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ABSTRACT

The recent progress of high-voltage high-power fully controlled semiconductor technology
laid the foundation of voltage source converter (VSC) technology, which continues to
advance the developments of high voltage direct current (HVDC) technology and flexible
alternating current transmission systems (FACTS). Nowadays, due to the ever increasing
amount of the integration of renewable energy sources into power systems and the demand of
long-distance bulk power transmission with enhanced power system controllability and
increased power transfer capability, VSC converter based technology (in particular, VSC
HVDC and VSC FACTS) has been applied as a crucial solution to these big challenges.
However, the high penetration of these VSC based systems may introduce certain risks to
existing power systems in two primary aspects: dynamic stability and protection. This thesis
investigates the impacts of VSC HVDC and VSC FACTS on system dynamic stability and

protection.

VSC based HVDC system is the preferred solution for grid connection of large-scale offshore
wind farms, as it is a feasible option for long distance submarine interconnection of passive
and weak systems. With increasing installations of VSC HVDC systems in power grids, the
investigation of controllability and stability of VSC-based multi-terminal direct current
(MTDC) systems becomes important as it benefits the existing AC systems with a means of
increased energy transfer between interconnected system operators. However, for VSC-based
MTDC systems, the current flow control of DC grid has become a challenge, with more
installed and planned applications of multi-terminal HVDC transmission systems. The DC
current flow controller (CFC) is a DC-DC converter based power flow control solution which
can provide multi-line flexible current flow control in a simple meshed DC network. Small-
signal stability analysis has been widely used for the study of system dynamics and design of
controllers for VSC converters. However, the most of the published research papers on small-
signal stability of VSC MTDC systems have mainly been focused on the dynamics of the
VSC while there is a lack of considerations of the potential impacts of DC power-flow
controller on existing MTDC systems in terms of system stability and dynamic performance
under disturbances. And there is a real need to fill in the gap of the study of interactions
between DC networks with CFC and VSC converters (even more broadly, the detailed
representation of connected AC networks). In this thesis, an integrated small-signal stability



model for the study of interactions between CFC and VSC is established. Modal analysis
results are verified by simulation results from real time digital simulations (RTDS) under
both small and large AC/DC disturbances. The impacts of control parameters of CFC on the
integrated AC/DC system and the interactions between VSC and CFC are investigated using

both modal analysis and time-domain simulations.

The emerging VSC FACTS devices are commonly regarded as an effective solution for fast-
response voltage/reactive power support during normal and fault conditions. However, the
implementation of VSC FACTS (for instance, STATCOM) and VSC HVDC in high voltage
transmission systems may introduce certain potential risks or impacts to the existing
protection and control systems. Unexpected changes of the impedance measurements due to
the integration of VSC-FACTS and VSC HVDC may trigger mal-operation of feeder distance
protection of AC systems, since the performance of feeder distance protection is heavily
dependent on the impedance measurements. The mathematical representation of the apparent
impedance measurement of distance relay is derived considering the infeed current from VSC
HVDC and VSC FACTS at different locations. The apparent impedance measurements
analysis and dynamic simulation study are performed to investigate the impacts of VSC
HVDC and VSC FACTS on distance protection. A RTDS-based hardware-in-loop testing
platform is established using practical distance relays and detailed model of VSC HVDC and
multiple VSC FACTS. The impacts of VSC HVDC and VSC FACTS on feeder distance
protection are investigated, based on different types of internal/external fault test simulation

occurred at various locations.

In this thesis, a small-signal stability model of the integrated AC/DC systems with VSC and
CFC is presented to characterize modes and investigate various control parameters of CFC on
the eigenvalue trajectories of system modes. Small-signal stability analysis is performed to
investigate the interactions between CFC and VSC. The mathematical representation of the
apparent impedance measurements of feeder distance relays against various fault scenarios is
derived considering the infeed current from VSC HVDC and VSC FACTS at different

locations.
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CHAPTER 1 INTRODUCTION

1.1 Research Background

1.1.1 VSC HVDC

The debates on most preferred technology for major electricity transmission via AC or DC
have been on since later 19th century. Three-phase AC has been widely used for that it can be
easier transformed to high voltages than DC and can produce rotating fields for rotating
machines[1-2]. However, due to the ever increasing amount of the integration of renewable
energy sources into power systems and the demand of long-distance bulk power transmission,
high voltage direct current (HVDC) technology has been applied as a solution to these big
challenges [3-4].
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Figure 1- 1 Global demand for different forms of primary energy (2010 — 2050) [5].



The widespread use of HVDC transmission is in the following areas [6]:

1.

Underground and underwater cable transmission. The installed cable costs and cost of
losses using HVDC transmission is considerably less than using AC cable transmission.
This is due to long-distance (longer than 30 km) AC cables are capacitive and require
intermediate compensation. On the contrary, DC cables do not need reactive power
compensation. Hence there is no physical restriction that limits the distance or power
level for HVDC underground or underwater cable transmission.

Long-distance bulk power transmission. HVDC transmission systems provide a
competitive and economical alternative to AC transmission for large amounts of power
over long distances (longer than 600 km) by overhead line from remote resources. Unlike
long-distance AC overhead line transmission, HVDC transmission does not requires
additional reactive power compensation devices caused by line inductances. The cost of
transmission line of DC transmission is also less than AC transmission. Although the
cost of converter station is higher than AC substations, the per km distance cost of
HVDC transmission is lower. The typical break-even distance of application of HVDC
transmission is about 600 km.

Asynchronous interconnection between AC systems. By use of HVDC transmission,
interconnections between asynchronous AC systems can be achieved where AC ties are

not feasible due to system stability problems or different frequencies.
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Figure 1- 2 Structure of global end-use energy consumption (2010 — 2050) [5].
The recent progress of high-voltage high-power fully controlled semiconductor technology

continues to advance the developments of HVDC technology [7-9]. The emerging fully
controlled semiconductor devices, for instance Insulated-Gate Bipolar Transistor (IGBT), are
used by Voltage Source Converter (VSC) HVDC systems [10-11]. The IGBT is self-
commuted via gate pulse, which can be turned on and turned off without relying on line
voltage. On the contrary to thyristor valves used by conventional line commutated converter
(LCC) HVDC technology [12], the self-commutated characteristic of IGBT valves makes it
possible for VSC HVDC technology to control active and reactive power independently [13-
18]. Since VSC HVDC technology requires no reactive power compensation and fewer AC
filters, it is a more economical alternative to conventional HVDC technology when
connecting to weak or passive AC network [19-24]. And VSC HVDC uses smaller footprint

because of reduced reactive power compensation and filter requirements [25-29].

In attempt to achieve environment protection goal, the European Community has announced
the focus on an increase in installed wind power capacity up to the level of 300 GW by 2030
among Europe [30-31]. The application of wind energy and especially offshore wind energy

in the North Sea is going to make up the major planned installations of 150 GW [32-35]. As a



more attractive alternative to AC link and LCC HVDC transmission, VSC HVDC

transmission has advantages over AC link and LCC HVDC transmission in following aspects

[36-38]:

1. VSC HVDC requires no external voltage source for commutation and less auxiliary AC

filters, which makes VSC HVDC uses smaller footprint for offshore installation.

2. The reactive power control is independent of active power control at each terminal using

VSC HVDC, which enables voltage regulation and connection to weak or passive AC

network.

3. Power flow reversal can be achieved by reverse of direction of DC current.

4. The DC transmission line costs and cable power losses are lower than AC cable

transmission.

