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ABSTRACT

HVDC transmission system technologies are becoming more suitable for
integration of clean energy sources with improved reliability, security, efficient
controllability and desirable stability. It has also been made cost effective for several
applications of power transfer usually beyond a certain distance and higher power
ratings. Most of the HVDC links being deployed these days are LCCs and VVSCs with
two level and multi-modular level conversion technologies. The advancements in the
interoperability of these technologies with both AC and DC systems has given rise to
the application of MTDC systems. Moreover, the pressures from the international
communities to decrease greenhouse gases, has forced scientific community all over
the globe to bring effective technologies in the market, to replace over the counter
carbon di oxide emitting technologies. For the above reasons the focus has also shifted
towards using MTDC systems. However this technology is not yet fully matured yet,
and requires state of the art research and analysis. Recent research studies have
stressed over, developing non Hybrid HVDC grids based on only single type of
converter technologies. However, this research work explores the performance of a
proposed scenario for integrating different systems using a Hybrid LCC-MMC type
MTDC scheme with the use of DC-DC converter. Furthermore, the topological
analysis of the scheme, also requires scrutiny during different abnormal conditions to
improve the reliability of the grids. The systems startup schemes and performance
under specific faulty conditions are also compared using the integration of virtual
energy sources and incorporating different HVDC networks with DC-DC converters.
The multiple advantages from the in-depth analysis have been highlighted in detail in
the thesis ahead.

Keywords: High Voltage Direct Current (HVDC), Line Commutated Converters
(LCC), Voltage Source Converter (VSC), Multi-Terminal Direct Current.
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Chapter 1: Introduction

1.1 Background: -

The consumption of electricity on day to day basis is ever-growing. Today, more
than 85% of the people in the world have access to electricity. However, this electricity
comes from both renewable and non-renewable energy sources, mostly from non-
renewables as shown in the Fig.1 [1]. The dependency on these CO2 emitting sources,
is facing reluctance from societies mainly due to the distress over environmental
hazards. The current transmission system is constantly being reshaped to overcome
multiple challenges related to integration of different systems. These include
interconnecting, large offshore renewable energy sources, bulk power resources from
thousands of Kilometers to the mainland, while other challenges include integration
of Passive resources and adaptive power flow controls for DC grids. Due to the
advancements in the development of HVDC converters and the vast variety of
advantages provided by the HVDC systems, in the recent years HVDC technology is
used as an alternative for HVAC technology to prevail over these challenges. The
conventional HVAC transmission system is limited to transmitting power over several
kilometers and hence requires more reactive power compensation devices which
increases costs and losses in the system [2]. On the other hand HVDC based

transmission systems are based on five main objectives.

1 Other
§| renewables
- Solar
Wind
— MNuclear

Al
/1 J Hydropower

L Nawral gas

140,000 TWh

120,000 TWh

100,000 TWh

80,000 TWh —— Crudeoil

60,000 TWh

40,000 TWh

20,000 TWh

Traditional
0 TWh biofuels
1800 1850 1900 1850 2000 2018

Source: Vaclav Smil {2017} and BP Statistical Review of World Energy CCBY

Figure 1.1: World energy sources usage over the course of 200 years.



I.  Interconnecting Offshore Energy Farms through subsea cables (Wind Farms,
Solar Farms and Oil Fields)
Il.  Transferring bulk power from onshore sites (Wind/ Solar/ Coal and Hydel)
[1l.  Interconnecting Asynchronous or Passive systems
IV.  Cost Benefits (After break even distance as shown in Fig. 1.2 [3])
V. Inter-countries Energy Markets or supergrids (European Grid, Euro-African
Grid, Asian Grid as shown in Fig. 1.3)

(.(::(:‘ Total HVAC costs

Break-even Transmission
distance distances

Figure 1.2: HVDC VS HVAC Cost Benefit Analysis Graph

1.2 State of the art Hybrid Multi-terminal HVDC systems: -

More and more point to point HVDC links have been deployed in China, Europe
and India. Earlier the HVDC systems were limited to mostly two terminal links using
Line Commutated Converter LCC-HVDC systems, but with the advancements in
Power Electronic converters like Voltage Source Converter VSC-HVDC and
Multilevel Modular Converter MMC based HVDC systems, the case of
interconnecting more offshore renewable sources with improved interconnecting
capabilities, has been made possible [4]. This opened the gateway for HVDC grids
composing of more than two terminal HVDC stations known as Multiterminal High
Voltage DC systems (MTDC), [5]. As the HVDC grids are either made up of LCC or
VSC type converter technology, a Hybrid (LCC-VSC) type system [6] holds much
greater challenges and growth from the application point of view. LCC MTDC grids
have been operational since 1992 when Quebec-New England HVDC Transmission
[7] was extended to three terminal system from a two terminal system. VSC MTDC
grids have been around since 1999 in Shin-Shinano HVDC in Japan [8] which was
made up of a back to back three terminal system, however the application of this

system is fairly different that is interconnecting systems with different frequencies. In
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recent days, more MTDC network possibilities have been recognize. The development
of MMC converters has let the operational capabilities of MTDC networks more
convenient [9]. More MTDC networks using MMC HVDC systems are planned for
tapping into the transfer of offshore renewable energy to the mainland. Using the
notion that, many LCC-HVDC links are already operational and more VSC (MMC)-
HVDC links will be installed for different applications and scenarios, such as
Interconnecting the North Sea [10], euroafrican grid [11], a Hybrid MTDC system has
yet to be matured and requires a lot of research. There are multiple aspects related to

the interconnection challenges and operational issues that needs to be addressed.

o Scolar Thermal
] Power Plants

k. Photovoltaics
< wind

77 Hydro

A [0 Biomass

| A Geothermal

Figure 1.3: Available power resources and projected North Sea interconnection with
Euro-African super grid

1.3 Motivation and contributions: -

Despite the attention given to the advantages of VSC MTDC and LCC MTDC
grids, rare research has been conducted to investigate the prospects of Hybrid MTDC
grids and their applications. In previous research studies, the use of DC-DC converter
to connect DC sources, hybrid system and its impacts on overall DC grid’s system
performance is barely scrutinized. Moreover, the effects of interconnecting islanded
load networks to the DC grid using MMC converters are also considered in this study.
Furthermore, this thesis contributes to analyze the impacts of AC and DC faults on the
DC grid’s performance, also provides a new topological approach to interconnect

remote area loads with the DC grid.



1.4 Thesis Layout: -

Chapter 1

This chapter includes the Introduction to the topic and defines the motive and

objective behind the Thesis theme selection.
Chapter 2

Literature Review is presented here. The basic concepts of HVDC
technologies have been discussed, which includes the Converter types, converter
topologies, and faults in MTDC systems, and HVDC system configurations. A brief
description about the working principles of Line Commutated (LCC), Voltage Source
(VSC) and Multilevel Modular converters (MMC) is written. Furthermore the
applications and concepts of DC-DC converters for MTDC systems is also explored.

