can

be achieved [47].

3. MMC has a high number of levels or steps in the output voltage waveform,

less Total Harmonic Distortion (THD), and low power losses [50].

4. Due to less harmonic distortion, filter requirements are less [50].
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5. Balancing of capacitor voltage is not required [50].

Due to all these characteristics, the MMC is extensively utilized in HVDC power

transmission systems.

2.8 Grid Tied MMC System

In this section, the control strategies for MMC are discussed. The control strate-
gies of MMC involved the DQ transformation, phase locked loop designing, and

modelling of grid-connected MMC in a D(Q) reference frame.

The control system’s block diagram for the grid-connected MMC is presented in
Fig. 2.11. The control structure model consists of an MMC converter station. V.

is the DC bus voltage applied to MMC.

The converter output voltages are represented by V;. The phase reactor is con-
nected to the MMC’s output, where L represents the phase reactor’s inductance
and R represents the phase reactor’s equivalent resistance. The P and Q represent
the active power and the reactive power, respectively. The converter is connected
to the AC grid through the PCC. PCC is the point at which the converter is
connected to the AC grid.

The mathematical expression of the above control model is given in the below
equation (2.7).

d
Laiabc - _Riabc + V;zbc - ‘/:mbc (27)

In equation (2.7), the i, represents the three-phase output current of MMC.
Ve represents the three-phase AC output terminal voltages of MMC and V.

represents the three-phase grid voltages in the ABC reference frame.

L indicates the inductance of the phase reactor, and R indicates the equivalent

resistance offered by the phase reactor.
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diagram of MMC including inner and outer current

Fig. 2.12 shows the general control diagram of MMC and generally consists of two

types of control loops called the outer control loop and the inner control loop.

According to Fig. 2.12, the inner control loops take the reference currents ¢* in

the form of Direct-Quadrature (DQ) reference frame, which is described in detail

in the upcoming section, so it takes the current values and produces the reference

voltages in DQ reference frame, which are the control signals for the MMC.

In the inner control loop, the input current controls the output voltages, so the

inner control loop is called the current-controlled loop.
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The control for the outer loop is also presented in Fig. 2.12, the outer control
loop takes reference powers active P or reactive Q, DC voltages V. as input, and

produces the reference currents for the inner current control loop.

The inner current controller is the most important part of the control loop. The
inner current controller requires the Phase Locked Loop (PLL) to generate the
frequency and phase angle information of the AC grid voltages measured at the
PCC. When phase angle information is obtained with the help of PLL, then two

strategies are adopted for the control of MMC.

1. Direct Control Method

2. Vector Control Method

The direct control method directly controls the amplitude m and phase angle
(theta) of the MMC output voltage based on the AC voltages of the grid measured
at the PCC [52].

The vector control method that is mostly adopted for MMC control is called the dg
vector control. This method was developed for electrical machines and electrical
drive applications, but it has not been widely adopted for the control of MMC

converters [52].

This research work employs the dq vector control method to generate the control

voltages via an inner current control loop for the MMC converter.

For the analysis or control purposes, the execution of three-phase current and
voltages is very complex, and the development of their control structure is not

simple [53].

For the implementation of DQ vector control, the three-phase currents and voltages
waveforms are transformed from the natural or the stationary reference frame into
the rotating DQ reference frame, where the vector quantities are converted into
two constant DC vectors called D and Q vectors. This transformation is called

the DQO or DQ transformation [54].
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2.9 Control Strategy for MMC in Dq0 Reference

Frame

The modeling of the three phase modular multi-level converter in DQ reference

frame is presented in Fig. 2.13.

The 3-phase current and voltages are transformed into a rotating DQ reference
frame for better control system analysis and system simplicity because it has only

two dc values that are easy to handle in the complex control process.

The mathematical equation given in (2.7) for the given model of the MMC shown
in Fig. 2.11 is transformed into a DQ mathematical model, the equations of which

are shown in equations (2.8), (2.9), and (2.10) to simplify the control system.
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FIGURE 2.13: Schematic diagram of current-mode control for the active power

and the reactive power control of MMC in dq reference frame [51]
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d
Liq = Lw(t)ia — Rig + Vig = Vig (2.9)
dp
— = w(t 2.10
o = w(t) (2.10)

The DQ model of MMC control is presented in Fig. 2.13. It is composed of an
MMC system and phase reactors at the output of the MMC system to reduce the
harmonic components from the output voltage waveform of MMC, working as a

harmonic filter.

The MMC is coupled to the AC grid through the PCC. The v, represents the
MMC converter output terminal voltages, the v, represents the grid voltages, the
tq and %, represent the converter dg currents, the vy and v, represent the grid
DQ voltages, and the rho represents the grid phase angle. P,.; and Q.. are the
active and reactive reference power values, respectively. ig..; and i4.; are the
reference DQ current values generated by the reference signal generator. An abc
to dg converter block is used to convert the MMC output current and AC grid

voltages to a dq reference frame.

The PLL block is utilized for synchronization purposes. The PLL is utilized to
generate the phase angle information and the frequency of the AC grid voltages
measured at the PCC.

The reference signal generator gets the reference active and reactive power values
as an input and generates the dg reference currents ig..; and ig.es for the inner
current control loop to generate the control voltages m, and m, for the modular

multi-level converter station.

In Fig. 2.11, the control model of the grid-connected MMC is presented. The

MMC exchanges the active power and the reactive power components with the

AC grid at the PCC.

The d-axis components are used to control the active power while the g-axis com-

ponents are used to control the reactive power.
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In Fig. 2.11, The dc side of the MMC is connected to a dc voltage source, and
the goal of this control system is to control the instantaneous active power and
reactive power, denoted as P and Q, that the MMC converter exchanges with the
AC system.

Two methods are adapted to control the active power and the reactive power in

the MMC system.

1. The voltage mode control

2. The current mode control

The schematic diagram of voltage-mode control for the active power and the re-
active power control of MMC is presented in Fig. 2.14. This control method is
commonly used in high voltage converter applications, such as FACTS systems

[55], [56].

The active and reactive powers P and Q) of a voltage controlled MMC system
are controlled by controlling the amplitude and phase angle of the AC side output
terminal voltage of the MMC converter measured at the PCC [57]. If the amplitude
and phase angle of the MMC output terminal voltages, denoted by V;abc, are
closer to the amplitude and phase angle of the AC grid voltages, Viabe, the active
and reactive powers, P and Q, are almost decoupled, allowing two independent
controllers or compensators to control active and reactive power separately. The
structure of the voltage mode control is quite simple and composed of a small

number of control loops [51].

The disadvantages of the voltage mode control are that, in this control mode,
the output terminal voltages of the MMC converter are controlled but there is no

control loop for the output terminal current of the MMC converter.

Due to a lack of current control, the MMC converter is not protected against over
currents. Large variations in the current occur if power values are changed or if
faults occur in the AC system, so they have a severe impact on MMC converters,

or even damage the MMC converter components [51].
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FIGURE 2.14: Schematic diagram of voltage mode control used for the active
power and the reactive power control of MMC [51]

The second method to control the active power and the reactive power in MMC
converters is the current-mode control shown in the schematic diagram in Fig.

2.13.

In this control approach, the line current of MMC, denoted by 7. is regulated
by a specific control scheme, through the MMC AC side output terminal voltages.
After regulating the MMC line current i,bc, the amplitude and phase angle of the
MMC line current i,bc with respect to PCC voltages control both the active and

reactive power for current regulation.

The MMC is protected from the over current in this power control scheme. Another
advantage of the current mode control is its robustness against the variation of

parameters of MMC and the AC system, superior performance, and precise control

[58).

Fig. 2.13 presents the schematic diagram of the current-mode controller to control

the active power and the reactive power. This controller is executed in dq reference
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frame. The active and reactive powers are controlled by the dq components of the
line current i,bc, denoted as iq and i, respectively. It is clear from Fig. 2.13 that
all feed forward and feedback signals are transformed into dq rotating reference
frame and then applied to the compensator block or controller. The compensator
block produces the control signals for MMC in dq reference frame. In the last
stage, the control signals are again transformed from dq rotating reference frame

to the stationary abc reference frame and applied to the MMC.

The schematic diagram of the current-mode controller for the active and reactive
power is shown in Fig. 2.13. p is the phase angle between the three-phase abc
natural or stationary reference frame and the rotating dq reference frame, and w

is the angular speed at which the rotating dgq reference frame rotates [59].

The Ps(t)(active power) and Q,(t)(reactive power) delivered to the AC system at

the PCC can be expressed mathematically as follows:

Ps(t) = 5 (Vaa(t)ia(t)) + (Viq(t)ig(t)) (2.11)

Qs(t) = 5 (=Vaa(t)ig(t)) + (Vaq(t)ia(t)) (2.12)

In equations (2.11) and (2.12), the V,; and V;, are the AC system DQ frame

voltages, 74 and i, are the MMC converter line currents.

The coupling states of converter line currents in the dq reference frame, i, and
iq, as shown in equations (2.11) and (2.12), indicate that grid-connected MMC
systems are strongly coupled systems. Because of these coupling currents, it is
not possible to control the active and reactive power independently until the q
component of the AC grid voltage becomes zero, or Vsq(t) = 0. The V() term

is common in both equations so if it becomes zero by adapting some method [59].
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The equations (2.11) and (2.12) will become as follows:

Po(t) = 2 (Vaa(1)ial0) (213)
Qu(t) = S(=Viul0)i(1) (2.14)

From the equation (2.13) and (2.14) it is clear that when V,(t) = 0, then it al-
lows the independent control of the Ps(t)(active power) and Qs(t)(reactive power)
using the dq current component of MMC converter line current that is ¢4 and ¢
respectively when the q component of AC grid voltages Vj, forces to zero V, =0
[59], [51]. In Fig. 2.13, the reference active power Pj.; and reference reactive
powers (Qs.¢ are applied to reference signal generator. The reference active power

and the reactive powers can be obtained by the following equations.

2. .
Psref = g[‘/sdzdref] (215)

2 :
eref = g[_‘/scﬂqref] (216)

According to our analysis, the q components of AC grid voltages must be equal
to zero to control the active and reactive power independently, i.e., V,, = 0 for
synchronization of the MMC converter with the AC grid. Synchronization means
when the q component of AC grid voltages becomes zero, then the converter
current will be in phase with the AC grid voltages and its outcome is that the flow
of power either from the converter to the grid or from the grid to the converter

becomes reliable [51].

When the MMC converter and AC grid are synchronized, then the active and

reactive powers are independently controlled at the PCC.

The condition for their synchronization is that the ¢ components of AC grid volt-

ages must be equal to zero. This condition is achieved by using the PLL.
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2.10 Multi-Terminal Direct Current Power Trans-

mission System

MTDC power transmission systems have the ability to take power from multiple
offshore and onshore power resources and transport it to the multiple consumers
situated at different locations by using existing DC bus systems [60]. It enhances
supply and grid security, provides power balance between various offshore renew-
able resources, and has greater power transportation capability than two terminal
point to point HVDC power transmission systems [61]. The DC side faults sev-
erally affect the overall performance of MTDC power transmission systems. This
section discusses the fundamental structure of MTDC transmission systems, their

configurations, topologies, and benefits of MTDC transmission systems.

For example, before going into the discussion of the MTDC transmission system,
first discuss the MMC-based Point to Point HVDC power transmission system,
presented in Fig. 2.15, utilized for the interconnection of two asynchronous AC
systems. For example, it connects an onshore AC grid with an offshore wind farm

[39).

Converter Converter
Station-] DC Cable Staton-11
——

3o 3o
ACGrid Isolation Isolation AC Grid
Transformer Transformer
DC Cable
—

FIGURE 2.15: Point to point MMC HVDC transmission system [39]

In Fig. 2.15 for converter station-I and converter station-II, modular multi-level

converts are utilized. Isolation transformers are utilized for the interconnection
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of the AC sides of the converter station-I and the converter station-II with the
AC grids. The DC sides of the converter station-I and converter station-II are

interconnected through a several-kilometer long DC cable.

The MMC has the capability of providing better or good quality output current
and voltage waveforms that reduce the requirements of harmonics filters on the

AC and DC sides [39].

Recently, four major types of MMC-based HVDC technologies are being used in

commercial projects worldwide. These are as follows [62]:

1. HVDC Plus
2. HVDC Light Gen.4
3. HVDC Flexible

4. HVDC MaxSine

FIGURE 2.16: HVDC plus technology: (a) converter leg (b) converter arm (c)
sub-module [39]

The point-to-point HVDC power transmission system has some constraints and
limitations. It does not support the exchange of power among three or more
distant locations. To overcome these limitations of point to point HVDC power
transmission systems, the concept of multi-terminal HVDC power transmission

systems is presented in [63], [64].
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The MTDC power transmission system can provide an improved exchange of power
between multiple distant locations, so decreasing the operational cost for long-

distance remote power transmission [63].