Table 1- 1 Typical power ratings of three power electronic components

Power Electronic Components | Thyristor GTO IGBT/IGCT
Switching Frequency 50/60 Hz | <500 Hz >1000 Hz
Losses 1-2% 2-4%

It should also be pointed out that the switching losses of VSC HVDC caused by high

switching frequency of semiconductors are higher than that of LCC HVDC [39]. Another

challenging issue of VSC HVDC is the lower power rating of converter caused by the fact

that the power rating of IGBT is less than that of thyristor [40]. This results in high cost of

converters. As the typical parameters of thristor, GTO and IGBT/IGCT shown in Table 1- 1,

the switching frequency of IGBT is higher than that of thyristor and the losses of IGBT are

higher than that of thyristor.
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Figure 1- 3 Configuration of VSC HVDC.
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As shown in Figure 1- 3, the basic configuration of VSC HVDC system comprises of two
VSC converter stations (VSC Station 1 and VSC Station 2). Figure 1- 4 shows the topology
of a basic two-level three-phase bridge inside of VSC stations. The IGBT with antiparallel
diode is used to form a valve. The DC bus capacitors store energy and filter DC harmonics.
Other topologies of VSC with different level of voltage are also used. Figure 1- 5 shows the
topology of a three-level VSC, which is a commonly used topology of multilevel VSC [41].
The converter output voltage is created by pulse width modulation (PWM) technique. Figure
1- 6 shows the basic waveforms associated with PWM and line-to-neutral voltage waveform
of a two-level converter. The VSC converter is connected via a reactor to the AC system at
the point of common coupling (PCC). AC filters are used on the AC side to reduce harmonics

content.

to AC System I to DC Grid

Figure 1- 4 Topology of a two-level three-phase bridge inside VSC.
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Figure 1- 6 Waveforms associated with PWM and voltage of a two-level converter.
The modular multilevel converter (MMC) has been recognized as an attractive multilevel
converter topology for medium/ high power applications [42-49]. As shown in Figure 1- 7,
the whole converter consists of a selected number of identical submodules (SM; to SM,) in
each arm. As a typical configuration of half-bridge SM (SMy) shown in Figure 1- 8, each SM
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comprise of two IGBTs with antiparallel diodes (S; and S;) and a DC storage capacitor,
which can operate in switched-on(unit DC storage capacitor voltage V) or switched-
off/bypassed(zero voltage) state. There are two arms in each phase-leg of MMC, where each
arm comprises of a selected number of series SMs. The SMs in each arm are controlled to
generate required AC voltage. The different principles that reflects how converter voltage is
created of two-level VSC, three-level VSC and MMC [47-50] are presented in Figure 1- 9.
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Figure 1- 7 Topology of a MMC.

Figure 1- 8 Configuration of a half-bridge SM.
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Figure 1- 9 Converter voltage creation of two-level VSC, three-level VSC and MMC.
In comparison with two-level, three-level and other multilevel converter topologies, the

21

Time

MMC has following advantages [51-55]:

1.

The voltage generation is modular and scalar that can meets different voltage level

requirements.

The efficiency of MMC is higher than that of the other VSC topologies for high-power

applications due to the low stitching frequency of submodules.

The harmonics of MMC are greatly reduced in high-voltage applications due to the stack

of a large number of SMs with low-voltage rating.

The use of DC side capacitor is avoided.



It should also be pointed out that there are inevitable drawbacks of the applications of MMC

as follows:

1. More complex topology of converter and extra controller submodule voltage balance
control are required.
2. Unsuppressed circulating current due to voltage variation of submodules on each phase

can cause increased device losses.
Table 1- 2 shows the major applications of VSC HVDC systems.

Table 1- 2 Major applications of VSC HVDC systems [2]

Project Country | Year | Topology Power DC Voltage
Hallsjon Sweden | 1997 2-level 3 MW + 10 kV
Gotland Sweden 1999 2-level 50 MW + 80 kV
Eagle Pass USA 2000 3-level 36 MW *+ 16 kV
Terranora Australia | 2000 2-level 180 MW + 80 kV
Cross Sound USA 2002 3-level 330 MW + 150 kV
Estlink Finland 2006 2-level 350 MW + 150 kV
Trans Bay Cable USA 2010 MMC 400 MW + 200 kV
Zhoushan China 2014 MMC 1GW + 200 kV
DolWin3 Germany | 2017 MMC 900 MW + 320 kV

1.1.2 VSC FACTS

Along with the developments of VSC HVDC, VSC flexible alternating current system
(FACTYS) also continue to advance in recent decades as a power electronic based system to
enhance power system controllability and increase power transfer capability [56-59]. On the
contrary to the conventional thyristor based reactive power compensator (such as SVC,
TCSC, and TCSR), VSC FACTS (such as STATCOM, SSSC and UPFC) are built upon self-
commutating controllable switches (such as GTO and IGBT) [60-63]. The FACTS systems
are applied to power systems for reactive power compensation, bus voltage regulation, power
flow control, power quality improvement, and system stability enhancement [64-66]. The

classification of major FACTS devices are shown in Table 1- 3.

Table 1- 3 Classifications of major FACTS devices

Thyristor-valve based VSC based
Series TCSR, and TCSC SSSC
Shunt SVC (TCR, TSC and MSC) STATCOM
Series-shunt DPFC UPFC




Static synchronous compensator (STATCOM) is a promising shunt connected FACTS, which
generates three-phase balanced output voltage at fundamental frequency with rapidly
controllable amplitude and phase angle [67-69]. STATCOM is used as a typical example of
shunt VSC FACTS to study stability, control and protection of VSC FACTS in this thesis. A
STATCOM can provide the connected power system with reactive power control or bus
voltage regulation support at PCC. The major advantages of STACOM compared to thyristor
based FACTS are quick response time, optimum voltage waveform, smaller footprint
requirement, and higher operational flexibility [60,70-71]. Figure 1- 10 shows a basic

configuration of a two-level star-connection STATCOM.

= DC side

to AC System

Figure 1- 10 Configuration of a two-level star-connection STATCOM.

1.1.3CFCin MTDC

The major established applications of HVDC interconnections are using two-terminal point-
to-point or back-to-back configuration [2]. However, with more and more installed and
planned applications of multi-terminal HVDC transmission systems, the current flow control
of DC grid has become a challenge [72-75].

In DC grids with no DC power flow control, the DC currents are flowing from one node to
another through the path of least resistance. This may result in the situation where one or
more DC branches are overloaded. In a multi-terminal VSC based DC grid, the DC voltage
level is usually regulated by one VSC converter station, whilst other converter stations
control active power of connected DC branch [76-80]. In this way, the DC power flow can be
controlled by VSC converter stations in a DC grid with a simple radial topology. However,

for a DC grid with more complex meshed topology, additional meshed DC transmission lines
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or DC cables may be used. In consequence, such DC power flow control by use of only
converter stations is not feasible because the number of DC branch exceeds the number of

converter station. New DC power flow control methods or devices are required.
There are three approaches for controlling DC power flow as follows:

1. Variable Series Resistor.
2. Series Voltage Source.
3. DC-DC Converter.

The principle of controlling DC power flow by use of variable series resistor is to insert a
number of additional resistors in series with a DC transmission line. Each resistor is
controlled by mechanical or electronic based switch to be embedded into DC line in series or
to be bypassed. In this way, the total amount of additional resistance can be controlled by
switching on or switching off these switches. The impedance of DC network is changed by

insertion of variable series resistors and the DC power flow is changed in consequence.

The disadvantage of this approach is that the standing power losses due to the additional
resistance is significant compared with the overall cable losses [72-73,81-83]. And the cost of

additional cooling equipment is required for power electronic based switching devices.

The principle of controlling DC power flow by use of series voltage source is to insert
controlled voltage source in series with a DC line to vary the voltage in the embedded branch.
The DC power flow of series voltage source integrated can be controlled by controlling the
magnitude and polarity of inserted voltage source. The voltage source can be regarded as a
power sink (when it absorb power to the DC branch) or a power source (when it provide
power to the DC branch), depending on the polarity. The practical implementation of the
series voltage source is achieved by thyristor, or IGBT based AC/DC converter.

The disadvantage of this approach is the cost of these additional AC/DC converters and their
power losses [72-73,82]. And the power rating of the voltage source is relatively small

compared to the DC network.

As for controlling DC power flow by use of DC-DC converters, DC current flow controller
(CFC) is a DC-DC converter based device which can provide multi-line flexible current flow
control in a simple meshed DC network. Figure 1- 11 shows the topology of a two-line CFC.

By control of DC-DC converter, CFC is capable of controlling current flow of the connected
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DC branches. The power can be transferred from one connected DC branch to another (for

instance, power can be transferred from DC branch 12 to DC branch 13).

The advantage of CFC is that it uses smaller footprint and has lower cost since the power is
transferred between DC branches rather than dissipated or flew out of DC network [84-86].
However, the major disadvantage of the application of CFC is the cost of additional DC-DC

converters.
VSC,
DC branch 12 ¢Idc2
Idc1
VSC,
Vdcl

DC branch 13

Figure 1- 11 Topology of a two-line CFC.