Chapter 3

This chapter focuses on the modeling, operation and control of all three types
of basic HVDC converters. First the modeling and operational characters of LCC-
HVDC system is discussed followed by the control design of rectifier and inverter of
LCC converter. Later the latest model and control designs for a two level VSC and a
three level MMC is acquired.

Chapter 4

Proposed model for case study and its system description is provided in this

chapter.
Chapter 5

In this chapter Results and Analysis for the system behavior during multiple
conditions are presented with PSCAD based simulations.

Chapter 6

This chapter concludes the thesis work.
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Chapter 2: Literature Review

2.1 HVDC System Configurations
2.1.1 Monopole Link

A Monopole connection is made up of either one or two six pulse converters
with two terminals one is connected to a transmission line and the other with ground
to provide return path for current. A metallic wire may also be used where earth
resistivity is very high. In Subsea system the water is used as a return path. The cost
of this configuration is low which attracts the use of such configurations also this

system can be extended to bipolar connections easily.

Minal

-l
L

Figure 2.1: Monopole HVDC link.

2.1.2 Bipolar Link

A Bipolar configuration is made up of two transmission lines with either one
or two twelve pulse converters. One transmission line connects the positive polarity
of rectifier and inverter and the other transmission line connects with the negative
polarity. This configuration is not cost effective as compared to monopolar links but
proves to be more reliable under faulty conditions. The midpoints of both rectifier and
inverter is connected via an electrode which provides an advantage of a monopole

operation by using ground as a return path and the faulty converters.

5= 3

Figure 2.1: Bipole HVDC link.
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2.1.3 Homopolar Link

A Homopolar configuration is made similar to bipolar having two conductors
and a metallic return but the system only operates in negative polarity. This is done to
reduce the effects of corona. The converters are arranged in parallel to attain the
benefits of low insulation costs. Such links are not presently used due to complex

nature of the configuration of converters.

L

Figure 2.2: Homopole HVDC link.
2.1.4 Point to Point Links
This Configuration is made for mainly the purpose of connecting two or more

asynchronous systems located at different areas. This only allows unidirectional power

flow as shown in the Fig. 2.4.

DW= hHD-

HVDC Substation Layout

Figure 2.3: Point-Point HVDC link.



2.1.5 Back to Back Links

This configuration can be made from a Monopolar or bipolar link connected
together using a single ground path. A back to back link is used for conversions
between two asynchronous systems hence provides the advantage of coupling two or
more electrical grids with different frequencies. This type of configuration is
beneficial for inter-country or inter-continental HVDC transmission links. Its

converters are located at the same location thus no transmission line is required.

AC ;\ ; AC
—_—  —]
METWORK -1 NETWORK -2

m—

Figure 2.4: Back-Back HVDC link.

2.1.6  Multiterminal Link

A Complex network of three or more than three converters connected together
combining the benefits of series and parallel network connections is known as a
multiterminal link. Such a system is difficult to understand due to the applicability of
different types of converter systems is discrete. Recently only two multiterminal
systems are operational. The reversal of power can be easily achieved thus providing

vast applications for the future HVDC technologies.

B
s

O= =@ =@
ce/AN VED =)

Figure 2.5: Series-Parallel, Multi-terminal HVDC link.



2.2 MTDC grid

Currently most of the HVDC connections are two terminal point to point
transmission systems. A Multiterminal Hvdc (MTDC) grid can be constructed from
interconnecting more than two HVDC links as shown in Fig. 2.7. An MTDC is an
alternative for the AC grid to transmit energy from remote area wind and solar farms
or traditional power plants to the AC networks. The advantages provided by VSC
HVDC systems has enabled the use of MTDCs on account for the improvements in
scalability, flexibility, reliability and stability of the power system. However, with the
increasing number of nodes and terminals the control strategies are becoming
complex. An MTDC can also be formed by connecting different type of HVDC
converter technologies such as a combination of LCC, VSC and MMCs which
combines the advantages of all these converters technologies. The control strategies

vastly depends upon the connection topologies.

NORTH SEA

Figure 2.6: North-Sea Multi-terminal HYDC Example.

2.3 MTDC grid Topologies

There are mainly two types of MTDC grid topologies, a series or a parallel
connection of more than two links as shown in Fig. 2.8. Both have their limitations
and advantages. A series connection can be further expanded into a radial and ring
network or a hybrid connection. Similarly a parallel connection can be expanded into
a radial and a meshed or respectively hybrid connection of both. All types of
topologies are dependent on the requirements and applications. Future MTDCs are

supposed to be made up of different grid topologies with different converter topologies
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according to the grid requirements, which poses a great need for the research and
development of different control strategies and control designing for such topologies.
Some of the basic properties of series and parallel MTDC connections are discussed

below.

(3) Parale comreclicn (D) Serles omecton

I i
iy i fi i &
m@ | llld: ’ | E

Figure 2.7: 4-terminal Series-Parallel LCC type HVDC Connection.

-
-

= A
N s

Table. 1: Characteristics of series and parallel LCC HVDC connection

S.NO Parallel Connection Series Connection
1 DC voltage at all DC current at all
Converters is same. converters is same.
2 One Big terminal Vice Versa.

controls DC voltage while
other small terminals controls

local DC currents.

3 Fast power reversal is Power reversal can be
not possible at any terminal. achieved.
4 A DC voltage fault will A dc side fault will only
affect all converters. interrupt a small amount of
power.
5 Attractive for Attractive for small taps
Multiterminal HVDC. connections.
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2.3.1 Radial Network

The advantage of this topology is the simplicity of control strategy. In this type
of topology the voltage stability depends on the central station making it easy to
control the rest of the system. The limitations exists when the central station fails and
the power transfer is stopped to the rest of the system as there is no other path for

power to flow.

VEC I '—: V82 |‘—|

Figure 2.8: Radial MTDC network topology.
2.3.2 Ring Network
This network is perfect where system stability is highly required, but

controlling the voltage is very complex. In case of a line outage another path can also

be utilized.

| —_ |
M=

s | [

el —— |
— Y

Ry |

Figure 2.9: Circular MTDC network topology.
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2.3.3 Meshed Network

A meshed network is necessity of the future MTDC systems as more and more
HVDC links are deployed at different locations with different uses. In a meshed
network the DC grid stability and capability to transmit power from different locations

Is improved [12].

w | s 0 R

VEC 3 4~7 ...H._I_I_I

By

Figure 2.10: Meshed MTDC network topology.