The basic configuration of an MMC based MTDC power transmission system is

presented in Fig. 2.17.

The MMC-based MTDC power transmission system interconnects more than two
HVDC power transmission systems to make an HVDC grid that has better ef-
ficiency and controllability [39]. MMC converters are implemented in Converter
Stations I, II, and ITI. The converter’s AC sides are connected to the AC grid by
using isolation transformers, and the DC sides of converters are connected using
the several hundred kilometer DC cable. The P (active power) and the Q (reactive
power) flows in between asynchronous AC systems are controlled by these power

converter stations.

The MTDC power transmission systems are vulnerable to DC side faults. The
primary goal of this thesis is to conduct a thorough investigation into DC fault
analysis in MMC based MTDC power transmission systems. For this reason, the

MTDC power transmission systems are discussed here in detail.

Converter Converter
Station-1 DC Cable Station-11
0}
I 3¢ = 3 I
| @ g @ I
AC Grid solation solation -
Transformer Transformer
DC Cable
— 33—
Converler
DC Cable Station-111
AV
@
Isolation )
AC Grid
Transformer
DC Cable
—

FIGURE 2.17: MTDC power transmission system [39]
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2.11 Types of MTDC Topologies

MTDC has the following fundamental topologies:

1. Series Topology
2. Star Topology

3. Ring Topology

2.11.1 Series Topology

A series topology that is used for MTDC power transmission systems is presented

in Fig. 2.18

DC Bus

Transformer

} MMC-3 __@—|

AC grid-3

Tx-line 100Km

Converter station-3

DC Bus

Transformer Transformer

|—©— MMC-1

AC grid-1 Converter station-1

Tx-line 100Km
¢y MMC-2  |[—

. AC grid-2
Converter station-2 &

FIGURE 2.18: Series topology used for MTDC power transmission system

The series topology consists of three converter stations; one serves as a rectifier
and the other two serve as inverters. The converter stations 1 and 2 are connected
by the HVDC transmission line to transmit power over a long distance. Converter
station 3 is connected to the DC bus of converter station 2 via an HVDC trans-
mission line. This topology does not require any DC breakers or communication
systems for its operation. In this case, the converter station and the transmission

line both have the same power rating [22].

The cost and losses in the transmission system will be lower in this topology.
When a fault arises or takes place in the transmission line or a fault comes in the

converter station, the power transmission will be lost [65].
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2.11.2 Ring Topology

Ring topology is presented Fig. 2.19

Isclation transformer L Isolation transformer
Transmission line

 e——
}_GD— MMC-1 MMC2 —‘@_|

AC grid , AC grid
. Converter station Converter station i

Transmission line Transmission line

Converter station

Isolation transformer @
| AC egnd

FiGure 2.19: Ring Topology used for MTDC power transmission system

£-DININL

In this topology, all offshore wind farms and converter stations are connected in

series by a DC cable or link, forming a ring.

The ring topology is used for voltage source converters as well as for line commu-

tated converters based HVDC systems [66].

The ring topology either operates in an open loop or in a closed loop mode. The
ring topology is operated in a closed loop during normal operation. This topology
requires the DC breakers and communication system for their operation. When a
DC line is interrupted due to some fault or a fault occurs in the converter station,
the DC breakers situated at both ends of the transmission line will suddenly open
up at the same time and disconnect the faulty line or the faulty converter. The
rest of the system is now operating in the open loop configuration, which also
makes sure that we are not losing any wind farm output. This provides a system
with better redundancy. This configuration has some limitations. This topology

requires that the transmission lines that are used for power transportation have
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as much power rating as possible and must have the capability to transport the
maximum output power of the offshore wind farm. This configuration also required
a fast communication system for the coordination between the DC circuit breakers

to detect the fault and disconnect the faulty line or faulty converter [67].

2.11.3 Star Topology

Star topology for MTDC power transmission system is shown in Fig. 2.20 In the

Isolation transformer Isolation transformer
Transmission line Transmission line

I_CO:)— MMC1

AC grid

MMC2 ——@—I

ACgrid

Converter station Converter station

Transmission line

Converter station E
Q
¥

[solation transformer @

AC grid

F1GurE 2.20: Star Topology used for MTDC power transmission system

star topology of the MTDC power transmission system, all the offshore wind farms

and all onshore converter stations are linked or connected to a central node.

In the star topology, the power ratings of transmission line, converter stations, and
offshore wind farms are equal. The major disadvantage of star topology is that
if a fault comes at the central node location, then the whole power transmission
system will collapse and lose all the connected wind farms. The entire system
will be shut down. Due to these limitations, star topology is not feasible for the

MTDC power transmission system [65].
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2.12 Advantages of MTDC Power Transmission

System
Some advantages of MTDC power transmission systems are presented in [61].

1. Improves the supply and grid security: In a point-to-point HVDC transmis-
sion system, if any converter station or DC link is interrupted or becomes
out of order, then the power transmission is badly affected, and the whole
system is interrupted. No power can be transported between the onshore
grid and the offshore wind farm. The MTDC system interconnects multiple
power resources. If some of them are interrupted due to some fault, in this

case, they support the transmission system.

2. Improves the power balance between renewable energy resources: The MTDC
power transmission systems can provide a power balance between different
distant renewable energy resources for example: The wind speed varies de-
pending on location, so the power generated by these distant offshore wind
farms varies as well. The MTDC system has the ability to interconnect
these wind farms located at different locations and evenly distribute the
power that is taken from all distant power sources to the onshore grid. Ob-
servations show that as the distance between the offshore wind farm and the
multi-terminal HVDC transmission system is increased, it allows a greater
number of offshore wind farms to be linked to the MTDC transmission sys-

tem, and the output power will be more constant.

3. Reduce the crowding or congestion in the existing system: Just similar to
taking the example of buildings, roads, and highways that interlink different
cities to relieve the traffic flow, the MTDC power transmission systems have
the same characteristic of transportation of power to various distant areas

from multiple renewable energy resources with an existing bus system [60].

4. The MTDC power transmission system improves the transient stability of

the inter-linked AC systems if proper control strategies are used.
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2.13 Case study-1: DC Side Faults in HVDC

Power Transmission Systems

MMC have been widely used in HVDC power transmission system projects re-
cently because of their modular structure, scalability, low harmonic distortion,
high output voltage quality, and low switching frequency losses. Because it has a
unique kind of topology as compared to VSC based HVDC transmission systems
and it has unique fault and protection strategies that also have many advantages
over conventional VSC topology and have been extensively used in MTDC trans-
mission systems, it is desirable to study and analyze the DC fault characteristics
of MMC based MTDC power transmission systems to take necessary actions for

their protection against faults.

In this research thesis, the fault mechanisms of DC side pole to pole fault and pole
to ground faults in MMC based MTDC power transmission systems are studied,
investigated, and simulated in the MATLAB /Simulink environment. This given re-
search paper presents the DC fault characteristics for point-to-point HVDC power
transmission systems, but this research thesis provides the investigation of DC
fault characteristics for MTDC using series star and ring topology, and the results
acquired from this thesis are also verified according to the presented paper when

comparing the outcome waveforms for AC and DC fault currents and voltages.

2.13.1 Structure and Working Principle of MMC Based

HVDC Power Transmission Systems

The MMC based MTDC power transmission system consists of three parts: an
AC power grid; MMC have the capability to function in both the rectifier and the

inverter mode; and a transmission line situated among converter stations.

Two terminal MMC based HVDC power transmission system is presented in Fig.
2.21. The converter station utilized here has the capability of converting from

rectifier station to inverter station and from inverter station to rectifier station
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MMC1

FIGURE 2.21: Two terminal MMC based HVDC power transmission system
[68]

when power is reversed. The most critical parts of the HVDC transmission system
are the MMC based converter stations, which are made up of a modular structure

of series-connected sub-modules with a half bridge topology.

2.14 DC Side Fault Mechanism

(@)

)

FIGURE 2.22: DC side fault structure (a) DC transmission break fault (b) pole
to pole fault (c) pole to ground fault [68]

As it is defined in the above section, the MMC based HVDC power transmission
system is based on three main parts: the converter station, the AC power grid,

and the DC transmission line [69].

The performance and reliability of the entire power transmission system are severely
impacted if a fault develops in any of these identified HVDC transmission system
components. Depending on the needs, such as cable transmission (underground or

submarine) and overhead transmission lines, the DC transmission mode is chosen.



Literature Review 55

In comparison to overhead transmission lines, cable power transmission has vari-
ous advantages, including lower fault occurrence, a less environmental impact, and

the ability to supply power to remote locations.

So, in recent projects, the HVDC has utilized cable power transmission and

adopted the bipolar power transmission mode.

Positive and negative pole to ground faults, also known as single pole to ground
faults, DC transmission break faults, and pole to pole faults, also known as bipolar

short circuit faults, occur on the DC sides, and their structures are shown in Fig.

2.22 [69].

2.14.1 Single Pole to Ground Fault

P
i
I@—"’“"— MMCI MMC2
1
= N

(2)

P

L

MMCI | ] MMC2

= N

(b)

FIGURE 2.23: Positive pole to ground fault (a) Positive pole to ground fault

occurs, the clamping resistor of pole (P) is shorted to the ground (b) The equiv-

alent structure after the fault, the potential reference point changes from 1 to
2 [68]

A single pole to ground fault is caused by single pole cable breakage and connects
to the ground terminal or cable insulation damage and is connected to the ground

caused by an external force. When a pole is connected to the ground, a large short

circuit current flows.
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To limit this large amount of short circuit current, two clamping resistors of high
values are connected between the positive and negative poles of the DC transmis-
sion line to provide a potential reference point for the DC transmission line and

clamp the DC voltages [70].

Figure 2.23 shows the configuration of the positive pole to ground fault. When a
positive pole to ground fault occurs, the clamping resistor of P (pole) is shorted

to the ground as expressed in Fig. 2.23 (a).

The equivalent structure of the MMC based HVDC power transmission system
after the fault is presented in Fig. 2.23 (b). The reference point changes from 1 to
2. When this happens, the DC side will transform or change from bipolar power

transmission mode to uni-polar power transmission mode [71].

When a pole to ground fault occurs, the positive pole voltage U, amplitude be-
comes 0 V, the negative pole clamp resistor can support the entire dc side voltages
Ug4c, doubling the voltage across the negative pole clamp resistor. Positive and neg-

ative pole voltages are unchanged at both pole ends. These are shown in Fig. 2.24.

500 T T T T T T T

W/Udc

e

U,

Voltage(KV)
(=]

-500 L 1 1 1
2.8 29 3.0 31 32 33 34 3.5 3.6 37

Time(s)

FIGURE 2.24: DC Voltages during positive pole to ground fault [68]

Because a clamping resistor is present in an MMC based MTDC power transmis-
sion system, during a pole to ground fault, the DC voltage remains constant and

the power transmission is unaffected [68].

Due to the pole to ground fault, the DC side currents increase drastically, as shown

in Fig. 2.25
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Current(KA)

~28 29 3.0 3.1 32 33 3.4 3.5 3.6 3.7 3.8
Time(s)

FIGURE 2.25: DC currents during positive pole to ground fault [68]

Due to the pole to ground fault, the bridge arm currents are also affected, as shown

in Fig. 2.26

15 T T T T T
1F Iaup
=z
%0.5
E 0
=
Cost
-1r g
_15 1 1 1 1 1 1 1
2.8 285 2.9 295 3 3.05 31 3.15 32
Time(s)

FIGURE 2.26: Bridge arm during positive pole to ground fault [68]

Due to the pole to ground fault, the reference point of the AC side voltages of the
MMC converter changes to single pole voltages because of the sudden change in
positive pole voltages to 0 V shown in Fig. 2.27. During a pole to ground fault,
the MMC converter AC side current is unaffected, as shown in Fig. 2.28.

2.14.2 Pole to Pole Fault

The most severe fault on the DC side is the pole to pole fault. The pole to pole

fault is a permanent fault caused by insulation damage [72].

It is shown in Fig. 2.29 that the positive pole and the negative poles of the MMC

are short circuited to each other. The sub-module capacitors in both side converter
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FIGURE 2.27: MMC AC side voltages during positive pole to ground fault [68]

R

FIGURE 2.28: MMC AC side current during positive pole to ground fault [68]

=[-
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FIGURE 2.29: Schematic diagram of the pole to pole fault in MMC based
MTDC power transmission system [68]

stations are rapidly discharged through the point at which the fault occurs, which
is shown in Fig. 2.30.