1.1.4 Distance Protection

Distance protection is a typical non-unit system of protection, in order to protect designated
areas, which are also known as protection zones [87-90]. The performance of distance
protection is heavily dependent on the impedance measurements, which results in potential
risks of mal-operation of distance relays, due to unexpected changes of impedance
measurement caused by the implementation of VSC FACTS (for instance, STATCOM) and
VSC HVDC. Figure 1- 12 shows the single-line diagram of distance protection. Distance
relays use measurements of line voltage and line current from protected area to calculate the
apparent impedance. The impedance of high voltage and extra high voltage transmission lines

is usually proportional to the line length. In consequence, it is possible to determine if a fault

12



occurs in the protection zone or out of protection zone by comparing the calculated

impedance to the protected line impedance [91-96].

Irelay
> fault

@_ Zs ZIinea T ZIineb

VSOUI’CE

Figure 1- 12 Single-line diagram of distance protection.
Distance protection is considered to be simple to apply and fast in operation for faults located

along most of a protected circuit. It is suitable for application with high-speed auto-reclosing
[97-99]. The measured apparent impedance by distance relay is independent of the source

impedance.

Distance relays are designed to operate only when faults occurred are within the protection
zone, which is the protection range between the relay location and the selected reach point.
The calculated apparent impedance is compared with the reach point impedance. If the
calculated apparent impedance is less than the reach point impedance, it is assumed that a
fault occurred on the line between the relay and the reach point. The distance relay operates
and sends signals to related circuit breakers (CB) and circuit breakers trip. If the calculated
apparent impedance is greater than the reach point impedance, it is assumed that no fault
occurred on the line between the relay and the reach point. Once the settings of a distance
relay are determined, the protection is relatively unaffected by changes in the power systems
[100-101].

The reach point of a distance relay is a certain point along the line impedance locus which
indicates the boundary of protection. The reach point can be plotted on an R/X diagram since
it is dependent on the ratio of voltage and current and phase angle between them.

The major advantages of distance protection are as follows [87,92-93]:
1. High-speed of operation.

2. Ability to protect independent of communication services.
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And the major disadvantages of distance protection are considered to be as follows [92-
93,95]:

1. Need of both CTs (current transformer) and VTs (voltage transformer).

2. Limited resistive fault coverage.

1.2 Literature Review

1.2.1 Modelling and Control of VSC HVDC and VSC FACTS

dg decoupled control, which is also known as vector control, is the most commonly used
control strategy of VSC converters, compared to the conventional “voltage margin method”
presented in [7] and the other control methods of output voltage magnitude and phase angle
used in [8,9,13,41]. VSC HVDC systems use dq decoupled control to achieve independent
control of active power and reactive power [102-103]. As dqg decoupled control presented in
[10-11,17], active power or DC voltage is controlled in d axis, while reactive power or AC
voltage is controlled in g axis. Figure 1- 13 shows the architecture of a typical dq decoupled
control system. The advantage of using dq decoupled control is that the independent control
of active power or DC voltage in d axis and reactive power AC voltage can be achieved while
the conventional control of converter output voltage magnitude and phase angle can not. dq
decoupled control is also widely used for VSC HVDC system connections of offshore wind
farms and VSC FACTS compensation, as deeper penetration of distributed resources into
modern power systems [23,28,35]. Novel control strategies of VSC converters are also
emerged as alternatives to meet various control purposes such as power synchronization
control in [14-16,18] for avoidance of instability caused by a standard phase-locked loop in a
weak AC-system connection , and impedance based resonance control in [14] by use of

resonance stability analysis.
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Figure 1- 13 Architecture of dq decoupled control.
For MMC based VSC HVDC systems, the major control strategies mentioned above can be

extended to application of MMC, since MMC is essentially a new topology of VSC. As two-
terminal back-to-back MMC HVDC system presented in [46] and two terminal point-to-point
MMC HVDC system presented in [49], dg decoupled control is applied. The general control
strategy of two-terminal VSC HVDC system (including MMC HVDC system) using dq
decoupled control is that one VSC terminal regulates DC voltage level and AC voltage at its
PCC while the other VSC terminal control active power transfer through the HVDC link and
AC voltage at its PCC [44]. The major difference of control systems between MMC and VSC

is that the control block of modulation of submodules is necessary for MMC.

For VSC MTDC systems, master-slave control [104] and voltage droop control [34,105-106]
are two major control strategies of VSC converters. For the master-slave control, one VSC
terminal operates as “master” to regulate DC voltage level of DC network, while the other
VSC terminals act as “slave” to control their active power transfer through VSC terminals.
For droop control, the control of DC voltage or active power are shared amount all VSC
terminals. The advantage of the master-slave control of VSC converters in VSC based MTDC
system as presented in [104,107-109], is relatively simple control design since additional

droop control loop is not used. However, the drawback of the master-slave control is that the
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collapse of DC voltage level may occur, resulting from a severe fault occurred at the master
VSC terminal.

The master-slave control is used in this thesis for control of VSC based MTDC system. The
mathematical modelling of single VSC converter using dq decoupled control is presented in
[10-11,17,28], which considers the dynamic characteristic of control system of VSC, and
power transfer between AC system and DC network through VSC converter. The
mathematical modelling of VSC based MTDC system is presented in [24,26,35], which

considers the dynamic characteristic of VSC and DC network.

Static synchronous compensator (STATCOM), or static synchronous condenser (STATCON),
is a power electronics VSC based regulating device integrated to AC power transmission
system [58,61-62]. As the same with VSC HVDC system, there a number of various
topologies of STATCOM in different voltage levels, since the converter of STATCOM is
VSC based. These topologies vary in different voltage levels, depending on different
application scenarios: two-level converter, three-level converter, or multilevel modular
converter [110-112]. As for the connection topologies for converter legs, unlike VSC HVDC
system, there are two connections for converter legs of STATCOM, star-connection and
delta-connection. The topology of two-level star-connection STATCOM is shown in Figure
1- 10 while the topology of a MMC based delta-connection STATCOM is shown in Figure 1-
14.
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Figure 1- 14 Configuration of a MMC-based delta-connection STATCOM.

The major control strategies of VSC converter can be extended to STATCOM, since
STATCOM is based on VSC converter technology. dq decoupled control is the most
commonly used control strategy of STATCOM, compared to conventional control strategies
based on af control (which uses currents in a0 frame instead of dqO frame as controlled
variables to generate converter output voltage) presented in [58,63,113]. As dq decoupled
control of STATCOM presented in [60,64-65,67-71,116-117], AC side voltage at PCC or
the reactive power compensated by STATCOM is controlled by use of q axis current. And as
presented in [60,64-65,67-71,116-117], during normal steady state operation with the active
power loss of converter ignored, the generated voltage of STATCOM is in phase with voltage
at PCC of connected power system. This means there is no active power flow between
STATCOM and connected power system. Only reactive power is transferred. When Q is
positive, the STATCOM supplies reactive power to the external ac network. When Q is
negative, the STATCOM absorbs reactive power from the external ac network. The amount
of reactive power transfer during steady state can be expressed as follows:

VC,a C_V ,apc
Q= Mvt,abc (1- 1)

Xc

The advantage of using dqg decoupled control is that the independent control of DC voltage in
d axis and reactive power/AC voltage in g axis can be achieved while the conventional
control of converter output voltage can not. This applies to the star-connection VSC based
STATCOM. For MMC based delta-connection STATCOM, normally only q axis current is

used to control reactive power or AC voltage, since there is no DC side energy storage
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capacitor of STATCOM [69,115]. As dq decoupled control of delta-connection STATCOM
presented in [115] and other independent three-phase voltage control presented in [59,119-
120], the advantages of using delta-connection STATCOM are lower rated current of
switching devices and negative sequence current compensation in unbalanced circuit. MMC
converter has also been extended to the application of STATCOM due to its advantages of
increased voltage levels of output waveform and reduced switching losses caused by
switching frequency [69,121-125]. Control block of modulation of submodules should be
added into dq decoupled control of MMC based STATCOM [69].

dg decoupled control is used in this study for the control of delta-connection STATCOM.
The mathematical modelling of VSC converters using dg decoupled control is presented in
[60, 64-65,67-71,116-117], which considers the dynamic characteristic of control system of
STATCOM, DC voltage across DC energy storage capacitor, and reactive power transfer
between AC system and STATCOM.