2.4 Line Commutated Converters
2.4.1 Introduction

LCC Type hvdc systems are the most matured and deployed technology among
hvdc converter systems due to the simplicity of converter configuration and low cost.
For bulk power and very long distance transmission of electrical energy LCC hvdc is
the most economical and reliable option in the market today. The Operation of LCC
depends upon the line voltage that’s why they are called line commutated converters.
In LCC two types of semiconductors are used, diodes or thyristors, but due to the
advantage of controllability of DC voltage, thyristors are mostly used in traditional
HVDC systems.

2.4.2 Thyristors (Operation not included?)

A thyristor is a semiconductor device responsible for providing controlled
switching and thus known as the heart of an LCC converter. It is basically a 4-layer
combination of p and n type materials with two or three terminals and have the
capability of achieving high ratings such as 8500 V, 4500 A. A thyristor is an extended

form of a diode with addition of control terminal known as gate as shown in Fig. 2.12.

13



(a) (b)

A (anode) A A (anode) A
) = Ve
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Nl N
N J2
G (gate) p
K J3 K
K (cathode) N

K (cathode)

Figure 2.11: Structure and Symbol for (a) diode and (b) thyristor.

2.4.3 Converter Configuration

LCC configurations is based on the basic principles of a simple three
phase six or twelve pulse bridge rectifier circuit also known as Graetz Bridge Rectifier
as shown in Fig. 2.13. The Circuitry is composed of six controlled electronic switches
in pair of two each and every pair connects to the single phase line respectively

connecting to two dc terminals.

Ua+

Ua-

Figure 2.12: Six pulse converter configuration for LCC HVDC.

Two valves connect two ac line voltages to the dc lines as shown in Fig. 2.14.
The dc output is taken by the summation of the upper valve voltage minus the lower
valve voltage. Due to presence of inductance in the ac mains there is an overlap during
the conduction of one pair of valves to the next, for this period the dc output value is
taken from average of first pair of valves minus the transitioned valve and so on and
this is known as Overlap angle p. The overlap angle can reach a max of 20° at full
load. Due to this p there is a notch in dc output voltage which decreases mean DC

voltage value.
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When V1 and V2 are conducting: When V2 is conducting and V1 is commutating to V3:
Ug=Uini —Uins Ua= Y2(Uini + Uino)=Uins

Figure 2.13: Working Principle of Six pulse converter for LCC HVDC.

The average voltage at the output is given by the equation

3V
"}l—i[! = T"}.—a.v = % CGE{CE} — 6fL[:Id

The Firing angle control is the easiest way to control DC voltage. By increasing
the alpha value DC voltage will decrease and vice versa. The rectification and
inversion of DC voltage also depends upon alpha value. From angle 0-90° The Dc
output voltage is positive which corresponds to rectification mode and from 90-180°
the dc output voltage becomes negative which corresponds to inversion mode as
shown in Fig. 2.15.

i Ve 7 vz va_ X Ve 4 vz va_ Ve A vz X Va_ N\

DC voltage, line to neutral

NP N [N N [N N NP N [N B

DC voltage, line to line

ACUAN RPN RPN AR LR LN RPN RPN RN RN RN RN RN RPN NN R PN NN

VS Vi

Figure 2.14 Valve waveforms of DC voltages.

Harmonics are introduced in the ac and dc sides of the converter when using a
six pulse converter configuration due to change in phase voltages so a 12 Pulse
converter configuration based on two six pulse bridges can be seen in Fig. 2.16 is used

to reduce these harmonics. This configuration restricts phase change between two ac

15



supplies to 30° previously 60° which allows the cancellation of voltage and current

harmonics.

Ug-

NI NIRCYIN

- ILl
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Uq-

Thyristor
valve

Al
<
oo

Ny

Anode |

Figure 2.15: Twelve Pulse converter configuration for LCC HVDC.

2.4.4 Advantages and Applications

LCC HVDC is the main used technology for mostly bulk power transfer in
long distance transmission systems and will remain there for vast applications as the
cost of thyristors is reducing and the rating capabilities are increasing. The two main
applications of LCC HVDC systems are Bulk power transfer using point to point
systems and submarine transmission systems. Other details of advantages and

applications are given in the table.
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Table. 2: Advantages and Applications of LCC HVDC system.

S.No Applications Configuration Advantages
Used
1 Bulk Power Long | P2P Links No reactive power
Distance Transfer limits
2 Submarine B2B Links Less Cables
Transmission Required to
transfer more
power
3 Interconnection P2P, B2B Links Interconnecting
between different systems with
AC networks with different
different features frequencies
4 Stabilization of | P2P, B2B and | Fast and Accurate
Weak AC grids Multiterminal Power Flow
Links Control

2.5 Voltage Source Converters:
2.5.1 Introduction:

The Voltage source converter is based on Insulated gate bipolar transistor
(IGBT) type semiconductor technology which has the ability to control both of its turn
on and off timings. Simple thyristors restrict the use of LCC type converters against
many applications such as feeding power into a passive system, using the converter as
a power source in case of islanding, and connecting asynchronous AC grids. The IGBT
type converters have many advantages over the thyristor type w.r.t the integration of
renewable power sources, the degree of controllability and sustainability of the DC
grids. Due to the fixed polarity of DC voltage it can be considered constant which is
why these converters are called VVoltage source converters. VSC converter technology
is a better option for the expansion of a two terminal HVDC into a Multiterminal DC
grid which provides the basic infrastructure for the making of supergrids and inter-

continental or intra-country grids.
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2.5.2 IGBT (Operation Included or not):

It is a semiconductor device made up of four alternating layers of p and n
materials and 3 terminals named Gate, Collector and Emitter as shown in Fig. 2.17. It
is manufactured by combining the attributes of both MOSFETSs and BJTs which give
the IGBTSs its features of high efficiency and fast switching with low losses. The output
characteristics of IGBTs behaves like a BJT whereas input characteristics conducts as
MOSFETS thus it works as a VVoltage Source device.

N
N gy

o L g—— IGHT with antipamliel doda 5o

SNl VTSR CLTONT Capatulity

Figure 2.16: Symbol of IGBT circuit.

2.5.3 Two-level converter:

There are basically two types of two level voltage source converters, a single
phase two level and a three phase two level VSCs. In recent HYDC systems most of
the VSCs are based on three phase two level converters with configuration of a six
pulse bridge with IGBTs instead of common thyristors shown in fig 2.18. As the name
indicates two level means the output voltage is either a positive or a negative discrete
value close to a square wave. When the Upper Valve is conducting the output gives a
positive voltage value which is half of the total voltage output (*2 V) and similarly

happens for the negative half cycle as shown in Fig. 2.19.

Uy ,
o L VIZé:It V3Zé:1L Vs L
u L. .