Pole to pole voltages, positive pole voltages, and negative pole voltages all drop
to 0 V when a pole to pole short circuit fault occurs, as shown in Fig. 2.31, and

DC currents rise rapidly, as shown in Fig. 2.32.
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FiGUurE 2.30: MMC sub-module capacitor voltages due to pole to pole fault
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FIGURE 2.31: DC voltages due to pole to pole fault [68]
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FIGURE 2.32: DC currents due to pole to pole fault [68]

Due to pole to pole fault, MMC AC side voltages decrease, and AC side current
increases rapidly, as shown in Fig. 2.33 and Fig. 2.34.
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FIGURE 2.33: MMC converter AC side voltages due to pole to pole fault [68]
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FIGURE 2.34: MMC converterl AC side current due to pole to pole fault [68]

2.15 Case study-2: Analysis of Fault Current in
an MMC Based HVDC System under the
DC Pole to Pole Fault

The primary goal of this research is to investigate the DC fault characteristics and
to analyse the mathematical model of the DC fault current for the MMC based

HVDC power transmission system.

In this case study, an improved analytical approach for calculating the DC fault

current for MMC-based HVDC systems is presented.
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The fault current that is calculated from the proposed model is then compared

with the acquired simulation results.

2.15.1 System Model for MMC HVDC System

In Fig. 2.35, the MMC structure of a single terminal HVDC topology is shown. It
is composed of three phase legs, or bridges, and two arms referred to as the upper

arm and lower arm in each phase.

There are twenty sub-modules in each arm of a phase leg. Sub-modules use a

half-bridge topology.

The sub-module consists of two IGBTs denoted as T'1 and T2, two anti-parallel
diodes denoted as D1 and D2 and a capacitor Cj.

w

L L Td:
1 8M1 [ SM1 | SM1
—1 8M2 B2 —1 M2
[
SMn - SMn —| SMn
Lo Ia{
% | B ol c
Lo La&
sMl1 sMlL [ SM1
SM2 I: SM2 SM2
] L
r SMn ‘_ sMn I_ SMn

FIGURE 2.35: MMC Structure of single terminal HVDC topology [73]

The arm inductor Lg in each arm suppresses the circulating current.

A 21-level MMC based HVDC model was developed in PS-CAD to analyse the
MMC characteristics, as shown in Fig. 2.36.
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F1aure 2.36: MMC HVDC model [73]

2.15.2 Investigation of Pole to Pole Short Circuit Charac-
teristics in MMC DC link

2.15.2.1 Analysis of Over Current Before Blocking

Due to a pole to pole fault, the converter stations inject a short circuit current
through the sub-module diode D5, which behaves exactly like a three-phase short

circuit current.

As a result, the sub-module’s capacitor C'0 discharges through the upper IGBT of
the sub-module. The bridge current of the MMC is the combination of two arm

currents in which the capacitor discharge current is the main component.

After a while, both converter stations are blocked, and the capacitor ceases to
discharge, but the current is still injected by the AC grid via the diode D,. Fig.
2.37, shows the path of AC current injection from the AC grid.

Fig. 2.37 shows the fault current path during the pole to pole fault.

Power transmission between two converter stations is interrupted when a pole to

pole fault occurs.

In the MMC converter, the sub-module capacitors of the converter stations on
both sides are discharged via IGBT T1. The capacitor discharge loop is expressed
in Fig. 2.37
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FIGURE 2.37: Fault current path in case of pole to pole fault [73]

In this case, the AC system injects a short circuit current through each sub-
module’s diode D2 and into the short circuit point. Consequently, the bridge or

phase leg current rises to a high value in a very short time [68].

2.15.2.2 Calculation of over-current before blocking

The MMC converter stations will be blocked in a few milliseconds due to a pole

to pole short circuit. Before the blocking stage, the sub-module’s capacitor dis-

charges, causing an over current to occur.

Fault Biock
é = Phe 4

D.720 0.740

0660 0.830 0.700

D800 0620 0.540
f's

FIGURE 2.38: Discharge current of the sub-module capacitors [73]



Literature Review 64

The waveforms of the discharge current 74 are shown in Fig. 2.38. For the over
current calculations, let us take a single phase leg or bridge, for example. The
sub-module capacitor C'0 discharges before the sub-module being blocked, and

the equivalent discharge circuit is seen in Fig. 2.39 and Fig. 2.40.

FIGURE 2.39: Path for the discharge current [73]

Leg
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qu f— UR R
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FIGURE 2.40: Equivalent circuit for the current calculation [73]

In Fig. 2.40, u, is the sub-module capacitor voltages. C¢, is the sub-modules
equivalent capacitance , L., is the equivalent arm inductance and R is the path
resistance. We can quickly acquire the voltage and current calculation formulas

by referring to Fig. 2.39 and Fig. 2.40 [73].

U, = Al.epl't + A1.€p2’t (217)

In the above equation, A; is a constant defining some amplitude. p; and py are

the roots of quadratic equation.

. +\/<R>2—< ) (218)
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R R 1
= — — 2 _
p2 2L \/(QLCq) (Leqceq) <219)

Initial state is :
Ue(04) = ue(0-) = Uge (2.20)
In the above equation, the Uy, is the DC link voltages.

i0,) = i(0.) = —C, %t

wo—— =1, 2.21

In the above equation, the I, is the initial current when the sub-module capacitor
discharges.

Equivalent capacitor voltages can be obtained from the following equation:

_t [Uge-wo
T

Ue =€ sin(w.t + ¢) — .sin(w.t) (2.22)

w.Ceq

Where

R 1 1 R
_ _ _ _ 2 b — arct 2.23
r= o= e \/Leqceq (g% 6= arctanor) (223

In the above equation, 7 is the damping factor, wy is the resonance frequency, w

is the ringing frequency and ¢ is the phase angle.

Leg

In general, the resistance R << 2 Cor s

is greater than the current:

Ude geq sin(w.t) + Iy cos(w.t)] (2.24)



Literature Review

66

From equation 2.25, we can extract the capacitor discharge time ¢,,, when the

value of the discharge current reaches its peak value.

1 U, C
tm = — arctan (==, | =<
Wo IO Leq

)

the discharge current peak value I,,:

Im —e (U . €q 0 €q dc
e Wy 7+ )\/ AL, + U2,

(2.25)

(2.26)

For the verification of the above analysis, the simulations are performed in PSCAD

and a pole to pole short circuit fault is generated at the output terminal of the

MMC converter station shown in Fig. 2.41 and simulation parameters are given

in the table below.

TABLE 2.2: MMC-HVDC Simulation parameters

Description Symbol
Arm inductance (LO) 15 mH
Sub-module capacitor (CO0) 5 mF
DC voltage (Udc) 40 kV
Num. of sub-modules in an arm (N) 20

AC line to line voltages (Vac) 10 kV
Rated power (P) 40 MW

P.t.'.{_].l.!

@—@— mel |7

MMC @—@

FIGURE 2.41: MMC HVDC simulation topology [73]
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FIGURE 2.42: Sub-module capacitor voltages before fault [73]
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FIGURE 2.43: AC grid current [73]

Fig. 2.42 and Fig. 2.43 shows the sub-module capacitor voltage and AC grid

current
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FIGURE 2.44: Sub-module capacitor voltages after fault [73]

e/ P

0.600 0.620 0.640 0.680 0.680 o.700 0.720 0.740

FIGURE 2.45: AC grid current after fault [73]

Fig. 2.44 and Fig. 2.45 shows their values after the fault occurrence at 0.6s. From
Fig. 2.44 it is observed that the sub module capacitor voltages rapidly drop to

zero, and from Fig. 2.45 the AC grid current also rises after a fault.
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2.16 Gap Analysis

Recent years have seen a variety of research projects on MTDC power transmission

systems’ DC side faults.

In [68], the author presents the study of DC faults for the point to point MMC
HVDC topology. It is also called two terminal MTDC, in which power is transmit-
ted only between two converter stations. Pole to pole and pole to ground faults
in the middle of the transmission line between converter stations are explored in
this paper. This research is restricted to describing DC faults in point to point
HVDC power transmission systems. When a fault occurs in the middle of the
transmission line, just one point in relation to DC faults is covered. In [73], the
author presents the fault current analysis for the MMC HVDC system under the
DC pole to pole fault conditions. The capacitor discharge current, fault current
path prior to blocking condition, and sub-module capacitor voltages are all cov-
ered in this paper. This research is restricted to describing DC faults only for the
internal MMC structure. In [74], the author discusses the DC fault for MTDC
using ring topology. In this study, the MTDC is composed of four MMC converter
stations forming a ring, and pole to pole and pole to ground faults occur at the
MMC converter terminal. This research is restricted to describing DC faults only
for the ring topology. In [75], the author presents the DC fault current analysis
for MMC based HVDC systems. In this study, the effects of pole to pole and
pole to ground fault on the internal structure of MMC are discussed. This study
elaborates on the MMC'’s blocking and unblocking states due to DC faults. It also
provides the reason for the voltage oscillations during the pole to ground fault.
The consequences of DC faults on the AC and DC sides of the MMC are not
discussed in this paper. In [76] and [77], the authors discuss the DC fault in the
MTDC star topology. In [78], DC faults are analyzed in a meshed HVDC super
grid. Both of the aforementioned research publications focus primarily on a single

MTDC topology, and DC faults are discussed only at a single point.

These research articles explore the MTDC topologies and their structure. In these

research papers, the DC side faults and how they affect the system’s behavior are
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not thoroughly discussed. Moreover, no one has examined the characteristics of
these faults when they occur in MTDC. The types of DC faults are discussed .
Various topologies are employed for MTDC, and for these topologies, a detailed
investigation into DC faults is not presented. So it is a fundamental requirement to
analyze the DC side fault characteristics in these topologies to obtain knowledge
of peak values of fault currents and voltages for fault detection and protection
coordination between the converters. As a consequence, make the arrangements
to quickly address these faults as soon as possible for power transmission reliability

and stability.

2.17 Problem Statement

Keeping in view the challenges discussed in gap analysis, the pole to pole and pole
to ground faults are considered when the fault occurs at the output terminal of
the sending end converter station. Nobody has described what happens to the
behaviour of the multi-terminal HVDC system when these faults occur at the
node terminal or at the transmission line. This research focuses on analyzing how
fundamental MTDC topologies like series, star, and ring topologies are affected by
DC side faults. In this thesis, we conduct research in which faults are generated at
the sending end terminal, on the transmission line, and at the node terminal. A
three terminal MMC HVDC based power transmission systems simulation models
are developed for stated topologies in the Matlab/Simulink environment. The
bulk power transmission and high power generation are handled by MTDC. It can
deliver power to several terminals or it can extract power from several terminals,
so severe faults come. In the context of faults, the pole to pole and pole to ground

faults have been investigated.

A pole to pole fault is a severe MTDC fault in which a light striking or an object
falling across the positive and negative poles of a transmission line causes the
positive and negative poles to short circuit one another. When a positive pole or

a negative pole is short circuited to the ground terminal, a pole to ground fault
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occurs. These faults compromise the stability and safety of the MTDC networks
as well as the overall system operation. The impact of pole to pole and pole to
ground faults on AC side and DC side currents and voltages is also observed in this
thesis. This research provides the peak fault current values as well as an estimate

of the voltage fluctuations under both fault conditions.



Chapter 3

Development of Grid Tide

Modular Multilevel Converter

In this chapter, first of all, the MATLAB/Simulink model of a 7-level MMC is
discussed. After this, the control methods of MMC are described in detail.

3.1 Introduction

At earlier stages, the HVDC power transmission systems were employed by using
Line Commutated Converts (LCC). LCC are also called Current Source Convert-

ers (CSC). Thyristors are used as a switching device.

The disadvantage of a LCC is that, it requires the AC line voltage for the com-
mutation process or it commutates on line frequency, so for this reason, the CSC
is also known as the LCC. In LCC, the thyristor switches can be turned on by
a control action, but the thyristor switches can not be turned off by any control

action.

They require the line voltages of the AC system for the commutation process.

In LCC, the current cannot change direction and can be considered as a constant

71
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current that flows through a large inductor. It acts as a current source on the AC

side, therefore it is also called a current source converter (CSC) [22].

After that, a new HVDC technology, Voltage Source Converter (VSC), was devel-
oped. It uses advanced semiconductor devices instead of thyristors, like Insulated
Gate Bipolar Transistors (IGBT). IGBTs have the ability to self-commutate or
turn off autonomously rather than thyristors in a current source converter that
requires the line voltage of the AC system for the commutation process, so this
allows the utilization of high-frequency carrier Pulse Width Modulation (PWM)
for the control of the switching devices. The VSC also has some limitations. Volt-
age source converters have high harmonic content in their output voltages. High
switching frequencies are required to remove harmonic content, which requires the

bulky and expensive harmonic reduction filters [24].

3.2 Matlab/Simulink Model for Grid-Tied 7-level
MMC

In this section, the simulated model of the 7-level grid-tied MMC is presented.
The single-line diagram of the grid-tied 7-level MMC as shown in Fig. 3.1.

wr L |
Vide/2 _L

AC Grid
220kV 50Hz

Comveter Terminal
MMC converter station

FIGURE 3.1: Single line diagram of grid tied 7-Level MMC

The model for the 7-level MMC was developed in the Matlab/Simulink environ-
ment. Fig. 3.2 presents a Matlab/Simulink model for the grid-tied 7-Level MMC.