1.2.2 Small-Signal Stability Analysis of VSC MTDC

With the increasing installations of VSC HVDC systems in power grids, the investigation of
controllability and stability of MTDC systems becomes important for it benefits the existing
AC systems with a means of increased energy trading between interconnected system
operators [126-127]. The generalized dynamic model of VSC MTDC is derived in a number
of papers, for instance [11-12,35,77-78,128-143], to investigate dynamic stability of VSC
MTDC in different scenarios. Various control strategies of MTDC system including the
master-slave DC voltage control, voltage and power droop control, and power
synchronization control are presented in [76-80,137,143-145]. Advanced control extensions
with distributed DC voltage control were developed in [137], and a supplementary
decentralized control structure to damp interarea oscillations was proposed in [76]. Frequency
support function for the surrounding interconnected AC systems and adaptive droop control
for effective power sharing through MTDC system were presented and analysed in depth in
[77,141]. Electromechanical transient modelling of MMC MTDC was studied in [146] to
provide the theoretical foundation for future MMC MTDC applications.

Small-signal stability analysis has been widely used for the study of system dynamics and
design of controllers for VSC [6,26,147-150]. For VSC-based MTDC system, small-signal

stability analysis is used to study if the MTDC system is capable of maintaining synchronism
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(in broaden sense) when it is subjected to small disturbances [6,147]. Small-signal stability
analysis has been applied in [11,77-78,130-133,135-137,139-142,151-152] to study the
impacts of different control strategies, system parameters, and power system devices on
system dynamic stability. In [140] the small-signal stability analysis has been carried out for
a symmetric bipolar MTDC grid where different modes and interaction between AC systems
and VSC following various disturbances were characterized. In [139] small-signal stability
analysis was carried out to define the ranges for the gains of VSC controllers that ensure the
dynamic stability of MTDC system. Wind farm generators were considered and a method to
calculate converter controller gains was provided in [137]. In [141], an adaptive frequency
droop control was proposed by investigating the sensitivity of eigenvalues with respect to
different droop coefficients, control parameters and changes in operating conditions. In [77],
small-signal stability analysis was used for the design of an adaptive droop control scheme.
In [132], a method was introduced for systematically identifying interactions of modes in a

VSC MTDC system by analysing the participation pattern from different system elements.

Modal analysis is a commonly used approach in small-signal stability analysis to reflect
dynamic characteristic of studied systems. It can provide enlightening insights of the essential
dynamic behaviour of state variables by use of mathematical analysis of eigenvalue results.
Modal analysis is used as the approach to study dynamic response of VSC based MTDC
systems against small perturbation in [77,132-133,135, 139-142,151-153]. Eigenvalues of
state matrix can be calculated based on dynamic equations of MTDC system in state- space
representation, which consists of state variables and inputs. By analysing of the values of
eigenvalue results, the time dependent characteristics of modes can be determined, including
oscillation type, frequency of oscillation, and damping ratio [11,77,132-133,135, 139-
142,151-153].

Eigenvalue trajectory study is a means of modal analysis to reveal impacts of certain
parameter of power systems, or control system on eigenvalues [6,11,77,132-133,140,151-
153]. The trajectory of varying pole placements of eigenvalues is plotted on a complex plane
in response to the changing of certain studied parameter. Eigenvalue trajectory analysis is
used in [11,77,132-133,141,151-153] to investigate the impacts of control parameter, system
strength, short-circuit ratio, and phase locked loop (PLL) parameters on root locus of test
system for the purpose of control system design [11,77,141,153], interactions studies between
power system components[132-133,151], and coordination optimization of multi VSC
converters [141,152].
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Previous publications on small-signal stability analysis of VSC MTDC have been focused on
the dynamics of VSC converters while there is a lack of consideration of DC networks with
CFC. Hence there is also a lack of analysis on the potential impacts of DC power flow
controller on existing MTDC system in terms of network stability and dynamic performance
under disturbances. There is a real need to fill in the gap of the interactions between DC
networks with CFC and VSC (even more broadly, the detailed representation of connected
AC networks).

1.2.3 Impacts of VSC HVDC and VSC FACTS on Distance Protection

The emerging shunt VSC FACTS (for instance, STATCOM) and VSC HVDC technology are
commonly regarded as effective solutions for fast-response voltage/reactive power support
during normal and faulty conditions [64,67]. In recent years, there has been an increase of
STATCOM applications and VSC HVDC integrations in the high voltage (HV) transmission
systems around the world [121].

However, the implementations of VSC FACTS and VSC HVDC in the HV transmission
systems may introduce certain risks to the existing protection and control (P&C) systems
[89,154]. For example, if one or more VSC FACTS (in particular, STATCOM as an example
studied in this thesis) or VSC converters are put into service for fast voltage/reactive power
control, it may cause unexpected transient changes of impedance [155]. As the performance
of feeder distance protection is heavily dependent on the impedance measurements, these
unexpected changes of impedance may trigger mal-operation of feeder distance protection.
As a result, such risk should be carefully investigated when introducing the VSC FACTS and
VSC HVDC into HV transmission system.

In [155], comparative investigation of the performance of various distance protection
schemes is presented for transmission lines compensated by shunt connected FACTS devices.
In [156], the impacts of VSC based multiline FACTS controllers on distance relays are
evaluated. An adaptive distance protection scheme in the presence of STATCOM s
presented in [157]. An adaptive distance protection scheme is proposed in [158] to improve
the performance of the conventional distance protection scheme for compensated lines with
high resistance faults. In [159], a methodology of calculation of fundamental frequency-based
per phase digital impedance pilot relaying scheme for STATCOM compensated transmission

lines is presented using two end synchronised measurements.
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The study of the impacts of HVDC interconnectors on distance protection are mainly focused
on the measurement accuracy at the boundary of protection zones [160-161]. A fast full-line
tripping distance protection method for HVDC transmission line is proposed in [160] to
achieve accurate measurement near protection zone boundary to distinguish internal faults
from external faults. The representation of HVDC transmission line is in distributed
parameter model to design tripping distance protection method. In [161], the application of
distance protection for HVDC transmission lines is considered in frequency-dependent
parameter model to enhance the calculation accuracy of fault distance. However, these
studies are on distance protection design for DC cable of conventional LCC HVDC link. The

impacts of VSC HVDC systems on distance protection are yet to be investigated.

The methodologies of the study of STATCOM’s impacts on feeder distance protection can be
extended to the study of impacts of VSC HVDC systems on distance protection, since
STATCOM and VSC HVDC are both VSC converter based, and the commonly used control
strategies of them are same dq decoupled control. In [162], a robust distance protection
approach is proposed to consider these impacts based on u synthesis analysis. The apparent
impedance measurements of distance relays affected by infeed current from VSC HVDC
connected bus are studied in [163-165]. An apparent impedance calculation method
considering impacts of VSC HVDC is presented in [164] to identify the possible mal-
operations of distance relays in aspects of Zone 2 protection. It should also be noted that the
potential interactions between VSC HVDC and STATCOM are analysed in [166-167] to

provide some insights of approaches to investigate their interactions.
The major research gaps can be concluded as follows:

1. The previous research on small-signal stability analysis of VSC MTDC have been
focused on the dynamics of VSC converters while there is a lack of consideration of DC
networks.

2. There is also a lack of studies on the potential impacts of DC power flow controllers on
existing MTDC systems in terms of network stability and dynamic performance under
disturbances.

3. The previous research on distance protection considering the effects of VSC FACTS are
mainly on impacts of SVC or STATCOM only while there has no studies on the
combined impacts of VSC FACTS and VSC HVDC under various fault scenarios.
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1.3 Research Focuses and Contributions

1.3.1 Research Focuses

The main research focuses of this thesis are:

1.

To implement detailed mathematical models of integrated AC/DC system consisting
multiple AC synchronous generators, VSC, and CFC.

To use modal analysis to characterize modes, via participation factor matrix, of the
integrated AC/DC systems without/with CFC and hence investigate the impacts of CFC
on the integrated AC/DC system.

To validate the small-signal stability analysis results in RTDS by simulating small and
large disturbances.