LN2

£1 vi%@EL voZ%ilL vz%:m
IGBT £ |
alve T r Ia

I
L Ua
IL

I+

Figure 2.17: Two level Six pulse VSC Hvdc converter configuration.
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Figure 2.18: Internal valve circuitry (Too and fro switch).

The main drawback of this configuration is that the output wave is very
inefficient as there are huge harmonic distortions and requires PWM techniques to
overcome this problem. The overall efficiency is reduced with the use of PWM as the
IGBTs have to turn off and on too many times. The overall efficiency of two level
VSC is lessor than an LCC and to improve that hundreds of IGBTS are required to be
connected in series in each valve, which obviously will increase the overall losses and
costs. For such reasons three level and Multilevel converter configurations are

introduced.
2.5.4 Three Level Converter:

To overcome the disadvantages of two level converters these converters
introduced another discrete value of “0” with “+%; V” by adding another IGBT valve
with all six valves. Such a configuration is known as Neutral Point clamped or diode
clamped converter. It works as a single pole triple throw switch as shown in the fig.
Each Phase contains four valves. Two series diodes are connected parallel to each of
the second and third IGBT valve in every phase. These diodes are then connected to
the midpoint of two series capacitors connected parallel to the arms of the converter

as shown in the Fig. 2.20.
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Figure 2.19: Three Level VSC HVDC converter configuration with antiparallel
diodes.

The Positive output value is achieved by turning the first two IGBT Valves
whereas the negative output value is achieved by turning the last two IGBT valves and
the zero output value is achieved by turning the middle two valves on as shown in the
Fig. 2.21. The parallel diodes (clamping diodes) provides the current path through the

=12 Uy
£l
£ Vi
+
Ya Ud

phases simultaneously.

=

.',fzudl___ _________ ——+1/2Ud

+
== U,

Figure 2.21: Waveform generation from single arm circuit of three level VSC
converter.
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2.6 Modular Multilevel Converters:

Multilevel converter technology is considered the most viable option
for the expansion of current HVDC links into Multiterminal grids. The drawbacks of
using two level converters can be easily overcome by increasing the number of IGBTs
in series in a valve and pairing up these IGBTs to form submodules, this also proves
to be an effect way of overcoming dc faults due to the independent control provided
for the individual submodule with its storage capacitor. A two level converter
generates only two discrete output voltage values as shown in Fig. 2.22 a. A three level
converter generated three discrete output voltage values as shown in Fig. 2.22 b and a
five level converter generates five voltage values as show in Fig. 2.22 c. Similarly by
increasing the switching levels the output voltage will be nearly like AC sinusoidal

with reduced THD harmonics.

[I ~ . & _-1_ P . :QEV.-. e SN
= _T_'vv. T v I I:IV_T_"V‘ '| y I ‘A‘I :
s 1

e N & @ .

>4 o 0.02 0.04

Figure 2.20: One Phase leg of VSC HVDC converter with (a) two levels, (b) three
levels, (c) five levels.
Each submodule is composed of either a half bridge or a full bridge converter.
The N submodules are connected in series to form an arm and two arms are connected
in series through Inductors to limit fault currents and also control the circulating
currents as shown in Fig. In an MMC currents goes directly in all six valves unlike in
an LCC. Therefore the valve current only depends upon direct current which split in

three phases and alternating currents which splits in the upper and lower arms.
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2.6.1 Module Topologies:

There are different submodule topologies available for different applications
of the MMC converters. The most common module topologies are half bridge and full
bridge topologies. The half bridge topology is composed of two IGBTS, two parallel
diodes and one capacitor connected in parallel with both IGBTs whereas a full bridge
topology comprises of four IGBTS, four diodes and one capacitor giving as extra

advantage of fault clearing capability.

ia)

Figure 2.21: Switching module (SM) topologies: (a) half bridge; (b) full bridge.

2.7 Hybrid Converters:

For attaining the benefits from the above discussed types of converters a hybrid
converter can be designed from any of the converter configuration for a specific
scenario to achieve the ultimate goal of a more reliable and flexible DC grid. However
designing such a converter requires state of art research. The main advantages include
huge cost reductions and low footprint. Till date there are three types of possible
converter topologies. A hybrid three terminal HVDC shown in Fig. 2.25 provides
integration of AC system with VSC and LCC stations located at different places. This
type of topology provides the basics for the expansion of three terminal systems into
Multiterminal HVDC systems. Some other advantages include high quality energy

transmission to remote area load centers and islands. [13]
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Figure 2.22: Three terminal Hybrid HVDC transmission system.

Another type of hybrid converter topology shown in Fig. 2.26 is the Hybrid
bipolar HVDC system where both type of converters are connected at different poles
of a same station. By utilizing the advantage of VSC’s reactive power control
capabilities, the use of ac filters can be avoided saving costs and low footprints at the

station. This topology is also helpful for connecting weak AC grids.

LOC-HVIDC cablr
LCC+] |Leca-
T+

O AVAR )

..-\l'..'{_indl AC Grid2
6'; VaCl- VEC2
TI- T2

O ¢ F O

[ VSC-HVDC able- [

Figure 2.23: Four-terminal Bipolar Hybrid HVDC transmission system.

A multi-infeed system is consisted of different topological interconnections of
LCC and VSC HVDC systems connected through a single AC bus system as shown
in Fig. 2.27. One of the main advantage of this configuration is the use of effective
control of reactive power requirements during commutation failures to keep the

passive network stable.
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Figure 2.24: Dual-infeed Hybrid dual-infeed HVDC transmission system.
2.8 DC to DC Converters in HVDC

The DC to DC converters used specifically for HVDC application are
classified into two main classes which are further divided into multiple subclasses

depending on their application as shown in Fig. 2.28 [14]

DC-DC Converters for HVDC
[
| ]
Tolated Xoo-Dialated
Dual fctre m?r::““ TH-Autoiran:former Trias farmerless

Crzaded Mules Medulat
1 1
! 1 | 1 [
(sl FEFADC Hrkrid Sanale sage Mgl sigt AL '“"'_
Capacicie e

Figure 2.25: DC-DC Proposed classification for HYDC converters application flow
chart.
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2.9 Abnormal Conditions

The two main abnormal conditions in HVDC grids include AC voltage sags
and DC voltage sags which creates stresses on the system and distorts the system

behavior. AC voltage sags are further divided into three categories.