If the number of sub-modules connected in series in an arm of a phase leg is defined
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T Converter Transformer
Converter Terminal PCC

FIGURE 3.2: Matlab/Simulink model of grid tied 7-Level MMC

by N, then the output waveform has N+1 output voltage levels. There are 6 sub-
modules connected in series in an arm of a phase leg in the above Matlab/Simulink

model, so N=6. The output voltages have N+1(6+1) = 7 levels.
In this section, the different simulation blocks are discussed in detail.
The dc voltages denoted by V. = 100 kV are applied at the input of MMC.

The applied Vjyc is divided into two halves, namely % = 50 kV divided by a

reference point, with 0 V serving as a reference point throughout the simulation.

Gating pulses Gaﬁnu Gating pulses

Lub upper arm B Lue % upper arm C

Iy
:
r

+Vdel2

@— Rub

Lle

Rlc

Gating pulses Gating pulses Gating pulses

lower arm B

-Vd-l:lz lower arm A lower arm G

F1GURE 3.3: Simulation model of three phase 7-Level MMC
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The Matlab/Simulink model of three-phase, 7-level MMC is shown in Fig. 3.3.

It is clear from the figure that the model is composed of three phase legs, with two

arms in each phase leg, denoted by the upper arm and the lower arm, respectively.

If k=abc, then the upper arm inductance represented by L,; and the lower arm

inductance represented by L;; are both of equal value, which is 1 mH.

The resistances offered by these arm reactance are denoted by R, for the up-

per arm and Ry for the lower arm, and are also equal in value, which is 1 €.

In the simulation model shown in Fig. 3.3, each phase leg arm, denoted by the
upper and lower arms, is made up of 6 cells, also known as sub-modules, that are

connected in series shown in Fig. 3.4.

positive arm A

CELL&

FIGURE 3.4: Internal structure of Phase leg arm, upper or lower arm used in
7-level MMC

In Fig. 3.4, the internal structure of a phase-leg arm, which is made up of six

sub-modules connected in series.
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The internal structure of each cell or sub-module is presented in Fig. 3.5. The
sub-module structure is represented by a half-bridge topology in the simulation

model.

It is composed of two IGBTs with an anti-parallel diode, and a capacitor is con-

nected across both IGBTs.

To ensure that both IGBTs are not turned ON at the same time, a NOT gate is
used to apply a complementary gating signal to the g terminal. A capacitor, C,

with a value of 5 mF, is connected across the IGBTSs.

0+
| NOT

(1) | ,  IGBT-1
} —— cl Logical

From —ale ¢ Operator
T s
Q (=} B'_
IGBT-2 ?E\J!— j—
s T o
w
T v?n:a?e Measureme
¢ i

-@

FIGURE 3.5: Simulation model of sub-module used in 7-level MMC

The voltage across this capacitor is:

Vilt) = - (3.1)

Ve represents the DC voltage applied to MMC input, and N represents the num-
ber of sub-modules connected in series in each phase leg arm. Six sub-modules are

linked in series, so N=6.

~ 100000

V(1) — 16666.66 V/ (3.2)

Simulation parameters of 7-level MMC are provided in Table 3.1.
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Time(s)

FIGURE 3.6: Matlab/Simulink simulation waveform of three phase 7-level MMC

TABLE 3.1: The simulation parameters of the 7-level MMC

Parameters Description
Applied DC Voltage 100 kV
Converter AC side voltages 50 kV
Number of sub-module (N) in each arm 6

Level in output voltage(N+1) 7
ArminductanceL g, 1 mH
Armequivalentresistance Ry, 1Q

Sub module capacitance 5 mF
Voltage across each capacitor 16.66 kV
Fundamental frequency 50 Hz
Switching frequency 1.65 KHz

In Fig. 3.2, the phase reactor is used. Its function is to regulate the circulating

current.

The phase reactor is used to minimize the high-frequency harmonics that are
produced by the semiconductor switching devices, so it also works as a harmonic
filter. The phase reactor block’s selected inductance, L, is 2 mH, and the resis-

tance provided by the phase reactance, R, is 0.08 €2. In Fig. 3.2, the coupling
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transformer is used between the converter station and the AC grid. Its function is
to provide an interface between the converter station and the AC grid. It provides

the AC grid voltages that are suitable for the converter station.

In this simulation model, the Y;A three-phase transformer configuration is used.
The A side of the coupling transformer is toward the converter station side and the
Y, side of the transformer is towards the AC grid. The A configuration can allow
the circulation of a third harmonic circulating current within the transformer,
and it blocks this circulating current from affecting the supply line voltages [72].
Because the Y configuration of the coupling transformer requires less insulation

inside the transformer, the Y side is mostly used at the AC grid side [72].

3.3 Modeling of AC Grid

The simulation parameters used for the design of the AC grid are presented in

Table 3.2.

AC grid
AC Transmission line

PCC

10 AC Bus

MW
Load

F1GURE 3.7: Single line diagram of AC grid

Fig. 3.3 presents the Matlab/Simulink model for the 7-Level MMC.

The AC side of the MMC converter is connected to the AC grid through coupling

transformers. In this section, the modelling of a three-phase AC grid is discussed.
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TABLE 3.2: The simulation parameters of AC Grid

Description Symbol Values

AC Grid Voltages Vs 220 kV(r.m.s)

AC Grid Current Is 2.673e+01 A (r.m.s)
Grid Frequency f 50 Hz

Transmission Line T 10 km

Load L 10 MW

A simple diagram of the AC grid is shown in Fig. 3.7. For AC grid modeling in
Matlab/Simulink, a three-phase symmetrical balanced voltage source is used. To
have specifications like a practical grid, a three-phase load is connected to the AC
grid using a Pi-section line of 10 km length through the grid side bus, and also
this load interconnects with the Point of Common Coupling (PCC). PCC is the

point at which the output of the converter will be interconnected to the AC grid.

3.3.1 Modeling of the AC Grid in Matlab/Simulink

In Matlab/Simulink, the modeling of the AC grid is performed using the model
that was presented in Fig. 3.7.

In this model shown in Fig. 3.8 the 3-phase balanced voltage source is used,

having a nominal voltage of 220 kV with a nominal frequency of 50 Hz.

In Fig. 3.8, a balanced three-phase voltage source is used, and a 10 MW three-
phase active load is connected to the three-phase AC source via a 10 km Pi-section

transmission line through the grid side bus.

The grid side bus is used to interconnect the three-phase grid and the transmission

line and is also used as a measurement port to measure the grid voltage and current.

The Fig. 3.9 and the Fig. 3.10 present the 3-phase voltage and current waveform
results, respectively. These waveforms are obtained from the simulation of an AC

grid model that was performed using Matlab/Simulink.
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FIGURE 3.8: Matlab/Simulink simulation model of AC grid

vs(a)
400.0k vs(b)
350.0k vs(c
300.0k
250.0k
200.0k
150.0k
100.0k

50.0k

-50.0k
-100.0k
-150.0k
-200.0k
-250.0k
-300.0k
-350.0k
-400.0k 4 . . .
0.06 0.08 0.10 0.12 0.14
Time(s)

AC grid voltages (V)

FIGURE 3.9: AC grid voltages waveform used in Matlab/Simulink model

AC grid current (A)

F1GURE 3.10: The current waveform of the AC grid

3.4 Matlab/Simulink Model for MMC Control

This section discusses the software based simulation model that is designed to

control the grid tied MMC. The MMC output terminal voltage is controlled by
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the inner current control loop of the converter, and the method that is used for
the development of the Simulink-based model of MMC control is elaborated in the

following sections.

Control Strategy for Grid Tied MMC

i

et w Measured_VdVg
[Vabe_grid]
Vdvgq J} Uref Gate pulses.
reference modulating signal
labc_converter] Reference_Idlg  VdVg_converter
converter current dig
gating pulses for
MAELT T MMC sub-module
PLL & dq current and Measured_ldlg itk
voltage measurements
- Generation of PWM
Inner Current control Generation of reference
loop for MMC modulating signal

FIGURE 3.11: Matlab/Simulink model for the control strategy for grid tied
MMC

Fig. 3.11 shows that the three-phase grid voltages and three-phase converter

currents are applied at the input of the PLL and measurement block.

The PLL and measurement block provide the wt, which is the synchronization

angle, and it provides the D(Q transformed grid voltage and converter current.

The measured DQ frame grid voltages and converter currents are applied at the
input of the inner current control loop, also called the current regulator, and along
with these measured DQ values, their references are applied at the input of the

current control loop.

The current control loop block outputs the converter output terminal voltages in
a DQ frame. The reference modulating signal block receives the converter’s DQ
frame output terminal voltages as well as the synchronisation grid angle wt. This
block generates the reference modulating signal, which is in the ABC reference
frame. This reference modulating signal is then applied to the PWM generator

block.

The PWM generator block compares the reference modulating signal with the high

frequency triangular carrier signal and produces the gating signals for switching of



System Modeling and MMC' development 81

sub-module IGBTs in each arm of the MMC. The explanation of each block shown

in Fig. 3.11 with its detailed simulation model is presented in the next sections.

PLL & abc to dq Transformation

@&
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3 phase PLL

grid voltages
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converter current d
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FIGURE 3.12: PLL(Phase Locked Loop) and dq transformation

The phase angle by which the PLL synchronizes the grid space phasor and DQ
rotating reference frame and frequency that is tracked by the PLL is shown in Fig.

3.13.
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FIGURE 3.13: (a) grid frequency tracking by PLL (b) Grid phase angle
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With the implementation of PLL, the grid and MMC converter are synchronized
with each other, as the grid voltage and converter current of phase A are in phase

with each other, as shown in Fig. 3.14.

Converter current
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FIGURE 3.14: Grid voltages and converter currents synchronization

The structure of the inner current control loop block, which controls the active
and reactive power independently, is presented in Fig. 3.15. In the inner current
control loop block, two PI controllers are used. One PI controller is used for the

d-axis current, and the second PI controller is used for the g-axis current.

Inner current control loop

o Vid
Pl Controller1 -
fd
o+ VdVq_converter
Pl Controller2 ™ viq
vd |, fd
+
o]
Vag
:

Vq |
Measured_VdVq d T +

FIGURE 3.15: The inner current control loop for MMC in dq frame

Fig. 3.16, shows the simulation model for the generation of reference active and

reactive power, and it also generates the reference DQ current signals.
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Reference power generation
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Reference active power

Qref. >

Reference reactive power

FIGURE 3.16: Reference active and reactive power generation simulation model

As we discussed in earlier sections, when we make changes in reference values of
active and reactive currents, those correspond to changes in reference active and

reactive powers.

As a consequence, we can control the active and reactive power independently
by controlling the d-axis and g-axis current components. This control methodol-

ogy is called direct power control at PCC.

Modulating Signals Generation

VdVq_converter
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100e3
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(Dw

F1GURE 3.17: Reference modulating signal generation simulation model

The Fig. 3.17, shows the reference modulation signal generation block. In this

simulation model, first of all, nominal DC voltages denoted by Vdc are divided by
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a factor of 1/2, so they become Vdc/2. This means that half of the nominal DC
voltages are divided by the nominal secondary voltages. This process makes VDC

normalized.

After this, the converter output terminal voltages are denoted by Vi; and Vi,
divided by these normalized half-dc voltages denoted by Vdc/2, and as a result,

we obtain the reference modulation signals denoted by my4 and m,,.
These are in the DQ reference frame.

These DQ rotating reference frame modulation signals are transformed into three-
phase ABC reference frame modulation signals denoted by mg.(t) by using the
DQ to ABC transformation block from the Simscape Simulink library.

These three-phase reference modulation signals are placed at 120 degrees from

each other.

These three-phase reference modulation signals are applied to the PWM block
for the generation of gating pulses for semiconductor switching devices of MMC

sub-modules.
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F1GURE 3.18: Three phase reference modulation signal with carrier signal for
7-level MMC
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Fig. 3.18 depicts the three-phase reference modulation signal used for seven-
level MMC, denoted by m,bc(t) with a fundamental frequency of 50 Hz and an

amplitude ranging from 1 to -1.

This reference modulation signal is compared with a carrier waveform having a
frequency of 1650Hz and whose amplitude varies between 1 and -1. When the
reference modulation signal is compared with the carrier signal, then gating pulses

are generated for the switching of sub-module IGBTSs for each phase leg of MMC.

The gating or switching pulses for 7-level MMC are generated by the PWM gen-

erator block from the Simulink library.