To investigate the effects of the control parameters of CFC controller on system stability
and interactions between CFC and VSC.

To derive the mathematical representations of the apparent impedance measurements of
feeder distance relays considering the current infeed from VSC HVDC and VSC FACTS
at difference locations.

To study the impacts of VSC HVDC and VSC FACTS on distance protections, and
validate the results by dynamic simulations in hardware in the loop (HIL) RTDS

platform against various fault scenarios.

1.3.2 Scientific Contributions of the Thesis

The main contributions of the work presented in this thesis to fill aforementioned research

gaps are summarized as follows:

1.

2.

3.

A small-signal stability model of integrated AC/DC systems with VSC and CFC to
characterize modes via participation factor matrix and investigate various control
parameters on the eigenvalue trajectories of system modes.

The investigation of the interactions between CFC and VSC including impacts of control
parameters of CFC on VSC and impacts of control parameters of VSC on CFC.

The mathematical representations of the apparent impedance measurements of feeder
distance relays against various fault scenarios considering the current infeed from VSC
HVDC and VSC FACTS at difference locations.
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1.4 Outline of the Thesis

The thesis is presented based on both theoretical analysis and time domain simulations in

RTDS. The thesis is organized as follows:

Chapter 2: The multi-model system in state-space representation is derived, including
synchronous generators with excitation system and power system stabiliser (PSS), network
power flow equations, VSC with its control system, and DC network without CFC. The
small-signal stability analysis of VSC based MTDC system without CFC is implemented and
validated in time domain simulations in RTDS.

Chapter 3: The modelling of DC network with CFC in state-space representation is derived,
linearized, and merged into the VSC based MTDC system without CFC presented in Chapter
2 to formulate multi-model system with CFC. The small-signal stability analysis of VSC
based MTDC system with CFC is implemented and validated in time domain simulations in
RTDS to investigate interactions between CFC and VSC. The interactions between VSC and

CFC are investigated by use of eigenvalue trajectory studies.

Chapter 4: The mathematical representation of the apparent impedance measurements of
distance relays is derived considering the infeed current from VSC HVDC. Relevant analysis
of the apparent impedance measurement representation and dynamic simulation study is

performed to investigate the impacts of VSC HVDC systems on distance protection.

Chapter 5: The modelling of MMC based delta-connection STATCOM s presented,
including configuration and control system. The mathematical representation of the apparent
impedance measurements of distance relays is derived considering the infeed current from
VSC FACTS connected busbar. Relevant analysis of the apparent impedance measurement
representation and dynamic simulation study is performed to investigate the impacts of VSC
FACTS on distance protection.

Chapter 6: The mathematical representation of the apparent impedance measurements of
distance relays is derived considering the infeed currents from both VSC HVDC and shunt
VSC FACTS at different locations. Relevant analysis of the apparent impedance
measurement representation and dynamic simulation study is performed to investigate the
impacts of VSC HVDC and VSC FACTS on distance protection.
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Chapter 7: This chapter concludes the thesis and list possible promising future works that

could be done.

The thesis can be divided into four parts as follows, to illustrate the overall structure:

1.

4.

Part 1, i.e. Chapter 1, presents the research background, literature review, research

contributions, and outline of the thesis

. Part 2 consists of Chapter 2 and Chapter 3, which study small-signal stability of VSC

MTDC system. The small-signal stability analysis of VSC MTDC system without CFC is
conducted in Chapter 2. Based on achievements in Chapter 2, Chapter 3 incorporates CFC
into the VSC MTDC system established in Chapter 2 and investigates the interactions
between VSC and CFC by use of modal analysis in Chapter 3.

. Part 3 consists of Chapter 4, Chapter 5, and Chapter 6, which study the impacts of VSC

HVDC and VSC FACTS on existing distance protection. Chapter 4 investigates the
impacts of VSC HVDC on distance protection. Chapter 5 investigates the impacts of VSC
FACTS on distance protection. Chapter 6 considers VSC HVDC and multiple VSC
FACTS integrated to system simultaneously and their corporate impacts on distance
protection under different fault scenarios.

Part 4, i.e. Chapter 7, presents the conclusions and future work of the thesis.

Part 2 and Part 3 present the major technical contributions of the thesis, which present the
impacts of the integration of VSC HVDC and VSC FACTS on dynamic stability and
protection issues of connected systems.

24



CHAPTER 2 SMALL-SIGNAL STABILITY ANALYSIS
OF VSC BASED MTDC SYSTEM WITHOUT DC CFC

2.1 Introduction

This chapter presents the dynamic modelling of the integrated MTDC/AC system without
integration of CFC to study the small-signal stability of VSC-based MTDC system. In 2.2,
the modelling of AC power system is presented in dynamic equations, including synchronous
generator with excitation system and PSS. The network power flow equations are also
presented to reflect mathematical relationships between busbars of AC network in algebraic
equations. In 2.3, the modelling of MTDC system without CFC is presented in dynamic
equations, including VSC with its control system and generalized DC network without CFC.
Multiple VSC converters are applied to link meshed DC network and AC systems.
Aggregated parameter model of R-L based DC transmission lines is considered for the
representation of DC network. In 2.4, AC power system and MTDC system without CFC are
linearized around equilibrium point to derive their small-signal state-space model of
subsystems. Then the state-space models of subsystems of AC power system and MTDC
system are formulated by substitution of the network power flow algebraic equations. In 2.5,
a test system that consists of multiple synchronous generators with excitation system and PSS,
multiple VSC converters, and DC network without CFC, is established to study its small-
signal stability. Small-signal model of test system is derived based on sub-models from 2.2-
2.4 and the eigenvalues of state-space representation of the test system are calculated. Modal
analysis of the eigenvalues results is performed to study small-signal stability of VSC based
MTDC system without CFC. In 2.6, simulations results of established AC/DC system against
small disturbances and large disturbances (including AC system faults, and DC cable faults)

in RTDS/RSCAD are analysed to validate modal analysis results.

2.2 Modelling of AC Power System

VSC HVDC systems and VSC-based MTDC systems are applied to power systems for bulk
power transmission. The AC power system dynamics are modelled in aspects of two major

parts: synchronous generators (including excitation system and PSS) and the power network.
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2.2.1 Synchronous Generator with Excitation System and PSS

Synchronous generators are still the majority source of commercial electrical energy [6].
They are commonly used in power generation to convert mechanical power into electrical
power for the grid. There has been a significant number of literature on synchronous
machines in a variety of complexity levels from second-order classic swing model to a
detailed model in the order of up to eight [6, 148-150]. A 6™-order generator model is
selected in this thesis so that the modelling of the synchronous generator is considered to be
sufficient to reflect the transient and sub-transient dynamic characteristic of synchronous

machines [149]. The state variables x; of the 6™-order generator model are as follows:

I I T
xi = [8;, wi, Egir Eair @14is <P2qi] (2. 1)

fori=1,2, ..., m, where

i - index number of synchronous generator

m : total number of synchronous generators

&; . rotor angle of synchronous generator

w; : rotor angular velocity of synchronous generator

Eg; : transient electromagnetic force caused by field flux linkage in g-axis

E/; : transient electromagnetic force caused by field flux linkage in d-axis
@14i - Subtransient electromagnetic force caused by field flux linkage in d-axis
@24 - Subtransient electromagnetic force caused by field flux linkage in g-axis

Then the differential equations representing the subtransient dynamic behaviour of the

synchronous generators i is given by:
8, = w; — W (2.2)

1 " " XC,i’ - XL) r (Xcli - Xcll,)
[Tmi — Di(w; — ws) + (Xg; — Xgi)lailqi — " I,E . :

l Xy — X)) 70 (X — X))

M
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’ "
(Xqi_Xqi)

n
(Xqi_XLi)
!