1. One phase to ground fault or 30% sag in the ac side voltage.
2. Two phase to ground fault or 70% sag in the ac side voltage.
3. Three phase to ground fault or 100% sag in the ac side voltage.
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Chapter 3: Modeling Control and
Operation of HVYDC Converters

3.1 Modeling Control and Operation of LCC HVDC grids
3.1.1 Operational Characteristics of LCC HVDC

A two terminal model is shown in Fig. 3.1 (a). Vdorcosa represents the rectifier
voltage whereas VqoiCOSy represents the inverter voltage in Fig.3.1 (b). It is assumed
that the current is flowing from rectifier to inverter. Line resistance, rectifier circuit
resistance and inverter circuit resistances are also taken into the account. Hence the
total current Id is alpha and gamma provides the basic control mechanism for the LCC
HVDC.

DC line
I—-lj—)—'|_|
Three=-phase N d Three-phase
ac I_@ ?F Rectifier Inverter 'Sl'tz ﬁf ac
T I

(a) Schematic diagram

"!".cr RL _REI
e A ANA—
. iz
V 08002 ¥y ” = Vo pouy

(b} Equivalent circuit

-F‘—h-—-—-.r. -1

I.-"

Fpoonsct Fa i ¥ pposy

{c) Veollage profile
Figure 3.1: HVDC Transmission link (a) schematic diagram, (b) equivalent circuit,
(c) voltage profile.

| = VdorCosa - VdoiCosy
9= T Rer+RL - R

The control characteristic curves provided in Fig. 3.4 represents the control

modes available for the LCC HVDC under normal or faulty conditions. The basic
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means of controls can be achieved through managing the internal voltages; Vdorcosa
and Vgoicosy as controlling the firing angles will eventually help in increasing or

decreasing the DC currents.
3.1.2 ldeal Steady State Characteristics:

Both the stations are assigned different control options. During normal
operation rectifier is assigned with Constant current mode and inverter is at constant
extinction angle control. DC voltage is measured at rectifier. Curve AB comprises of
CIA (constant ignition angle) control mode where alpha is rated at a minimum angle
of 5 for forcing current to stay under rated value. The curve BY comprises of CC
(constant current) mode. It is set according to the desired reference value and after a
complete reversal of voltage after 90 degrees the characteristics are changed to the
inverter mode. The curve XY comprises of CEA  (constant extinction angle control)

which is also kept at a minimum angle of 10.

R e Tl R
[ R I TR

Rectifrer mode

Ta

To

Tnuverter mode

B I [
- - =

Figure 3.2: Ideal steady state characteristics.

By applying rectifier and inverter characteristics on the same plot basic
operational points can be achieved. To obtain a basic operating point OP1, first the
current order is determined using an outer power loop for the rectifier. This will allow
the inverter to obtain its current order by subtracting from Margin current. In case of
an AC voltage sag at the rectifier, the DC voltage reduces forcing the operating point
to go from OP1 to Opl and further reduction in DC voltage due to any other cause
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will make OP2 the new operating point. Here Inverter controls the DC current and

rectifier switches to CIA mode.

L Vide
""""""""""" OP1’
-------------- [ t—<ma
opz] -
AT
Ide
ILorder

Figure 3.3: Alpha and gamma characteristics based rectifier and inverter modes.

3.1.3 Actual Steady state Characteristics and Basic Control Strategies of LCC

The basic purpose here is to find the optimal operating point depending on the
practical system requirements. Under normal operating conditions, the inverter

controls the DC voltage whereas the rectifier is assigned to control the DC current.

[YP=i]

Points ABCD shows the minimum extinction angle characteristics where either “g” 1S
maintained at a constant value and DC voltage droop is dependent on increasing or
decreasing currents. Likewise DC voltage can be kept constant using points BHE so

that CEA “g” is used to handle increasing or decreasing currents.

Minimum delay angle
characteristic (57)
l Rectifier
Q Inverter
C B8 A
H

Minimum extinction

angle characteristic
SR

Constant |4
characteristic

Constant U i

characteristic

E

VDCOL
characteristic

— le— varin

Figure 3.4: Actual steady state characteristics of voltage and current for a two
terminal LCC HVDC system.

29



Rectifier is assigned to control the DC current so points QCHR correspond to
steady state characteristics of current control mode of the rectifier controls. The
controller then decides to points C or H as intersecting points of rectifier and inverter
characteristics according to the design requirements. If the lorger current of the rectifier
Is increased beyond point B, the inverter in case of constant DC voltage control mode

starts operating in CEA control mode with characteristic curve of AB.

If lorder current cannot be maintained and falls below a certain value till Imargin
Is sustained then the rectifier is assigned to control the DC voltage with characteristic
PQ and inverter is assigned automatically to control DC current with characteristics
DEF.

Further drop in the DC voltage can be hazardous with this control mode. For
this reason voltage dependent current order limiter (VDCOL) controller is used to
maintain the lorder current to a minimum using rectifier characteristics RST and

inverter characteristics FG till the system is recovered.
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-
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down stop loge
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Figure 3.5: Rectifier and Inverter Controller schematics.
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3.2 Modeling Control and Operation of VSC HVDC grids
3.2.1 Modeling of VSC Station

A single phase diagram of VSC is assumed as an average value model
to simplify and acquire the modeling for VSC control system. A phase reactor L,
connects the ideal voltage source (AC side) of the VSC to the point of common
coupling. Whereas the dc side of VVSC is considered as a current source connected to

Vdc with 2 parallel capacitors.

pPCC | k- L. 1g tm Lde

I.Jy

Figure 3.6: One phase schematic diagram of VSC two terminal HVDC link

First the equations for AC side of the VSC are derived by applying KVL for
each phase j we get eq. 3.1. D-axis and Q-axis equations are transformed for simplicity
from this three phase equation 3.1, whereas wg represents the grid ac frequency.

dig‘j(t)

Um,j(€) - vg,;(t) = Lr ———+ Rrig ;(t) ~ (3.1)

i
d

d
_ g,d . .
Vma = Vga = LT — Ryigq - wylyig, (3.2

di
— g,q . .
Umq = Vgq =Lt — =+ Relgq + wylyiga  (3.3)

Similarly for the dc side as it is connected to a current source the DC current

.. . dvge
le =lge - lm — Cdc dt (3-4)
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As the losses are neglected the ac active power can be considered to be equal
to dc power as shown in equation. Also from this equation im can be derived as

equation 3.6.

Pac = vm,dig,d + vm,q ig,q = vdcim = Pdc (35)

im = mdig'd + mqig’q (36)

Complete model of Ac and DC sides can be made from the above equations
by applying Laplace transformation.

Ugd

» U,

Figure 3.7: AC and DC side Modelling of VSC system.