The PWM generator block generates the gating pulses using a phase shifted carrier
pulse width modulation pattern in which 6 half bridge sub-modules are switched
at the frequency of 1650 Hz. The phase shift carrier PWM block is shown in Fig.
3.19

Uref Gate pulses

> ) Uref

Gate pulses

Uref Gate pulses

XX

FIGURE 3.19: Phase shift carrier PWM generation model for 7-level MMC

The phase shift carrier PWM technique is also known as multi-carrier sinusoidal
PWM. In this modulation technique, a single sine wave modulation signal is com-
pared with multiple triangular carrier waveforms for the generation of gating pulses
for the semiconductor switches for one arm of a phase leg. In this thesis, the sim-

ulation model is composed of a 7-level MMC.
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FIGURE 3.20: Phase shift carrier PWM with reference modulation signal for
7-level MMC

In our case, 7-level MMC is used, so the number of sub-modules in 7-level MMC
is N, and N=6, implying that six sub-modules are used in an arm of a phase leg of
MMUC, resulting in six triangular carrier waveforms in the modulation technique

shown in Fig. 3.20.

For 7-level MMC, the PWM generator block uses six phase-shifted carrier wave-

forms that have a phase difference of 60 degrees according to the given equation.

_ 360degree

¢ N

(3.3)

The modulation signal’s amplitude varies between 1 and -1 with a frequency of
50 Hz, and the amplitude of the carrier signal varies between 1 and -1 with a

frequency of 1650 Hz.

The carrier waveform with reference modulation signal for phase A of 7-level MMC

is shown in Fig. 3.20.

The parameters which are used for the generation of gating signals using phase

shifted carrier PWM are presented in Table 3.3.
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TABLE 3.3: The parameters for generation of gating signals using PSC-PWM

Description Symbol Value
Number of sub-modules N 6

Number of carrier N 6

Phase displacement in carrier 0] 60 deg.
Modulation frequency f 50 Hz
Amplitude modulation index m 0.85
Carrier frequency fe 1650 Hz
Frequency modulation index my 33
Sampling time T, 6.06e — 6 s

Gating signals for submodule switches for 7-level MMC
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Gating signals of an arm of a phase leg for 7-level MMC

The MMC is composed of a series of connected sub-modules in an arm of a phase

leg. Each sub-module consists of two IGBTs. These are operated in a complemen-

tary manner, so each sub-module requires two gating signals which are opposite

to each other.

As we know, a single arm of a 7-level MMC is composed of six series-connected
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sub-modules, and in each sub-module, there are two IGBTS, so they require twelve

gating pulses for an arm of a phase leg.

These twelve gating pulses for one arm are inverted and used for the switching of

IGBTs of the second arm of the same phase leg or bridge.



Chapter 4

Simulations and Results

4.1 Introduction

The simulation results for the DC fault analysis in the multi-terminal MMC based

HVDC power transmission systems are presented in this chapter.

The Matlab/Simulink environment has been used to perform these simulations.This
research utilised 7-level MMC converter stations to develop three terminal MMC-

HVDC power transmission systems using series, star, and ring topologies.

DC faults are generated at the sending end converter station, the receiving end
converter station side, and on the transmission line, including pole to pole and

pole to ground faults.

We generate these faults and then examine how they affect the currents and volt-

ages on the AC and DC sides.

First of all, fault analysis is performed in the three-terminal series MTDC power

transmission system.

We obtain the simulation findings by generating a pole to pole fault at the sending
end converter side and a pole to ground fault at the transmission line.

89
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After that, a star and ring topology three terminal MTDC power transmission

system fault analysis is carried out.

4.2 DC Fault Analysis in Three Terminal Series

MTDC Power Transmission System

This thesis is based on a comprehensive study on DC fault analysis in multi-

terminal MMC HVDC power transmission systems.

For the DC fault analysis, first of all, a Matlab/Simulink model of the three
terminal series MTDC has been developed. It is composed of three 7-level MMC

converter stations.

A single line diagram of the series MTDC is shown in Fig. 4.1. Fig. 4.2 presents
the Matlab/Simulink model of the series MTDC. model of series MTDC.

DC Bus
Tx-line 100Km Transformer
 MMC3 __GD
Converter station-3 AC gid3
DC Bus DC Bug T f
Transformer — S
}_GD— MMC-1 VM2 _.@_I
AC grid1 Converter station-1 AC gid?

Converter station-2

FI1GURE 4.1: Single line diagram of series MTDC

The simulation parameters that are used for the development of three terminal

series MTDC power transmission system are presented in Table 4.1.
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FIGURE 4.2: Matlab/Simulink model of series MTDC

According to Fig. 4.2, three 7-level MMC converter stations are used in series
MTDC and are individually connected with 220 kV and 50 Hz AC grids on the
AC side via phase reactors and coupling transformers. These converter stations

are connected on the DC side by a 200 km transmission line of the pi-section type.

The DC bus voltage is Vde = 100 kV. On the dc side of MMC converter sta-
tions, the Vdc is divided into two halves, that is , % = 50 kV split by a reference

point at 0 V, which serves as a reference point for the entire simulation.

As a rectifier, the MMC Converter Station-1 transforms AC into DC. The sending
end converter station is another name for converter station 1. The receiving end
converter stations, also known as MMC converter stations 2 and 3, act as inverters

to convert DC into AC.

In Fig. 4.2 the phase reactor is used between each MMC converter station and the
coupling transformer. Its function is to regulate the circulating current. The phase
reactor is also used to minimize the high frequency harmonics that are produced
by the semiconductor switching devices, so it also works as a harmonic filter. The
phase reactor block’s selected inductance, L, is 2 mH, and the resistance provided

by the phase reactance is 0.08 (2.

In Fig. 4.2 the coupling transformers are used in between each MMC converter
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TABLE 4.1: The simulation parameters for three terminal Series MTDC

Parameters

MMC-1(7-level)
MMC-2(7-level)
MMC-3(7-level)

Description

Working as Rectifier
Working as inverter

Working as inverter

DC Bus Voltage

Converter AC side voltages

Number of sub-module (N) in each arm
Level in converter AC output voltage (N+1)
Arm inductance Ly,

Arm equivalent resistance Ry,

Sub module capacitance

Voltage across each capacitor
Fundamental frequency

Switching frequency

Transmission line length

Transformer Nominal voltages Viee: Vi
Transmission line type

Number of pi section between two converters
Resistance of transmission cable
Inductance of transmission cable
Capacitance of transmission cable
Inductance of phase reactor

Equivalent resistance of phase reactor
Clamping Resistor

AC grid -1,grid-2 and grid-3 voltages

100 kV

50 kV

6

7

1 mH

1Q

5 mF

16.66 kV

50 Hz

1.65 kHz

100 km

52 kV : 220 kV
Pi Section

2

0.01273 Q/km
0.9337¢-3 H/km
12.74e-9 F /km
2mH

0.08

1 MQ

220 kV

station and AC grid. Its function is to provide an interface between the converter
stations and the AC grid and step down the AC grid voltages that are suitable for

the converter station.

In this simulation model, the Y;A three-phase transformer configuration is used.
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The A side of the coupling transformer is towards the converter station side and the
Y, side of the transformer is towards the AC grid. The A configuration can allow
the circulation of third harmonic circulating current flows within the transformer,

and it blocks this circulating current from affecting the supply line voltages [72].

Because the Y configuration of the coupling transformer requires less insulation

inside the transformer, it is mostly used on the AC grid side [72].

4.2.1 Pole to Pole Short circuit Fault in Series MTDC

The most severe fault on the DC side is the pole to pole fault. According to [72],

the pole to pole fault is a permanent fault caused by insulation damage.

20.0k | Sub-module capacitor voltages |
capacitor voltages
before fault

18.0k —
16.0k —

14.0k —-
after fault, the sub-module capacitor
i discharge through the fault point and
10.0k becomes 0V

8.0k —

12.0k

Ve-SM (V)

6.0k —
4.0k H
2.0k

0.0

ook - -
04 06 08 1.0 1.2 1.4 1.6 18 20

Time(s)

FIGURE 4.3: Sub-module capacitor voltage drops to 0 V after pole to pole fault
at MMC-1 side

The simulated waveforms that are acquired during the pole to pole fault are shown
in the following figures in the case where the short circuit fault occurs at the DC
side terminal of the sending end converter station between the positive pole and

the negative pole.

Due to a pole to pole fault in the MMC HVDC power transmission system, which
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causes a rapid discharge of the sub-module capacitors on each side of the converter

stations. The voltages of the sub-module capacitors are shown in Fig. 4.3.

The voltage of the sub-module capacitor was 16 kV prior to the pole to pole

fault. The sub-module capacitor voltages rapidly decrease to zero after fault.

Power transmission between the two converter stations terminated as a result

of a pole to pole fault.

Pole to pole voltages were 100 kV, positive pole voltages were 50 kV, and negative

pole voltages were -50 kV prior to the fault.

The pole to pole, positive pole, and negative pole voltages decrease to 0 V as

a result of a pole to pole short circuit fault at point A, as shown in Fig. 4.4.

Due to the pole to pole short circuit fault, the positive pole current and negative

175.00k — —— Vdc(pole to pole)
J - ---Vdc(positive pole)
150.00k4 e Vdc(negative pole)
125.00k
100.00k
E 4
> 75.00k after pole to pole fault at dc side of
£ 50.00K Fecmmceeomceceacnemmonan- MMC-1, all voltages drops to 0V
<] _
£ 25.00k 4
© -
8 0004
> J

-25.00k —

-50.00k ...

-75.00k —

-100.00k — T T T T 1

— . - - -
090 092 094 09 098 1.00 1.02 104 1.06 1.08 1.10
Time(s)

FIGURE 4.4: Pole to pole, positive pole and negative pole voltages drop to 0 V
when pole to pole fault occurs at point A in Fig. 4.2, at MMC-1 DC side

pole currents increases drastically as shown in Fig. 4.5.
In Fig. 4.5, various current waveforms are shown. Positive pole current and neg-

ative pole current both increase quickly as a result of a pole to pole short circuit
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fault that happens at the sending end converter station’s output and is denoted

as point A in Fig. 4.2.

FIGURE 4.5:

FIGURE 4.6:

Idc(positive pole at point A)
Idc(negative pole at point A)
Idc(positive pole at point A)
Idc(negative pole at point A)
Idc(positive pole at point B)
Idc(negative pole at point B)
Idc(positive pole at point C)
Idc(negative pole at point C)
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090 092 094 096 098 100 1.02

Time(s)

DC current before fault point at point A

DC current after fault T w

point at point A_

DC current (A)

/
’

Reverse current flows from
point C towards fault point

DC currents increases drastically after pole to pole fault at point
A, that was shown in Fig. 4.2

v(a)
60k before fault v(b)
50k v(©)

40k
after fault, MMC AC
side voltages reduces

30k
20k —
10k

o
|

MMC-2 AC side voltages (V)

bbb A
o O O o o
~ X X xX x

60k T T T T T T T T T 1
0.94

Time(s)

Due to pole to pole fault at point A, shown in Fig. 4.2, MMC-2
AC side voltages are reduced

The currents from nearby locations, like from point B and point C, flow towards

the fault point.

This means reverse current flows towards the fault point.
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i(a)
== i(c)
after fault, current

increases drastically

20.0k

15.0k
10.0k
5.0k 4

0.0

-5.0k

-10.0k |

MMC-2 AC side current (A)
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0.90 092 094 096 098 1.00 1.02 1.04 106 1.08 1.10
Time(s)

FIGURE 4.7: Due to pole to pole fault at point A, shown in Fig. 4.2, MMC-2
AC side current increases

Fig. 4.6 shows that the three phase AC voltages at the MMC-2 outlet reduce
during a pole to pole fault. Due to a pole to pole fault, the MMC-2 AC side

current rises rapidly to a three phase short-circuit current as shown in Fig. 4.7.

4.2.2 Pole to Ground Short Circuit Fault in Series MTDC

Cable breakage and connection to the ground terminal or cable insulation damage
and connection to the ground due to an external force are the causes of pole to

ground faults.

When a pole is connected to the ground, a large short circuit current flows. Two
1 M) clamping resistors were placed between the positive and negative poles of

the DC transmission line to reduce the amplitude of short circuit current.

That provide the potential reference point for the DC transmission line and clamp

the DC voltages [70].
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In Fig. 4.2, the bipolar transmission mode is used for power transmission.