_mldiEdi + mldifpzqi ] (2.3)
o= S —E 4 (X — X0 (I — a=¥an) Xy — X, Dl —EL]+E 2.4
qi =7 [—Eqi + Xai — Xa)Uai — (0 —x0) [P1ai + Xgi — Xpdlai — Egqi] + Era)] (2. 4)
o _L ! oy _ (Xflli_Xl;Ii) 1 ’ 25
Eq = = [—Eqi + Kgqi = Xg)Ugi = 75—z [@2qi + (X% — X1l + EgD] (2.5)
qoi (Xqi_XLi>
. 1 li I
Prai = - [—@1ai + Eqi — Xgi — Xpd)lail (2. 6)
. 1 I r
P2qi = 7 [=92qi — Eqi — (X5 — Xp)1qi] 2.7)

fori=1,2, ..., m, where
w, - rated rotor angular velocity of synchronous generator

M; : shaft inertial constant of synchronous generator

D; : synchronous mechanical damping constant of synchronous generator

Ty - mechanical torque input

Ta0i Tawi - Open circuit transient and subtransient time constant in d-axis, respectively

Tqoi> Tqo: - OPEN Circuit transient and subtransient time constant in g-axis, respectively

X,; - armature leakage reactance

Xai, X g, Xg; : synchronous, transient and subtransient reactance in d-axis, respectively

X qi»
Efq; - field voltage

14; : stator current in d-axis

1,; - stator current in g-axis

qi» Xqi» Xqi - synchronous, transient and subtransient reactance in g-axis, respectively

For stability studies, the dynamics of synchronous generator terminal voltage is much slower,

compared to the dynamics of stator. Hence, the representation of synchronous generator
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terminal voltage is given in algebraic equations rather than state equations. The algebraic

equations of generator terminal voltage are as follows:

| (o) - ()
V; sin(8; — 6;) — mEdi + ()

X" _x ) (XI__XII'
V, cos(8; — 6;) — X E 4+ —di—di
§€08(8i =60 = (5 =,y Fai ¥ (x,0

®2qi T Rsilai — Xgilqi = 0 (2. 8)

®1ai + Rsilqi + Xgilg; = 0 (2.9)

fori=1,2, ..., m, where

V; - magnitude of synchronous generator terminal voltage
0; : phase angle of synchronous generator terminal voltage
R; : armature resistance

It should be noted that the synchronous generator terminal voltage (V;26; fori=1,2,...,m,)
is the internal bus voltages of the generator connected buses. The same notations for the bus
voltages of non-generator buses are used as the generator buses, with i = m+1, m+2, ..., n,

where n is the total number of buses of power network.

Then the dynamics of excitation system is considered and included as extension of the
modelling of synchronous generator. Static AC excitation system is used for synchronous

generators. The dynamics of excitation system is presented in differential equation as follows:
: 1 Kai
Erqi = _T_AiEfdi o (Veesi — Vi) (2.10)
fori=1,2, ..., m, where
Vresi - Voltage reference of the excitation system

T,; : time constant of the voltage regulator

K,; : transient gain of the voltage regulator

Power system stabiliser (PSS) is commonly used with synchronous generator to add damping
to generator rotor oscillations by use of auxiliary stabilizing signals to control excitation
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system. The purpose of PSS is producing an additional damping torque logical signal to rotor
angular velocity w; so that the excitation system is controlled. A third-order PSS [149] is

used and dynamics of PSS are presented in differential equations as follows:

y Kopssi 17 (Xl X L) (X,i_X”i
Vpssti = ;—i [TMi — Di(w; — wy) + (X, — Xq ailgi (Xd —XZ) IgiEq — (XZL,_XZ) lgiP1ai —

(X(;i_XLi) IgiEq; + (Xéi_XLi) 4 P2qi Tws Vpssii (2.11)
y TlK ) " Xcli, _XL) I
VpSSZi = T_Zz ;;:l lTMi - Di(wi - ws) + (X X )Idl qi — (Xc’i: _ XLZ) IqiEqi
Co=Xg), (=X)L Ca= %),
- [; (Yidi di d' di¥2qi
(Xdl - XLl) CIL ' ( ql - Ll) ' ' ( ql XLl) l ql
Ty 1 1 1
+ (_ T_:LT_VVL + T_Zl) Vpssli - T_Zl Vpsszi (2- 12)
. T3l Tll Kpssz X(,ili B XLL')
Vosssi = Ty — Di(w; — + (X X" I —— I E
pSssi T4l TZL Mi Mi l(wl ws) ( ) dl qi (X(,i _XLi) qi=qi
(X — Xa; 0 qu XLL)I E' + ( qi _X”)I o I
- [; (Y1di T di d' di¥2qi
(Xdi _ XLi) ql i ( - Ll) itdi ( g XLl) Lr2qi

T1;T3; 1 Ty 1 Tqi T3 1 1
+ (_ - + i_) Vpssli + (_ = + _) Vpsszi - _Vpsssi (2- 13)
T2iTyi Twi TaiTy Ty Ty Ty Ty

fori=1,2, ..., m, where

v,

pssiis Vpsszir Vpsssi - damping torque logical signals inside of PSS

K

pssi- Stabiliser gain of PSS

Ty : washout time constant of PSS

Tyi,Tyi , Ts;, Ty lead/lag time constant of PSS
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2.2.2 Network Power Flow

The power-balance form of network power flow equations is used in this study. The network
power flow equations of active and reactive power flow for generator buses (PV buses) are in

algebraic equations as follows:
V(I cos(8; — 6;) + Iy; sin(8; — 6;)) + Py;
= Yk=1ViVik(Gix cos(8; — ;) + By, sin(0; — 6)) (2.14)
Vi(I4i cos(8; — 6;) — Iy sin(8; — 6;)) + Qg
= Yk=1ViVi (G sin(6; — ;) + By cos(0; — 6)) (2. 15)
fori=1,2, ..., m, where
m : total number of generator buses
n : total number of buses of power network
G, : conductance between bus i and bus k from admittance matrix
Bj;, : susceptance between bus i and bus k from admittance matrix
P, ; : active power of loads on bus i

Q;; : reactive power of loads on bus i

The network power flow equations of active and reactive power flow for non-generator buses

(PQ buses) are in algebraic equations as follows:
Py = Yk=1ViVi(Gix cos(8; — 6x) + By sin(6; — 6)) (2. 16)
Qui = Xk=1ViVi(Gyy sin(0; — 6) + By cos(; — 6y)) (2.17)

fori=m+1, m+2,....n
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2.3 Modelling of MTDC System without CFC

The MTDC system consists of multiple VSC converters and DC network. The topology,
control system and modelling of VSC are presented in 2.3.1. The DC network is formed of
DC transmission lines which are modelled by series resistors and inductors in 2.3.2. The DC

CFC is not included in this chapter but is to be studied in Chapter 3.

2.3.1 VSC with Its Control System

VSC is a fully controlled semiconductor based power converter. It uses self-commuted
semiconductor (for instance, IGBT) which can be turned on and turned off without relying on

line voltage. VSC is able to control active and reactive power independently.

There are a variety of topologies of VSC in different voltage levels, depending on different
application scenarios: two-level converter, three-level converter, or multilevel modular
converter. The typical topology of a two-level three-phase VSC is shown in Figure 2- 1. The
IGBT with antiparallel diode is used to form a valve. The DC bus capacitors C store energy
and filter DC harmonics. Lc indicates the inductance of series AC reactor and coupling
transformer. Rc indicates the equivalent resistance of reactor and power losses of converter.
The control system of VSC is realised by the control of turned on or turned off state of all six
valves. There is one valve in every arm of all six arms. There are two arms in each phase of
converter. There is always one valve turned on while the other one valve in the same phase
turned off. Hence the voltage at AC side of converter equals to either the positive or the
negative voltage of DC bus capacitor. The VSC converter applied in this study is two-level

converter.

to AC System I to DC Grid

Figure 2- 1 Topology of a two-level three-phase VSC.

31



The single-line diagram (SLD) of a two-level VSC and its control system is shown in Figure
2- 2. dg decoupling control is used to regulate voltage at DC side Vg or active power transfer

P in d frame and voltage at AC side V¢ anc Or reactive power transfer in q frame.