3.2.2 Control of VSC station:

The Control of VSC is divided into mainly two loops, an inner current loop
and an outer voltage or power loop thus providing independent active and reactive
power control with the help of PWM technology. The Complete block diagram of the
novel control strategy of grid connected VVSC station is shown in Fig. 3.8 the active
and reactive powers are controlled by the magnitude and angle of the ac side
equivalent voltage Vi of the VSC. Clarks transformation is used to convert three phase

voltages and currents from the ac grid into two phase dg transformations whereas angle
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(theta) is determined using phase locked loop (PLL) to further feed the PWM with

three phase synchronized values. The Inner and Outer control loops are described in

detail below.
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Figure 3.8: Complete control strategy for VSC HVDC system.

3.2.3 Inner Vector Current control Loop:

A vector inner control loop is also known as the current control loop as it uses
the differential decoupling DQ reference currents to independently control both the

active and reactive powers.
vr*n,d = C(S) (ig,d - ig,d) + vg,d - WPLLLrig,q (37)

v;;l,q = C(S) (ig,q - ig,q) + Ug.,q + WPLLLrig,d (38)
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Figure 3.9: Inner control loop modeling of VSC converter.

3.2.4 Outer Control Loop:

Outer control loops includes the AC and DC voltages or active or reactive
power controls. Outer control loop also provides the d and g-axis reference currents
I 4 and Iy, for decoupling with the inner vector current loop as active power and
reactive power solely can be controlled using d-axis and g-axis of the dgO reference
frame since d-axis is lined up with phase a and g-axis is lined up with phase b of the
grid voltages. The active and reactive power equations at point of common coupling
are shown in equations 3.9 and 3.10. The reference currents of d-axis and g-axis are
then generated as shown in equation 3.11 and 3.12 for inner current control loops,

which can be then Laplace transformed as shown in Fig. 3.10.

Pg = vg‘dl.g'd (39)
Qg =Vgalgq (3.10)
% Pg
iga = v;’d (3.12)
% Pg
igq= %—‘: (3.12)
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Figure 3.10: Open loop control of (a) active and (b) reactive power controllers.

Instead of generating d-axis and g-axis reference currents from active and

reactive powers, an AC voltage or DC voltage controllers can do the same. By

increasing or decreasing power through

controller is used to control the DC vol

current can be regulated to control the PCC voltage with the help of AC voltage
controller. The Complete Control model is shown in fig with all four outer control

loops and inner control loop. All inner and outer control loops uses PI controllers for

optimal control of the system.

regulating the d-axis current, the DC voltage

tage level on the dc side similarly the g-axis
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Figure 3.11: Modeling of complete control system of inner and outer controls.
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3.3 Modeling Control and Operation of MMC HVDC grids
3.3.1 Modeling of MMC station

Figure 3.12: Representation of detailed Arm Average Model of a MMC converter.

Vuj = MyjVctotuj  Vij = MyjVctotlj (3.13)
Ictotuj = Muyjlyj lctottj = Mujlyj (3.14)
Vdc diy digj

T— ‘qu - Larmd_t‘_ Rarmiuj - Lf?_ Rflg]— vgj =0 (315)

_,, diy; , diy; .
2dc + vlj + Larmd_t} + Rarmllj - Lf% - Rflgj - vgj =0 (316)
Ui — vy = L3¢ L4 pac; (3.17)
mj gJ eq g eqrgj '
digirri .
Vac — Vaiffj = 2Larm% + 2Rarmlaiffj (3.18)
Vetotuj = Vctotlj = Vctotj (3.19)
dVceotj , ,
ZCtOt dto ] = mujluj + mljllj (320)
AVerori . . . .
2Cot d;Ot] = Mgcjlaiffj — Macjlgj = lmdcj — lmacj (3.21)
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Figure 3.13: Equivalent circuit of each AAM phase.

Vetota= Vetotb™= Vetote™= Vetot (3.22)
AVeror _ . .
Ceq ac Zj=a,b,c bmdcj — Zj=a,b,c lmacj (3.23)

Pmac = vm’dig‘d + Um'ql'g’q = (mdig'd + mql.glq) thot (324)

Ceq % = Mgcige — Maigg — Myig, (3.25)
VUma — Vga = Leg dc'lt eqlga — Welegigq (3.26)
Vg — Vgq = LG d;“’tq + RSigq + Wyltgiga (3.26)
Vae = Vmac = L8 2+ RECig, (3.27)

1{.‘4 Ll{l

v mufe | §:>
'JI

Figure 3.14: Simplified MMC model circuit in dgO reference frame.
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dVctot

Ceq Vctot dar Maclac Vetor— vm,dig,d - vm,qig,q (3.28)
AWiot _ . . . _
at VUmdclde — (vm,dlg,d + vm,q lg,q) - Pdc - Pac (329)

”
Eafe
- e 1 e Petc
Vrmde = Vmde %_‘m‘:,-r-;_:’ah x}

Figure 3.15: Block diagram modeling of complete MMC physical system.

3.3.2 Control Structure of MMC station
3.3.2.1 Inner Control Loop

Vmac = Vac — C(8)(igc — tac) (3.30)
i
I.:Ir- A.r—':'{" EL."H'-:I'I'
‘l:afr'

Vde. comp

Figure 3.16: DC current loop modelling of MMC converter.
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3.3.2.2 Outer Control Loop

IJ
A O gE

1, Weae Uiy

Figure 3.17: Total energy control modelling of MMC converter.
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Figure 3.18: Complete physical model of outer and inner control of MMC converter.
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Chapter 4: Proposed Case study for
Hybrid MTDC Grid

The Fig.4.1 presents the block diagram of this proposed Hybrid MTDC grid
system. A Five-Terminal Hybrid MTDC grid is considered, which is integrating
multiple AC sources using two different types of HVDC converter technologies. A
DC system and a remote area load are further integrated to accurately estimate and
depict the performance of this configuration for future complex case studies.
Depending upon the nature of control systems of the converters, this grid system is
hence subdivided into network zones as shown in Fig. 4.2. These zones are inter-linked

with each other using DC-DC converters.

The 12-pulse Line commutated converters are supporting a peak
transfer of 500MW power from AC system 1 to AC system 2, which is also shown in
a separate block as network zone 1 in Fig.4.2. Both converters are constructed on
CIGRE benchmark models [15], [16]. The two LCC systems are transmitting power
radially from converter LCC1 to converter LCC2. Three Multilevel Modular
Converters (B3, F1, and E1) are connected together in a series interconnection with
half bridge converter configuration and are shown in a separate block shown as
network zone 2 in Fig.4.2. MMC converter F1 is the offshore inverter and transmitting
power from Strong AC system 4 to a strong AC system 3 and also an offshore area
Load via converters B3 and E1. DC sources are also considered and is shown as a 3™
network zone in Fig.4.2, transmitting DC power directly to network zone 2 using DC-
DC converter. To improve the behavior of the dc voltage under abnormal conditions,
two main objectives are considered; improving the fault management capabilities and
to lessen the dependency on mechanical circuit breakers. For these objectives the
above discussed network zones are inter-connected to each other using DC-DC
converters and tested under different topological configurations. One 400kv-400kv
DC-DC converter 1 is used to connect network zone 1 and 2 as shown in Fig.4.2 and
another adjustable DC-DC converter 2 is connecting network zone 2 and 3. This forms
a meshed type HVDC grid with Hybrid Multi-terminal Configuration system. The data

used in the models is available in table 4.
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Figure 4.1: Proposed seven terminal MTDC Hybrid LCC-MMC HVDC Circuit
Model.