—— Vdc (pole to pole)
175.00k o —-—- Vdc (positive pole)
Vdc (negative pole)
after fault, the pole to pole voltages oscillates
and remains constant

150.00k
125.00k -
100.00k |

before fault

S 75.00k

8 50.00k 4--—-—- —-—u after fault, the positive pole voltages

& 2500k I drops to zero volt

° 1 |

S 0.00 4 it s e e e

o i
-25.00k — . .

a . after fault, negative pole voltages oscillates
'5°'°0k‘_ and becomes twice the origional voltagas
-75.00k

-100.00k

-125.00k

-150.00k

-175.00k +——————F——F——7——F——7———
0.8 0.9 1.0 11 1.2 1.3 1.4 1.5 1.6

Time (s)

FIGURE 4.8: Due to positive pole to ground fault at transmission line, pole to
pole voltages oscillates and remains constant, positive pole voltage drop to 0 V
and negative pole voltages oscillates and becomes twice

When the positive pole of the transmission line is shorted to the ground, then the

clamping resistor of the positive pole is shorted to the ground.

When this happens, the DC side will transform from the bipolar power trans-

mission mode to a uni-polar transmission mode.

The positive pole voltage drops to 0 V when a pole to ground fault occurs, as
shown in Fig. 4.8. The DC side pole to pole voltages will be supported by the

negative pole clamp resistor.

As a result, the transmission line’s capacitance and inductance cause the nega-
tive pole voltages to oscillate and increase to twice what they were before the

fault. The voltage between the poles fluctuates but is constant.

Fig. 4.9 and Fig. 4.10 show the DC current waveforms at point A and at point B

shown in Fig. 4.2, when a pole to ground short-circuit fault occurs.
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increases rapidly

100 4
0
-100 4

DC current at point A (A)

-200

-300

v

-400

L L L L L L L AL L
095 096 097 098 099 1.00 1.01 1.02 1.03 1.04 1.05

Time(s)

FIGURE 4.9: DC current at point A shown in Fig. 4.2 increases and flows
towards the fault point, during positive pole to ground short circuit fault at
transmission line
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FIGURE 4.10: DC current at point B shown in Fig. 4.2, reverse current flows
toward the fault point during positive pole to ground short circuit fault at
transmission line

Transmission line inductance and capacitance cause certain oscillations in positive

and negative DC currents during a pole to ground fault. From both point A and

point B, the current flows towards the fault point.
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It is clear from Fig. 4.9 and Fig. 4.10 that from point A, the current flows in
a forward direction, and from point B, the current flows in a reverse direction

toward the fault point.

v(a)
75.00k before fault v(b)
voltages are bipolar v(c)

50.00k

after fault, reference changes and
voltages becoem unipolar

25.00k

0.00

-25.00k

-50.00k

-75.00k

100.00k

MMC-2 AC side voltages (V)

-125.00k

-1so00k o - o -~~~
0.95 1.00 1.05 1.10 1.15 1.20 1.25

Time(s)

FIGURE 4.11: MMC-2 AC side voltages drops to single pole operational voltages
during positive pole to ground short circuit fault at transmission line
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FIGURE 4.12: MMC-2 AC side current is unaffected by pole to ground short
circuit fault at transmission line,its means the power transmission will not be
terminated
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The MMC-2 AC side voltages drop to single pole operational voltages, as shown
in Fig. 4.11.

Which means its voltage value becomes -100 kV because the positive pole voltages
abruptly change to 0 V shortly after the pole to ground fault. Fig. 4.12 shows the
MMC-2 AC side current.

The AC side current is unaffected by a pole to ground fault. It means when a
pole to ground fault occurs, the power transmission will not be terminated.

The summary of all pre fault and post fault conditions is presented in Table 4.4.

4.3 DC Fault Analysis in Three-Terminal Star

MTDC Power Transmission System

In Fig. 4.13, a single line diagram of a three-terminal MMC-HVDC power trans-

mission system is shown.

DC Bus DC Bus
Tx-line 100Km Tx-line 300Km
Node

Transformer Transformer

D] s

AC grid-1 Clonverter station-1

MMC-2 |

. AC grid-2
Converter station-2 e

Tx-line 500Km

= 1 Bus

Converter station-3

é Transformer

J_ AC grid3

€00

FIGURE 4.13: Single line diagram of three terminal star MTDC

The simulation parameters that are used for the development of three terminal

star MTDC power transmission system are presented in Table 4.2.
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FIGURE 4.14: Matlab/Simulink model of star MTDC

A Matlab/Simulink model for the star MTDC is shown in Fig. 4.14. According
to the MTDC’s balancing principle, the total current delivered by the sending
end converter station and the total current drawn by the receiving end converter

station should be equal.

Three 7-level MMC converter stations, each individually connected to the 220
kV AC grid through a coupling transformer and phase reactor, make up the three-
terminal star MTDC power transmission system.

For the star topology, taping is carried out for connecting the receiving end con-

verter stations.

One of these three converter stations, also known as a sending end converter
station, functions as a rectifier. The remaining two converter stations, also known

as receiving end converter stations, function as inverters.

At a common node, MMC-1, MMC-2, and MMC-3 are connected by a 500 km
pi-type DC transmission line, a 100 km pi-type DC transmission line, and a 300

km pi-type DC transmission line, respectively.
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TABLE 4.2: The simulation parameters for three terminal Star MTDC

Parameters

MMC-1(7-level)
MMC-2(7-level)
MMC-3(7-level)

Description

Working as Rectifier
Working as inverter

Working as inverter

DC Bus Voltage

Converter AC side voltages

Number of sub-module (N) in each arm
Level in converter AC output voltage (N+1)
Arm inductance Ly,

Arm equivalent resistance Ry,

Sub module capacitance

Voltage across each capacitor
Fundamental frequency

Switching frequency

Transmission line length

Transformer Nominal voltages Viee: Vi
Transmission line type

Number of pi section between two converters
Resistance of transmission cable
Inductance of transmission cable
Capacitance of transmission cable
Inductance of phase reactor

Equivalent resistance of phase reactor
Clamping Resistor

AC grid -1,grid-2 and grid-3 voltages

100 kV

50 kV

6

7

1 mH

1Q

5 mF

16.66 kV

50 Hz

1.65 kHz

100 km-500 km
52 kV : 220 kV
Pi Section

2

0.01273 Q/km
0.9337¢-3 H/km
12.74e-9 F /km
2mH

0.08

1 MQ

220 kV

4.3.1 Pole to Pole Short Circuit Fault in Star MTDC

When a pole to pole short circuit fault occurs at point A, as shown in Fig. 4.14
at the sending end converter station’s output terminal, the following simulation

results are obtained: Pole to pole voltages were 100 kV, positive pole voltages were
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50 kV, and negative pole voltages were -50 kV prior to the fault.

Pole to pole voltages, positive pole voltages, and negative pole voltages all quickly
drop to 0 V when a pole to pole fault occurs at point A because of the short circuit

shown in Fig. 4.15.

175.00k o —— Vdc(pole to pole)
E - == =Vdc(positive pole)
15000k | Vdc(negative pole)
125.00k
100.00k
e 75.00k ] after pole to pole fault at
ﬁ E sending end converter station dc side
5 50.00k f======somoscomoo s s oony all voltages drops to 0V
2 2500k
© 4
8 0004
> ]

-25.00k

-50.00k

-75.00k

-100.00k

T T T T T T T T T 1
090 092 094 09 098 100 1.02 1.04 106 108 1.10

Time(s)

FIGURE 4.15: Pole to pole, positive pole and negative pole voltages drop to 0
V when pole to pole fault occurs at point A in Fig. 4.14, at MMC-1 DC side in
star MTDC
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90000 7] current at point A before fault point. _ R
80000 -] S
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40000
30000 ]
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10000 ]
o
-10000 -]
-20000 ]
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-40000 ]
-50000 -]
-60000 -]
70000 ]
-80000 -]
-90000 T T T T T T T T T 1
090 092 094 09 098 100 102 104 106 108 1.10

Time(s)

DC current (A)

current at point A after fault point--~ T

'\ current at point C

current at point B

FIGURE 4.16: Due to pole to pole fault at point A in Fig. 4.14, positive pole
and negative pole DC currents increases in star MTDC
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The three terminal MMC-HVDC’s current is shown in Fig. 4.16.

=== |dc(positive pole at point A)
== |dc(negative pole at point A)
4.0k — = = Idc(positive pole at point B)
= ldc(negative pole at point B)
Idc(positive pole at point C)

= = -ldc(negative pole at point C|
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FIGURE 4.17: Reverse current flows from point A, B and from point C towards
the fault point as shown in Fig. 4.14 due to pole to pole fault

The figure clearly shows that the current dramatically increases when a pole to

pole fault, as in Fig. 4.14, occurs at point A.

Reverse current flows in the direction of the fault point after the fault at point A.

It should be noted that from points B and C, the reverse current flows towards

the fault point.

These points are marked near the two inverter stations. In Fig. 4.17, these reverse

currents are presented separately for better understanding.

The sending end converter station’s total current output and the receiving end

converter station’s total current draw are equal, according to the balance principle.

Therefore, it is evident that the reverse current that flows from point A toward
the fault point, as illustrated in Fig. 4.14, is the sum of the currents that flow
from points B and C toward the fault point.
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The AC side voltages of the MMC-2 are shown in Fig. 4.18.

A pole to pole fault resulted in a decrease in the voltages on the MMC-2 AC side.

The MMC-2 AC side current is shown in Fig. 4.19, and the pole to pole short

circuit causes a dramatic increase in the current.

All of these simulations demonstrate that power transmission will be terminated

when a pole to pole fault occurs at the sending end converter station side.

FIGURE 4.18:

MMC-2 AC side current (A)

FIGURE 4.19:

MMC-2 AC side voltages (V)
o
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Time(s)

MMC-2 AC side voltages reduces during pole to pole fault at
point A, shown in Fig. 4.14
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............ |(b)
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after fault, current
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15.0k-
10.0k—-
5‘0k—-

0.0

-5.0k
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MMC-2 AC side current increases during pole to pole fault at
point A, shown in Fig. 4.14
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4.3.2 Pole to Pole Fault at Node Terminal in Star MTDC

When a pole to pole fault occurs at a node, the following simulation outcomes

are obtained:

165.00k
150.00k
135.00k
120.00k
105.00k
90.00k -
75.00k
60.00k
45.00k
30.00k
15.00k

0.00

Vdc(pole to pole)
- - = =Vdc(positive pole)
Vdc(negative pole)

after pole to pole fault at node
all voltages drops to OV

Vdc at point A (V)

-15.00k
-30.00k
-45.00k
-60.00k
-75.00k -
-90.00k

165.00k ]
150.00k
135.00k

Vdc(pole to pole)
- - = =Vdc(positive pole)
Vdc(negative pole)

after pole to pole fault at node
all voltages drops to OV

165.00k -
150.00k ]
135.00k

Vdc(pole to pole)
- - - = Vdc(positive pole)
Vdc(negative pole)

after pole to pole fault at node
all voltages drops to OV

FIGURE 4.20: Pole to pole, positive pole and negative pole voltages drops to 0
V, due to pole to pole fault at node in star MTDC
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According to Fig. 4.20, all converter stations are lost when a pole to pole fault
occurs at a node because all converter stations are connected to the same node,
which causes the pole to pole, positive pole, and negative pole voltages to drop to

0V.

Idc(positive pole)
Idc(negative pole)
= = Idc(positive pole)

10k R i
1 current flows from point A towards the fault point Idc(neg:aflve pole)
9k Idc(positive pole)

8k - Idc(negative pole)
7k
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2k o s
1k —- ffo ’ IR W,
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-1k o reverse current flows from

DC current(A)

-2k - point B towards the fault point ="~
-3k 4
-4k
-5k
-6k
7k
-8k
-9k
AK4+——F————T——T—T 7T T T
090 092 094 09 098 100 102 104 1.06 1.08 1.10

““reverse current flows from

point C towards the fault point

Time(s)

FI1GURE 4.21: DC currents at point A,B and at point C shown in Fig. 4.14,
from point A the current flows towards the fault point and form point B and
C, reverse current flows, during pole to pole fault at node

The DC currents during a pole to pole fault at the node terminal are shown in

Fig. 4.21.

It is evident from Fig. 4.21, that when a fault develops at a node, the current

at points A, B, and C dramatically increases and flows in the direction of the fault.

The current flows in a forward direction from point A towards the node fault
point and in a reverse direction from points B and C towards the fault point.

Since each converter station is positioned at a different distance from the node
terminal, point A’s fault current has a larger amplitude than converter stations-2
and converter stations-3. As the converter station-3 is located 500 km apart from

the other two converter stations, its fault current is lower, as shown in Fig. 4.21.
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Before the fault, the MMC-2 and MMC-3 AC outlet voltage was + 50 kV.

MMC-2 AC side voltages (V)

MMC-3 AC side voltages (V)

60k

v(a)
v(b)
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due to pole to pole fault at node,
MMC-2 AC side voltages reduces
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FIGURE 4.22: (a) MMC-2 (b) MMC-3 AC side voltages reduces , during pole

to pole fault at node

When a fault occurs at the node, then MMC-2 and MMC-3 AC side voltages are

reduced due to a short circuit at the node, as presented in Fig. 4.22. In Fig. 4.23,

MMC-2, and MMC-3 AC side currents are shown in case of pole to pole fault at
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the node terminal.