Idc
PCCi
bc
{ ] RS T
TC )
—] Ve.abe Vt,abc
A
PWM and Pulse
Generator g'-'-
?Vcref,abc \ 2 \ 4
abc abc abc
dq(a dqo dqgo
Veref,dg  Vtdd ftdq
—»  Converter <«

» Control System [€

VicorP* VyorQ*
Figure 2- 2 Single-line diagram of a two-level VSC and its control system.
The dqg0 transformation (which is also known as the Park transformation) is usually used in
dg decoupling control for VSC. This method was firstly used in the modelling of
synchronous machines to reduce considerable complexity in solving synchronous machine
and power system problems and then spread to control strategy of VSC. It is an effective
approach to derive a simpler and clearer representation of the dynamics of VSC. The
transformation from the state variables in abc phase to dqO variables is presented in the

following matrix form [6]:

[ coso cos (9 —2?”) cos (9 +2?n) 1.

la iq
[l:q‘ = % —sinf —sin (6 - 2?71) —sin (9 + 2?71) [l:b] (2.18)
fo L E L N
2 2 2

where
iq ,lq ,and i, : state variables of currents in dq0 frame

iy ,lp,and i, : state variables of currents in abc phase
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6 : initial phase angle of d frame

The inverse transformation is presented as follows:

cos @ —sin@

FZ]: cos (6 ~%) —sin(6 - %) “ ] (2. 19)

cos 9+2—” —sm
(0+%)

le

The peak value of i,; equals to the peak value of i,,. Under balanced condition i, =i, + i, +
i. =0.

As the single-line diagram of the control system of VSC shown in Figure 2- 2, the line-to-line
voltages v; 45 and currents i, 45, at PCC (the primary side of the coupling transformer of
VSC) in abc phase, and DC current through one DC transmission line I;. and DC voltage
across one DC energy storage capacitor V. at DC side of VSC are acquired. The line-to-line
voltages at PCC v, 4, is inputted into PLL block to compute its frequency f and phase angle
6. Then the computed phase angle 6, along with line-to-line voltages v; 45, and currents i, 45,
at PCC are input into two abc-to-dg0 transformation blocks to compute line-to-line voltages
V¢ aq aNd currents i, 4, in dgO frame. The computed line-to-line voltages v, 4, and currents
it,aq In dgO0 frame, along with acquired DC current I, , DC voltage V. , reference of DC
voltage V. or reference of active power transfer P*, and reference of AC voltage at the AC
terminal of VSC V. or reference of reactive power transfer Q* (these four references are set
by user) are inputted into the converter control system (which includes converter outer
control loop and converter inner control loop). Through converter control system block, the
output signal is computed, which is the reference of AC voltage at the AC terminal of
VSC v¢rer aqin dg frame. Then the computed reference of AC voltage at the AC terminal of
VSC Vcreraq IS inputted dgO-to-abc transformation block. Through dgO-to-abc
transformation block, the output signal is the computed reference of AC voltage at the AC
terminal of VSC v¢yef qpc in abc phase. The computed reference of AC voltage at the AC
terminal of VSC vy f apc is inputted into PWM and pulse generator block to compute PWM
signal and generate corresponding gate pulses to control valves of VSC. The output of PWM
and pulse generator block is gate pulse signals which are inputted into VSC to control every

valves of VSC to either turn on or turn off.
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By use of the state variables in dq frame, the dynamic equation of the VSC connected to AC

system by series reactor at PCC can be represented as follows:

dicd

dt
. di .

Veq — Viqg = —Reirg — L d—;q — Lo.wizg (2.21)

vcd - vtd = _RCitd - LC + Lcwitq (2. 20)
The dynamic equation for DC side capacitor of VSC can be represented as follows:

adVgc

VdC (IdC +C dt ) = %(Ucditd + chitq) (2 22)
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Figure 2- 3 Converter control system block.

The converter control system block of the whole control system of VVSC is shown in Figure 2-
3. The converter control system block consists of converter outer control loop and converter
inner control loop. Reference of DC voltage V., reference of active power transfer P*,
reference of AC voltage at the AC terminal of VSC V., reference of reactive power
transfer Q*, V. , V,c , and v,4 are inputted into converter outer control loop. For DC voltage
regulation block, the difference of V;.and V. is inputted into a PI control loop to compute
the output signal. For active power control block, the division of P*divided by vy

formulates the output. For AC voltage regulation block, the difference of V. and V. is
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inputted into a P1 control loop to compute the output signal. For reactive power control block,
the division of Q*divided by v,; formulates the output. A selector is controlled by user to
assign the control system of VSC to operate either in DC voltage regulation or active power
control mode in d frame. Another selector is controlled by user to assign the control system
of VSC to operate either in AC voltage regulation or reactive power control mode in g frame.
The outputs of two selector blocks are then inputted to two limitation block to compute the

final output signals of converter outer control loop iz, and if,, which are the reference of

line-to-line current at PCC in dq frame.

When converter outer control loop operates in DC voltage regulation mode in d frame, the

current reference i;; can be obtained from the converter outer control loop by:
ifq = kpdc(V(;c = Vae) + kige f(Vc}kc = Vgo)dt

= Kpac (Vaec = Vac) + Kiacx (2.23)
where
kpac - proportional gain of the P1 control loop of converter outer control loop in d frame
k;qc - integral gain of Pl control loop of converter outer control loop in d frame

x, . auxiliary state variable to represent the integral terms of the PI control loop of converter

outer control loop in d frame

When converter outer control loop operates in active power control mode in d frame, the

current reference i;; can be obtained from the converter outer control loop by:

l';_fd = E (2. 24)

When converter outer control loop operates in AC voltage regulation mode in g frame, the

current reference in iz, can be obtained from the converter outer control loop by:

it = kpae (Vi — Vae) + e J W — V. )de

= kpdc(Va*c — Vae) + kigexz (2. 25)

where
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kyac - proportional gain of the P1 control loop of converter outer control loop in g frame

k;qc : integral gain of PI control loop of converter outer control loop in q frame

X, . auxiliary state variable to represent the integral terms of the Pl control loop of converter

outer control loop in g frame

And the AC voltage at point of common coupling V,.; can be represented as:

Vac = ’Utdz + vtqz (2 26)

When converter outer control loop operates in reactive power control mode in g frame, the

current reference in iy, can be obtained from the converter outer control loop by:

. 0
ltq = a (227)

The reference of line-to-line current at PCC in dq frame iy, and i;,, along with acquired
value of line-to-line current at PCC in dq frame i;4 and i,,, are inputted into converter inner
control loop. The difference of i;; and i;4, is inputted into PI controller loop and then added
by v.4 subtracted by wLi.4 to compute output signal of v.,..r4. The difference of iz, and i,

is inputted into PI controller loop and then added by v,; and wLi;4 to compute output signal

of Ucrefq .

The reference of voltage at the AC terminal of VSC v, 44 Can be obtained from the

converter inner control loop as:

Verefa = kpvd(i;d - itd) + kivd f(i;d - itd)dt - wLCitq + Vg

= kpvd(i;d - itd) + KivaXs — wLCitq + Vq (2.28)

Vererq = Kpwg(itq — itq) + Kivg f (ifg — ieq)dt + wl¢ig + vy

= kpuq(itq — itq) + KivgXa + @Lcirg + Veq (2.29)

where
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kpva, and k;,q : proportional and integral gain of the Pl control loop of converter inner

control loop in d frame

kpvq, and k,q © proportional and integral gain of the Pl control loop of converter inner

control loop in g frame

X3 . auxiliary state variable to represent the integral terms of the PI control loop of converter

outer control loop in d frame

x, . auxiliary state variable to represent the integral terms of the Pl control loop of converter

outer control loop in g frame

The dynamics of PWM and gate pulse generator are not considered in this study.