Table. 3: System Data for AC and DC grids and Converters.

AC/DC Voltage Connected
System [KV] Type By
AC Onshore LCC
System 1 400 Coal Rectifier
AC Onshore LCC
System 2 250 AC System Inverter
AC Onshore MMC
System 3 380 AC System Inverter (B1)
AC Offshore MMC
System 4 145 Wind Rectifier (F1)
DC
System 1 380 PV/battery DCDC2
AC MMC
Load 1 145 Active inverter (E1)
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Figure 4.2: HVDC networks divided into network zones on the basis of HVDC grid
types.
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Chapter 5: Results and Analysis

5.1 Grid Start-Up Schemes

In the start the system needs a withholding current as the DC voltage of the
grid is null. This value is provided from the first network zone’s LCC inverters. To
energize the whole hybrid grid at least one network zone should be capable of
providing the initial currents, therefore in this case multi modular converters in
network zone two are kept in a blocked state initially and network zone one is
unblocked. The detailed process of hybrid MTDC grid startup schemes are presented
in Fig. 5.1 and Fig. 5.2.

The first scheme with only two network zones inter-connected is shown in Fig.
5.1.. This DC voltage is increased to 90% of its rated value as shown in Fig. 5.1 (a).
To allow the DC power flow the AC voltages are provided to LCC’s and MMC'’s ac
sides of the converters, at time, t = 0.2 sec as shown in Fig. 5.1 (b). When MMC F1
(offshore rectifier) is unblocked at time, t = 0.6 sec the remaining DC voltage is
ramped up to 100% of its rated as seen in Fig. 5.1 (c) and (a) respectively. Finally
when the MMC E1 (offshore inverter connected to remote area load) is unblocked at
0.86 sec, the grid is now energized to supply power to all inverter sides’ ac sources.
All AC voltages and all DC currents starts building up as presented in Fig. 5.1 (b) and
(c), the effects of integrating this converter can be seen in Fig. 5.1 (a) at 0.86 sec.
Meanwhile the reactive powers calculated response at all these converters are shown

in Fig. 5.1 (d), at 0.2 sec LCC’s injecting reactive powers become stable.

A second scheme is shown in Fig. 5.2 where all three network zones are
integrated using DC-DC converters. Network zone 3 is used as an integration of DC
sources into the system. Due to the initial inertia provided by the DC sources the DC
current starts flowing earlier and DC voltage is ramped up to its 100% rated value at
time, t = 0.2 sec as shown in Fig. 5.2 (c) and Fig. 5.2 (a). This allows the grid to
energize beforehand and is able to continue the supply of DC Power to the required
areas. In comparison with the previous scheme Fig. 5.2 (d) shows that the response of

reactive powers of LCCs to converter changes is also stable than in Fig. 5.1 (d)
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Figure 5.1: System response during start-up under normal conditions: (a) DC voltages
(b) AC voltages (c) DC currents (d) reactive powers
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Figure 5.2: System response during start-up with DC source integration (a) DC

voltages (b) AC voltages (c) DC currents
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5.2 AC voltage Sags

There are basically three different types of AC faults introduced at different
locations in the network zone 1 and 2. Their analysis is based on the response of the
DC voltage, DC currents, active and reactive powers of the whole Hybrid grid. These
faults create AC voltage sags at the converter sides. Firstly they are produced at the
AC side of MMC F1 rectifier at time, t = 1.2s for a time period of 200ms. These faults
are of different nature and have slightly different impacts on the converters and the
control strategies. An unbalance two phase to ground fault (70% AC voltage sags)
creates an unbalance disturbance in the the DC voltages and currents of the DC grid
which is much harder to resolve. Furthermore a balance three phase to ground fault
(100% AC voltage sags) is also tested and the response of the system is compared
using different topological schemes as discussed in the above section. The system
have to be designed such that it is able to control and stabilize the grid under both
types of these AC voltage sags. The performance of HMTDC grid voltages, currents
and powers under the influence of these sags at MMC F1 are illustrated and discussed
in Fig. 5.3, Fig. 5.4 and Fig. 5.5. Fig. 5.3 and 5.4 are used to compare the performance
using scheme 1 and Fig. 5.3 and 5.5 are used to compare the performance using

scheme 2.

During an unbalanced AC voltage sag shown in Fig. 5.3 (b) the AC voltage is
fallen by 70% of the rated value that is from 1 per unit to 0.3 per unit for a time period
of 200ms. The DC current feeded to the MMC B1 and MMC EL1 inverters becomes
almost null. Due to the isolation created in between the network zone by the DC-DC
converters the DC currents of LLC rectifiers and inverters are unaffected by this fault
which can be seen in Fig. 5.3 (c). In Fig. 5.3 (a) the DC voltage of the grid is affected
by a peak 15.78% disturbance loss due to the distort nature of the fault. The quality of
the DC voltage is also affected during the fault which is very dangerous for the
electronic components of hybrid DC grid. When the converter is resumed after the
fault at time = 1.4s, there are huge surges in reactive powers up to 550 Mvar which is
there to lower the high currents of, up to 300% rated values, the converters as shown
in Fig. 5.3 (d) and Fig. 5.3 (c). After time = 1.5s the hybrid grid becomes stable and

power starts flowing.
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Figure 5.3: System response during unbalanced AC voltage Sags without DC
source Integration: (a) DC voltages (b) AC voltages (c) DC currents (d)
reactive powers.