Due to the fault, the MMC AC side current increases drastically.

It means the power transmission will be terminated due to the fault at the node,

and we will lose all converter stations when the fault occurs at the node terminal.
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FIGURE 4.23: (a) MMC-2 (b) MMC-3 AC side currents increases when pole to
pole fault occurs at the node

The summary of all pre fault and post fault conditions is presented in Table 4.5.
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4.4 DC Fault Analysis in Three Terminal Ring

MTDC Power Transmission System

This section analyzes the DC faults in the ring MTDC power transmission system.

Fig. 4.24 shows the single line diagram of ring MTDC.

DCBus
Transformer DC Braaker Tx-line 100 Km DCBus

-

MMC-1 Fault —

i

DC Breaker

Transformer

AC grid-l DC Breaker ACgrid-2

converter station-1 converter station-2

Tx-line 100 Km Tx-line 100 Km

DC Breaker

DCBus

MMmcC-3 1+ converter station-3

Transformer

ACgrid-3

FIGURE 4.24: Single line diagram of Ring MTDC power transmission system

Simulation parameters that are used for the development of three terminal Ring

MTDC power transmission system are presented in Table 4.3.

In Fig. 4.24, a Matlab/Simulink model for ring MTDC is shown. In ring topology,
all converter stations are connected with DC links or HVDC transmission lines,

forming a ring.

The ring topology is operated in two modes; these are the open loop and closed
loop modes. The ring topology is operated in closed loop mode during normal

operation in case of no fault in the power transmission system.
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FIGURE 4.25: Matlab/Simulink model of Ring MTDC

The simulation parameters that are used for the development of three terminal

Ring MTDC power transmission system are presented in Table 4.3.

Ring topology requires the DC breakers and the fast fault detection and commu-
nication systems for their operation for fault coordination and protection between

converters.

If a transmission line is interrupted due to some fault or fault comes in any con-
verter station, the respected DC breakers situated on each side of the faulty trans-
mission line or converter stations suddenly open up and decouple the respective

faulty transmission line or faulty converter station.

The rest of the system is now operating in an open-loop mode. Also, make sure

that you are not losing the output of the remaining converter stations.
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TABLE 4.3: The simulation parameters for three terminal Ring MTDC

Parameters

MMC-1(7-level)
MMC-2(7-level)
MMC-3(7-level)

Description

Working as Rectifier
Working as inverter

Working as inverter

DC Bus Voltage
Converter AC side voltages

Number of sub-module (N) in each arm

Level in converter AC output voltage (N+1)

Arm inductance Lgm,

Arm equivalent resistance Ry,

Sub module capacitance

Voltage across each capacitor
Fundamental frequency

Switching frequency

Transmission line length

Transformer Nominal voltages Viee: Vi
Transmission line type

Number of pi section between converters
Resistance of transmission cable
Inductance of transmission cable
Capacitance of transmission cable
Inductance of phase reactor

Equivalent resistance of phase reactor
Clamping Resistor

AC grid -1,grid-2 and grid-3 voltages

100 kV

50 kV

6

7

1 mH

1Q

5 mF

16.66 kV

50 Hz

1.65 kHz

100 km

52 kV : 220 kV
Pi Section

3

0.01273 ©/km
0.9337e-3 H/km
12.74e-9 F/km
2 mH

0.08 2

1 MQ

220 kV

4.4.1 Pole to Pole Fault in Ring MTDC

In case of pole to pole fault occurrence at the output of converter station 1, the

following simulation results are obtained: Fig. 4.26, shows that when a pole to
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pole fault occurs at the output terminal of converter station-1, pole to pole volt-

ages, positive pole, and negative pole voltages all drop to 0 V due to short circuit.

165.00k
150.00k
135.00k
120.00k
105.00k -]

< 90.00k ]
< 75.00k
— 60.00k
£ 4500k ]
g 4209
2. 30.00k
= 4
® 15,00k

£ 000

Vdc(pole to pole)
- == =Vdc(positive pole)
"""""" Vdc(negative pole)

after pole to pole fault at dc side of
MMC-1 in ring, all voltages drops to 0V
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FIGURE 4.26: Pole to pole, positive pole and negative pole voltages drop to 0
V when pole to pole fault occurs at point A in Fig. 4.25, at MMC-1 dc side in
ring MTDC

Due to pole to pole fault, the DC breakers situated at the output of converter

station-1 open up suddenly and decouple the converter station-1.

After the decoupling of converter station-1, the rest of the system is now op-

erating in open loop mode as mentioned above, and make sure that you are not

losing the output of the remaining converter stations as shown in Fig. 4.27.

Fig. 4.28, shows the case of fault occurrence at the output terminal of converter

station-1, the DC current rises drastically

because of a short circuit.

Due to a pole to pole short circuit fault on the DC side of converter station 1,

there is no effect on the MMC-2 and MMC-3 AC side voltages because when a

fault occurs on the DC side of the converter station 1, the DC breaker located on

the DC side opens up suddenly and decouples the converter station-1.
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FIGURE 4.27: (a) Vdc at point B (b) Vdc at point C in Fig. 4.25, pole to pole,
positive pole and negative pole voltages remains unchanged during pole to pole
fault on MMC-1 dc side in ring MTDC

During this fault, make sure that the remaining converter stations do not suffer

during the pole to pole fault and that they are kept in working condition.

The MMC-2 AC side voltages are shown in Fig. 4.29. The AC side voltages
of MMC-3 also remain the same as the MMC-2 AC voltages.
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FI1GURE 4.28: DC current at point A as marked on Fig. 4.25 increases, during
pole to pole fault at the DC side terminal of converter station-1 in Ring MTDC
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FIGURE 4.29: MMC-2 AC side voltages remains unchanged during pole to pole
fault at MMC-1 dc side in ring MTDC

Fig. 4.30, shows the MMC-2, AC side current. The MMC-3 AC side current also

remains the same as the MMC-2 current.

According to Fig. 4.30, when pole to pole fault comes on the DC side of converter

station-1, the converter station-1 quickly decouples after a pole to pole fault.
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The remaining converter stations will be in working condition due to this protec-

tion coordination.
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FIGURE 4.30: MMC-2 AC side current remains unchanged during pole to pole
fault at MMC-1 dc side in ring MTDC

So these are the simulations that come out during the pole to pole fault at the DC

side of converter station-1.

Now in the next section, we will discuss the fault on the transmission line in a ring

topology.

4.4.2 Pole to Ground Fault on a Transmission Line in Ring

MTDC

The following simulation results are obtained when a pole to ground fault occurs

at the transmission line:

In Fig. 4.31, the Vdc at points A, B, and C is shown in case of fault occurs on the

transmission line, these point are marked on Fig. 4.25. The DC breaker situated
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FIGURE 4.31: (a) Vdc at point A(b) Vdc at point B (¢) Vdc at point C during
pole to pole fault at transmission line in ring MTDC marked on Fig. 4.25

on each side of the respective transmission line suddenly opens up and decouples
the faulty transmission line. Hence, the MTDC is now operating in open loop
mode without losing any converter station output. Fig. 4.32 shows the MMC-2,
AC side voltages and Fig. 4.33 shows the MMC-2, AC side current. The summary
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of all pre fault and post fault conditions is presented in Table 4.6.
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F1GURE 4.32: MMC-2 AC side voltages during pole to pole fault at transmission
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FIGURE 4.33: MMC-2 AC side current during pole to pole fault at transmission

line in ring MTDC

4.5 Summary of Simulation Results

The study of DC faults for Series MTDC topology is summarized in table 4.4. The

pre fault and post fault values for AC and DC side currents and voltages are listed
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in this table. Before the fault or during normal operation, the DC side pole to pole
voltage was 100 kV. The voltage on the positive pole was 50 kV, and the voltage
on the negative pole was -50 kV. The MMC-2 and MMC-3 AC side voltages were
+50 kV. The pole to pole, positive pole, and negative pole voltages all drop to 0
V when a pole to pole fault occurs on the DC side of MMC-1. This is because
a pole to pole fault causes the capacitors in the MMC sub-module to discharge
through the fault point, causing their voltages to drop to 0 V. A blocking state
will occur in MMC as a result of under voltages or over currents. The pole to pole
fault causes an increase in the DC side current. Sub-module capacitor discharge
and AC side current injection through anti-parallel diodes are the main causes
of the rise in DC current, respectively. These diodes are connected across each
sub-module. The MMC will function as an uncontrolled rectifier at this stage.
The fault current is supported by the injection of AC source current. MMC-2 and
MMC-3 AC side voltages decrease because the DC side voltages abruptly drop to
0 V due to a pole to pole fault. A pole to pole fault will stop the power from
being transmitted. When a pole to ground fault occurs at the transmission line,
the positive pole voltages drop to 0 V. The negative pole voltage oscillates due to
the transmission line capacitance and inductance. The negative pole supports the
pole to pole voltages after the pole to ground fault and its voltages become twice.
When a fault occurs, there are some oscillations in the pole to pole voltages, but
the voltages remain constant. The DC side current fluctuates and rises as a result
of a pole to ground fault. A pole to ground fault causes the positive pole voltages
on the DC side to abruptly drop to 0 V, changing the reference of the AC side
voltages. Because the negative pole sustains the pole to pole voltages, the AC side

current is unaffected and the power transmission will not be interrupted.

The study of DC faults for Star MTDC topology is summarized in table 4.5. The
pre fault and post fault values for AC and DC side currents and voltages are listed
in this table. Before the fault or during normal operation, the DC side pole to pole
voltage was 100 kV. The voltage on the positive pole was 50 kV, and the voltage
on the negative pole was -50 kV. The MMC-2 and MMC-3 AC side voltages were
450 kV. The pole to pole, positive pole, and negative pole voltages all drop to 0 V
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when a pole to pole fault occurs on the DC side of MMC-1. Due to the pole to pole
fault, the AC side current that is injected through the free-wheeling anti-parallel
diodes causes an increase in the DC side current. Points B and C, which are
indicated in Fig. 4.14, are the points from which the reverse current flows in the
direction of the fault point. The pole to pole fault causes a drop in voltage and an
increase in current on the AC side of the MMC-2 and MMC-3. The transmission
of power will be interrupted because of a pole to pole fault. We lose all connected
converter stations when the node experiences a pole to pole fault. The pole to
pole voltages, positive and negative pole voltages, drop to 0 V. The pole to pole
fault at the node causes an increase in the DC side current. The current flows
from point A, denoted in Fig. 4.14, in the direction of the fault point. Reverse
current flows in the direction of the node fault point from points B and C. Pole
to pole fault causes the AC side voltages of MMC-2 and MMC-3 to decrease and

the AC side current to rise.

The study of DC faults for Ring MTDC topology is summarized in table 4.6. The
pre fault and post fault values for AC and DC side currents and voltages are listed
in this table. The ring topology is operated in two modes: closed loop and open
loop. It is operating in closed loop mode without any fault. It will be operating
in open loop mode when a fault occur. Ring topology requires the deployment
of DC breakers, quick fault detection, and communication systems for protection
and coordination between converter stations. The DC breakers installed at each
side of MMC-1 open abruptly to disconnect the faulty converter station when a
fault develops on the DC side of MMC-1. The rest of the system is now operating
in open loop mode after the decoupling of MMC-1. The DC breakers installed at
the transmission line’s ends abruptly open up and bypass the faulty transmission

line when a fault occurs.



TABLE 4.4: Series MTDC Topology

Vdc Idc AC Outlet Voltages AC Outlet Current
Vdc at Pgllj b s \P/);)lstlz:l\;z pole i‘if:“e‘;e Pole yicat  1114A  MMC-1AC 450 kV (Max) MMC-1 AC 314 A(Max)
Pre point A {)00 (kV) & 450 (fV) 50 (k%/) point A (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -319 A (Min) 163 A (RMS)
vf;ll?ll.:s Vdc at f:llteatzsp‘ﬂe fglst‘:‘;‘; pole VNO‘ifth‘;e Pole yicat  1ILIA  MMC-2 AC 450 kV (Max) MMC-2 AC 160 A (Max)
point B 100 (kg\/) 450 (ﬁ\/) 50 (k%/) point B (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 68 A (RMS)
Vdc at VP;’lltea“e’sp‘)le VP;’ISt‘at“;‘; pole VNO"EZZ‘;Q Pole yicat  52A  MMC-3AC 450 kV (Max) MMC-3 AC 160 A(Max)
point C 100 (kgV) 50 (i;\/) 50 (k%/) point C  (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A(Min) 68 A(RMS)
prp  Vdeat P;’lls b s fg’lst‘a“g pole ‘1191%?:: Pole  ric at Wiy  MMC1AC  +9.103 KV (Max) MMC-1 AC 1854 KA (Max)
Faule POt A 11’61 v & S0V & o Vg point A outlet voltages -8.9 kV (Min) 6.357 kV (RMS)  outlet current -18.42 KA (Min) 13.972 KA (RMS)
Ml\?ItC-l Vdc at E;’Ifat‘;sp(’le 53??22 pole aﬁit;e pole  yicat o ka  MMC-2 AC 3165 KV (Max) MMC-2AC 1552 KA (Max)
outpat  POMEB 0 ng a7 kgV g 1%\/ point B outlet voltages -3.037 kV (Min) 1.122 kV (RMS) outlet current -1.556 KA (Min) 1.076 KA (RMS)
Vdc at f(‘:llteatzsp‘ﬂe f(‘:lst‘:‘:; pole VNOG‘ifz“e‘;e Pole pic at sol0 kA MMC-3AC 43555 kV (Max) MMC-3 AC  1.552 KA (Max)
point C 17 kvg o k%/ e 1%\/ point C 7 outlet voltages -3.513 kV (Min) 1.202 kV (RMS) outlet current -1.570 KA (Min) 1.093 KA (RMS)
Vde at f;lteatzsp"le f;’lst‘atlzes pole \1:1;%?2;9 pPole  yic at 650Am,, MMC-1AC 1663 KV (Max) MMC-1 AC 316 A (Max)
point A & & A8 point A P outlet voltages -100 kV (Min) 57.21 kV (RMS)  outlet current -310 A (Min) 163 A (RMS)
PTG 100 (kV) osc. & oscillate and
Fault at become 0 V becomes twice
Tx-line  vqe at P‘;loel:;) E;’le f(‘:lst‘:‘:; pole Ne‘g,zftlzeeﬂ‘)le Ideat ..,  MMC-2AC -L94kV (Max) MMC-2 AC  160A(Max)
point B & & il fn 1 point B 2 outlet voltages -100 kV (Min) 57.59 kV (RMS)  outlet current -161A (Min) 67A (RMS)
100 (kV) osc. & become 0V b‘(,‘COIIlCS fwice
Vdc at P"‘}(‘iltt;’ 2;’19 fﬁiﬁlﬁi pole Ne%zftlzee‘;‘)le Ideat o, MMG3AC 1690 KV (Max) MMC-3 AC  160A(Max)
point C & & oscillate fnd point C ) outlet voltages -100 kV (Min) 57.09 kV (RMS)  outlet current -161 A (Min) 66 A (RMS)
100 (kV) osc. & become 0V °

becomes twice
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TABLE 4.5: Star MTDC Topology

Vdc Idc AC Outlet Voltages AC Outlet Current
Vdcat Toleto Positive pole  Negative pole ;. . 1134 MMC-1 AC  +50 kV (Max) MMOC-1 AC 320 A (Max)
point A pole voltages V(iltages Vroltages point A (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -310 A (Min) 164 A (RMS)
Pre-fault g)(?le(kt\g)pole ;;218{\\12 pole ;I(e]zg(::ézze pole
values Vd.c at voltages voltages voltages Id(f at  56.5 A MMC-2 AC +50 kV (I’\r"lax) MMC-2 AC 160 A (Majx) ’
point B 100 (kV) +50 (KV) 50 (V) point B (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
Vdc at fglltea;gspf’le fg’lst‘;;z pole ‘liﬁf;‘;:;e POle yicat  565A  MMC-3AC  +50 kV (Max) MMC-3 AC 160 A (Max)
point C 100 (kV) +50 (KV) 50 (kkV) point C  (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
TP Vde at Egllg igltages fg’lst‘;;z pole i"fi‘;‘f pole deat o, MMC-1AC  +9.014 KV (Max) MMC-1 AC 2001 KA (Max)
Fault point A 164 V 8267V 8201V point A outlet voltages -8.935 kV (Min) 6.383 kV (RMS) outlet current -20.01 KA (Min) 15.072 KA (RMS)
ey Ve at fglltea;zspf’le fg’lst‘;;z pole iﬁ%::;:;e Pole 1 at boks  MMC2AC 45231 KV (Max) MMC-2AC  1.564 KA (Max)
output point B 55 KV 2791 KV 2790 KV point B outlet voltages -5.236 kV (Min) 1.899 kV (RMS) outlet current -1.579 KA (Min) 1.069 KA (RMS)
Vdc at fgllteaézspf’le fg’lst‘;;z pole i"fi‘;‘f Pole 1 at ooks  MMC3AC 45231 kV (Max) MMC-3 AC  1.552 KA (Max)
point C 55 KV 92794 KV 2793 KV point C ' outlet voltages -5.238 kV (Min) 1.890 kV (RMS) outlet current -1.570 KA (Min) 1.066 KA (RMS)
Vdc at fgllteaézsp(’le fg’lst‘;;z pole i"fi‘;‘f Pole 1 at 095xA MMC-1AC  +37.03 kV (Max) MMC-1 AC  17.3 KA (Max)
PTP point A 16.84 (kV) 8.419 (kV) 28,419 (kV) point A outlet voltages -39.88 kV (Min) 13.64 kV (RMS) outlet current -17 KA (Min) 8.741 KA (RMS)
F;}‘Olg:t Vdc at Sgllteaézsp(’le 5;1‘;;2 pole iﬁf;‘;;‘;e POl jgcat L6 A MMC-2AC £3.070 kV (Max) MMC-2 AC  1.55 KA (Max)
point B 2708 (ikV) 1.354 (kV) -1.354 (kV) point B ' outlet voltages -3.404 kV (Min) 1.178 kV (RMS) outlet current -1.55 KA (Min) 1.070 KA (RMS)
Vdc at Sglltea;zsp(’le 5;1‘;;2 pole i"fi‘;‘f POl jgcat a6 kA MMC-3AC 43070 kV (Max) MMC-3 AC  1.55 KA (Max)
point C 2.637 (IkV) 1319 (kV) 21,319 (kV) point C ' outlet voltages -3.404 kV (Min) 1.178 kV (RMS) outlet current -1.55 KA (Min) 1.071 KA (RMS)
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TABLE 4.6: Ring MTDC Topology

Vdc Idc AC Outlet Voltages AC Outlet Current
Close loop  Vdc at 1?3112 521 tages f;’lsti;; pole yoelf:;vse POle pgcat 9291 A MMC-1 AC 450 kV (Max) MMC-1 AC 320 A (Max)
mode point A 100 (kV) +50 (KV) 50 (V) point A (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -310 A (Min) 164 A (RMS)
Vde at fgllt"a;zsp"le a"’lst‘:g‘:; pole VNoelf:;‘;e pole deat 92914  MMC-2AC  +50 KV (Max) MMC-2 AC 160 A (Max)
Pf];f:;lt point B 100 (ikV) +50'(1.§V) 50 (kV) point B (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
Vde at fgllteagzsp"le f(flstj'gve‘; pole VNO‘if;‘;L‘;e POle pqcat  9291A  MMC-3 AC 450 kV (Max) MMC-3 AC 160 Amp.(Max)
point C 100 (kV) +50 (KV) 250 (kV) point C  (Mean) outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 Amp.(Min) 62 Amp.(RMS)
Openloop  Vdcat Loleto Positive pole  Negative pole ., ) MMC-1 AC 46103 kV (Max) MMC-1 AC  9.34 KA (Max)
mode point A ?:)713 ‘\’l"ltages ;’;1;23585 _";’;ltla%es point A 02 KA Sutlet voltages 4.9 kV (Min) 3.357 kV (RMS) outlet current -9.31 KA (Min) 5.452 KA (RMS)
55;11‘1111 Vde at  Lole topole  Positive pole Negative pole 1y . pipopreak MMC-2 AC 450 KV (Max) MMC-2AC 160 A (Max)
at point B voltages voltages voltages point B open circuit outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
MMC-1 }’Oflékt\c/))pole ;(5)2181{32 pole ﬁzggxzre pole
output Vd.c at voltages voltages voltages Idc' at  Ring b.real? MMC-3 AC +50 kV (l\:Iax) MMC-3 AC 160 A (ng)
point C 100 (kV) +50 (kV) 50 (kkV) point C open circuit outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
Open loop  Vdc at fgllteagsp"le f;i‘:;‘; pole VNOelf:;VSe POle yicat  Ringbreak MMC-1 AC 450 KV (Max) MMC-1 AC 320 A (Max)
mode point A 100 (kV) +50 (KV) 50 (V) point A open circuit outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -310 A (Min) 164 A (RMS)
Vdcag  Lole topole  Positive pole Negative pole yq. ¢ pig preak  MMC-2 AC 450 kV (Max) MMC-2 AC 160 A (Max)
PTG point B voltages voltages voltages point B open circuit outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
Fault at Tx-line i’o(;)lél?(?pole ;i[s)lill{x:) pole ifl(ééﬁxzze pole
Vd.c at voltages voltages voltages Id(f at Ring b}r(tlef MMC-3 AC +50 kV (de) MMC-3 AC 160 A (Ma}x)
point C 100 (kV) +50 (I&V) 250 (kV) point C open circuit outlet voltages -50 kV (Min) 25 kV (RMS) outlet current -160 A (Min) 62 A (RMS)
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Chapter 5

Conclusion and the Future’s

Work

This chapter concluded the proposed study and discussed the expansion of this

research work for future aspects.

5.1 Conclusion

In this research thesis, DC faults are studied and simulated and their characteris-
tics are analyzed, including pole to pole and pole to ground DC faults. DC fault
analysis is performed for MMC based MTDC power transmission systems, includ-

ing three-terminal series, star, and ring topologies.

From the simulations of pole to pole fault, it is concluded that pole to pole fault
is the most severe fault on the DC side. When the positive and negative poles are
short circuited to each other, the capacitor voltage of all sub-modules drops to 0
V. The bridge arm currents, the positive and negative pole DC currents increase.
The pole to pole voltages, positive pole, and negative pole voltages drop to 0 V
due to the short circuit. At the point where the fault occurs, there is a drastic

increase in current at the beginning of the fault. It is also analyzed that when

124



Conclusion and Future Work 125

fault occurs at a point, the reverse current flows towards the fault point from the
nearby locations. Due to the pole to pole fault, the AC side voltages of MMC de-
crease, and the AC side current increases. Due to a pole to pole fault, the power

transmission will be terminated.

When a pole to ground fault occurs, in the case of a positive pole to ground
fault, the positive pole voltages oscillate and drop to 0 V suddenly, while the neg-

ative pole voltages oscillate and become twice the negative pole voltages.

There are slight oscillations in pole to pole voltages during a pole to ground fault.
The positive pole and negative pole DC currents rise and oscillate. The AC side
voltages of the MMC converter are reduced to single pole operating voltages be-

cause of the sudden change of positive pole voltages to 0 V.

In series MTDC, if a fault occurs in the transmission line, then we lose the con-
verter stations that are connected to the transmission line. It is also concluded
that in the MTDC star topology, if a fault occurs at a node terminal, then we lose
all connected converter stations. The DC side voltages of all converter stations
drop to zero volts due to short circuit at the node. The DC current at all converter
station increases drastically. The AC side voltages of all converter stations reduce
and the AC side current increases rapidly when a fault occurs. Due to a fault at
the node terminal, the power transmission will be terminated. In a ring topology,
there are two modes of operation; one is the closed loop mode and the second
is the open loop mode. In normal operation without fault, the ring topology is
operated in close loop mode. When fault comes in a converter station or when a
fault arises in a transmission line, the ring topology is operated in an open loop
mode. In a ring topology, it is necessary to decouple the faulty converter station
or a faulty transmission line quickly in such a way that the DC output voltages
of the remaining converter stations will not be affected by that fault. They will

continue to work.

It is also concluded that when the converter stations are placed at a faraway
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from the fault point, the effect of the fault is less on those converter stations as
compared to the effect of the fault on the converter stations that are placed near
to the fault point. Recently, the super grid is in its growing stage and because the
super grid is composed of a large number of converter stations, the probability of
fault occurrence is severe. As a result, the conclusions drawn from this research
thesis are beneficial for both the researchers conducting research on multi-terminal

HVDC power transmission systems and the power industry.

5.2 Future Work

In this research work, the fault analysis is performed on the multi-terminal HVDC
power transmission systems on the DC side. We investigate the pole to pole
and pole to ground faults on the DC transmission line that connects the MMC

converters on the DC side and their impact on overall system performance.

For future work, it is proposed that in addition to the DC fault analysis in the
MMC based MTDC power transmission systems, the fault analysis on the AC side,
including the single phase to ground fault, the 2 phase to ground fault, and the 3
phase to ground fault that occur on the AC side of the MMC converter station,

can be performed and their effect on overall system performance analyzed.

In the future, it is also hoped to develop an MTDC power transmission system in
which, when a fault occurs at a converter station, it is quickly bypassed or replaced
with another operational converter station, and the fault is quickly removed to

increase system reliability.
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