A 100% voltage sag is created using a balanced three phase to ground AC fault
as displayed in Fig. 5.4 (b). The fault is produced at time t = 1.24s for a time span of
200ms and is cleared after time, t = 1.44s. IGBT’s are used to block the high DC
currents during the fault period of 100ms after that the AC voltage of the converters
starts to ramp up again and reaches its rated value in 100ms. The DC currents and
reactive powers during the sags in both the schemes are analyzed and compared as
shown in Fig. 5.3 (c and d) and Fig. 5.4 (c and d). The surges in DC currents and
reactive power requirements after the post fault at 1.44s are less in the second scheme.
That is because the AC voltage ramps up to its rated value rapidly and reaches stability.
Fig. 5.4 (a) also predicts that there is low distortion in the DC voltage and therefore
voltage quality is maintained during and after the fault. Moreover the details of the
effects of three types AC voltage sags at four converters applied at both the network

zones are specified below in the Table 5.
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Table. 4: Max change in DC voltage and Peak increase in AC current at 4

converters.
AC Sag Type of Max % Peak
Applied At Disturbance Change in DC | Increase in AC
Converter voltage  during | current
fault
30 % AC voltage +7.31% 6pu
Sag
LCC 70 % AC voltage +6.17% 8pu
Rectifier Sag
100 % AC voltage +7.31% 12.5pu
Sag
MMC 30 % AC voltage 19.52% 6pu
Inverter B3 Sag
70 % AC voltage +26.34% 10pu
Sag
100 % AC voltage +21.05% 9pu
Sag
MMC 30 % AC voltage +28.91% 8pu
Inverter E1 Sag
70 % AC voltage +31.64% 10pu
Sag
100 % AC voltage +26.32% 7.5pu
Sag
MMC 30 % AC voltage +7.89% 15pu
Rectifier F1 Sag
70 % AC voltage +15.78% 17pu
Sag
100 % AC voltage +15.78% 17pu
Sag
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Figure 5.4: System response during balanced AC voltage Sags without DC source
Integration: (a) DC voltages (b) AC voltages (c) DC currents (d) reactive powers.
The scheme two is used to represent the performance of hybrid MTDC grid as
shown in Fig. 5.5 under unbalanced voltage sag conditions and compared with scheme
one as shown in Fig. 5.3. The impacts of integrating a DC source using DC-DC
converters can be seen from Fig. 5.5 (a) and Fig. 5.5 (c). A two phase to ground
unbalanced AC voltage sag is introduced at time, t = 1.2 s and is cleared after 100ms.
The DC voltage of the grid is slightly affected during this fault due to the inertia
provided by the DC sources to MMC B3 inverter. This is required as the MMC F1 is
blocked under faulty state. This puts less stresses on all the other converters and shields
the internal components from overheating and will burden less on the controllers. The
DC voltage presented in Fig. 5.5 (a) is nearly stable during the fault as compared to
the DC voltage presented in Fig. 5.3 (a). The peak reactive power used up by the
converter is also abridged by 58%. The Peak reactive power in Fig. 5.5 (d) is curtailed
to 230Mvar. This shows that due to the stable DC voltages, the faults are impervious

to propagation in network zone 1.
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Figure 5.5: System response during start-up unbalanced AC voltage Sags with DC
source Integration: (a) DC voltages (b) AC voltages (c) DC currents (d) reactive
powers.

5.3 DC voltage Sags

Single line to line DC fault is used to produce a pole to pole DC voltage sag
created at time, t = 1.2s and is removed after 100ms. This sag is produced at DC lines
near onshore MMC B3 inverter and offshore MMC F1 rectifier. The effects of this
type of sags at multiple locations are being explored for the development of
operational characteristics of hybrid MTDC grid. Some limitations regarding these
sags include system recovery process, integration topologies for hybrid inter-
connections and high currents and reactive power requirements. These limitations are

discussed and explored further.

Fig. 5.6 and Fig. 5.7 displays the performance of the hybrid MTDC grid system
during DC voltage sags at the inverter MMC B3 and the rectifier MMC F1 respectively
in zone 2. Attime, t = 1.2s a DC voltage sag for 100ms is produced firstly near inverter
MMC B3. This results in a 100% drop of DC voltage as displayed in Fig. 5.6 (a). In
Fig. 5.6 (b) The AC voltage of remote area load inverter MMC E1 (VrmsE1) is set to
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zero till the fault is gone. This gradually increases for time t = 0.2s to protect the

system.

The DC current due to this DC voltage sag rises sharply to treacherous values
which are highly troublesome for the converter equipment consequently all MMCs are
blocked as shown in Fig. 5.7(c) and (d). The DC voltages and AC voltage shown in
Fig. 5.6 (a) and Fig. 5.6 (b) regain its steady state in time, t = 0.3s after the fault is
removed, whereas the DC voltages and AC Voltages in case two takes time, t = 0.5s
to reach its rated value as shown in Fig. 5.7 (a) and Fig. 5.7 (b). This happens because

of the distance of sag applied is different in both the cases.
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Figure 5.6: System response during DC voltage Sags at B3 (a) DC voltages (b) AC
voltages (c) DC currents (d) reactive powers
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Figure 5.7: System response during DC voltage Sags at F1: (a) DC voltages (b) AC
voltages

Fig. 5.8 presents the results of DC voltage sag produced at rectifier MMC F1
where hybrid inter-connection is made via dc line near MMC E1 (remote area load
converter) to investigate the impacts of DC voltage sags using multiple topologies on
operational characteristics of hybrid MTDC grid system. The DC voltage recovery
time improved by time, t = 0.2s as shown in Fig. 5.8 (a) and (b) in comparison with
Fig. 5.7 (a) and (b).

s (LVEELOCH \ﬂ\'m.or |4 vee Ona3 » Vo: O | yee onEy I [nyratocz [nyst [ T
‘m;—l— o~ . 10 x; éf

P . i/

L]

100 .;;: 040 r’ A | —J
0 F 00 i [I’l, |
| L

(® (b)

I I
|

e |

o< Val

Figure 5.8: System response during DC voltage Sags at F1 (Connection Topology)
(a) DC voltages (b) AC voltages.
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Chapter 6: Conclusion

A Hybrid MTDC system provides numerous applications and advantages for
the interconnection of different types of AC and DC grids, with diversity in integrating
multiple resources and loads with higher controllability, stability, reliability and
economy. This system is best suited for interconnecting clean energy from the sea to
the load requirements of the land and vice versa. Most of the HMTDC systems are
under exploration phase and still requires satisfactory research analysis for different
case studies. This research work had the objectives of analyzing multiple approaches
to improve the overall stability of the grid voltages and currents by understanding the
behavior of the complete system under different abnormal conditions, which included
single phase to ground faults, double phase to ground faults, triple phase to ground
faults at the ac sides of the HVDC converters and pole to pole dc faults on dc sides of
the HVDC converters. Further analysis had the objective of investigation on the
topology of hybrid grid. Last but not the least goal of this thesis was to investigate and
compare the overall performance of the proposed system under the use of DC-DC
converters and DC sources with the above mentioned objectives. The system
performance during startup, and under all above mentioned abnormal circumstances
during steady state grid conditions shows better results while comparison with and
without the integration of dc sources in the system. The hybrid was likely capable of
handling most of these faults and the topological analysis clearly showed the
disadvantage of interconnecting LCC converter with MMC’s load area side converter,

reducing the overall efficiency of the grid by impacting the fault handling capabilities.
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