2.3.2 DC Network without CFC

As the topology of DC network without CFC shown in Figure 2- 4, the DC network consists
of a number of DC transmission lines which connect a number of VSC converters (from
VSC; to VSC, where n indicates the total number of VSC). Figure 2- 4 shows a typical
topology of simple meshed DC network. With no DC power flow control (no CFC) in the DC
network, the DC currents flow from one node to another through the path of least resistance.
The DC transmission line is modelled by series resistance and inductance (Ry; + Lj; for the
impedance of DC cable that connects VSC,; and VSC;).
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Figure 2- 4 Topology of DC network without CFC.
The dynamics of DC network without CFC can be represented by dynamic equations of all

DC transmission lines as follows:

dij, )
L1, W + Rizi12 = Viaer — Ve (2.30)
diy; .
Lii— + Ruitii = Vaer = Vaei (2.31)
diln .
Lin _t + Riniin = Viacr — Viaen (2- 32)
diy; .
Ly; ar + Ryiizi = Vacz — Ve (2.33)
diin .
Lin W + Rintin = Vaci — Vaen (2- 34‘)
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L - | p ; =V, —v 2.35
(n-1)n dt + m-Dnln-Dn = dc,(n-1) dcn ( . )

fori=1,2,...,n, where

i : index number of VSC converter

n : total number of VVSC converters

{12, 01i+ b1n » U2i s biny @Nd i—1) n Ui - the currents for DC branch 12, 1i, 1n, 2i, inand (n-1)n

Vactr Vaczs Vacir Vae,n-1) » and Vg, @ the DC voltages of one DC energy storage capacitor at

DC side of VSC4, VSC,, VSC,, VSC,; and VSC,

Ri2, Rii, Rin s Rai s Rin—1) » @nd Ry, : the resistance of DC cable for branch 12, 1i, 1n, 2i, in
and (n-1),n

Liz, L1i s Lin s Lyi s Lin-1y » @and L, : the reactance of DC cable for branch 12, 1i, 1n, 2i, in
and (n-1),n

2.4 Linearization and Formulation of Multi-Model System

The models of AC power system and MTDC system without CFC are linearized and
presented in state-space representation in this section, in order to study the small-signal
stability of the multi-model system. The independent models of AC power system and
MTDC system without CFC presented in 2.4.3 are linearized with respect to the equilibrium
point and then reformed into a number of sets of differential-algebraic equations (DAE) in
state-space form [6]. Finally, the independent linearized state-space representations are

formulated as whole in a form as follows:

Ax = AAx + BAu (2. 36)
where

Ax : incremental change of the state variable vector
Au : incremental change of the input vector

A : state matrix
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B : input matrix.

2.4.1 Linearization of AC Power System

The linearization of the synchronous generator dynamics (2.2)-(2.7) can be expressed as

follows:
Axsqi = Asgibxsgi + Bsg1illyi + Bsg2iAVy; + EsgriAug; (2.37)
where
1A ! T
Axsg; = [A8;, Aw;, AE i, AEy;, A1 ai, A@gi] (2.38)
T
Aly; = [Alg;, Aly] (2. 39)
AVgi = [AHL-,AVi]T (2 40)
T
Aug; = [ATy;, AVyesi] (2. 41)

The linearization of the excitation system dynamics (2.10) can be expressed as follows:
Axpxci = ApxcibXexci + Bexc1iblgi + Bexc2idVyi + Epxc1ibug;  (2.42)

where

Axgxer = [AErai] (2.43)

The linearization of the PSS of synchronous generator dynamics (2.11)-(2.13) can be

expressed as follows:
Axpss; = ApssiDXpssi + Bpss1illy; + Bpss2iAVy; + Epss1iAug; (2.44)

where

T
Axpssi = [AVpssli: AVpsszi' AVpsssi] (2.45)
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The formulation form of linearized model of synchronous generator with its excitation system
and PSS can be obtained by adding all independent linearized models of synchronous

generator, excitation system, and PSS as follows:

Axsgai = AscailXscai + Bsga1illyi + BsgaziAVyi + Esga1iluy; (2.46)

where
T
Axsgai = [Axsei" Axgxei’ » Dxpssi” | (2.47)
[Asci
AsGai = Agxci (2.48)
Apgs;i
[Bsg1i
Bsga1i = Bexcii (2-49)
Bpssii
Bsgai
Bsgazi = Bgxczi (2.50)
Bpssyi
EsG1i
Esgari = Egxcai (2.51)
Epss1;.

The dynamic equations of all synchronous generators can be expressed by adding all dynamic

equations of synchronous generators in a compact matrix form as follows:

Axsga = AsGalXsga + Bsga1Aly + BsgazAVy + Egga1Auy (2.52)
where
Axgon = [DXggarTs s DXsgaiTs ooy DXsgam 1T (2.53)
AV, = [AVy", o, AV, o, AT 1T (2.54)
Aly = [Aly,", . ALy, o ALy, "7 (2.55)
Auy = [Aug,", ..., Aug", ..., Augn, 1" (2.56)

41



[Asca1 1
Agga = - Agea; i (2.57)
ASGAmJ
[Bsga11 ‘ 1
Bgsga1 = '. Bsgaui . (2.58)
| Bsgaim
[BSGA21 ‘
Bsgaz = I .. Bsgazi ' (2.59)
[ | BsGazm
[ESGA11
Esga1 = I " Eggaii . (2.60)
[ | Escaim!

The linearized form of the algebraic equations of generator terminal voltage (2.8)-(2.9) can

be represented as follows:
0 = Cs6ailxscai + Dsga1illyi + Dsgaz2iAVyi (2.61)

In same way as the dynamic equations of synchronous generator, the linearized form of the
algebraic equations of all generator terminal voltages can be expressed by adding all of the
linearized algebraic equations of generator terminal voltages in a compact matrix form as

follows:
0 = Csgalxsga + Dsga18ly + DggazAV, (2.62)

The linearized form of the network power flow balancing equations of generator buses (PV

buses) (2.14)-(2.15) can be represented as follows:
O = CZAXSGA + DgAlg + D4AVQ + DSAVl (2 63)

where
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AV, = [AViman) s s AV, o AV TT (2.64)
fori=m+1, m+2, ..., n where

AVli = [Aﬁi,AVi]T (265)

Similarly, the linearized form of the network power flow balancing equations of non-
generator buses (PQ buses) (2.16)-(2.17) can be represented as follows:

0 = DAV, + DAV, (2.66)

The whole linearized model of AC power system can be represented by (2.52,)(2.62)-(2.66).

2.4.2 Linearization of MTDC System without CFC

The linearized form of the dynamic equations of DC network without CFC (2.30)-(2.35) can

be expressed as follows:
Axpc = Apc1Bxpc + Apc2Dxyac (2.67)
where
Axpe = [Aiyg, o, Aigy, e, Alyp, Aiggy ooy Dl ooy Aign_yn]”  (2.68)
Axyge = [AVye, oo AVigi, ooy AVgen]” (2.69)
fori=1,2,...,n, where
i - index number of VSC converter

n : total number of VSC converters

In order to obtain the linearized form of the dynamic equations of VSC, (2.23)-(2.29) are
substituted into (2.20)-(2.22). In this way, the linearized form of the dynamic equations of

VSC can be expressed as follows:
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Axysc = AvscAxysc + Bysc1Alye + BysczAl; + Bysc3AVy + EyscAuyse

where
Axy ——[A — Axysci” Axy 7]
Xysc Xysc1 s BXysci s BXyscn

Axysci = [AVqci, Dxyi, DXy, Axs;, Ax4i]T

AIdC = [A1d61’ Sy Aldci' ey Aldcn]T
AL = [ALT, . AL, . AL,
. . T
Al = [Altdi'Altqi]

AV, = [AVy ", AV, Ve, ]

AVy = [Avtdir Avtqi]T

Auyse = [AuV561T' ---'AuVSCiT' ---AuVSCnT]T
Duysc; = [AVGe, AP, AV, AQ7, T
fori=1,2,...,n, where
i : 1isintroduced as the index number of VSC converter

n : total number of VVSC converters

(2.

(2.
(2.
(2.

(2.

(2.

(2.

(2.

(2.
(2.

70)

71)
72)

73)

74)

75)

76)

77)

78)

79)

For MTDC system with arbitrary topology of DC network, the relationship between output

DC current from VSC and branch current of DC cables can be determined by algebraic

equation as follows:
AIdC = FAXDC
where

F : DC network matrix that can be determined by topology of DC network

(2.

80)
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By merging (2.67) and (2.70) using (2.80), the linearized form of the dynamic equations of
MTDC system without CFC can be expressed as follows:

Axyrpe = AmrpcAXmrpe + Bysc2Al + BysczAVy + EyscAuyge (2.81)

where

T
Axyrpe = [AxVSCT' AchT] (2.82)

2.4.3 Formulation of Multi-Model System

The independent linearized models of AC power system and MTDC system without CFC
studied in 2.4.1 and 2.4.2 are formulated into a whole multi-model system, in order to
investigate the small-signal stability of VSC based MTDC system without CFC.

When MTDC system is integrated to AC power system via VVSC converters connected at non-
generator buses, the relationship between voltage and current at PCC of VSC and voltage and

current of network power flow balancing equations can be expressed as follows:
Vi€ %k = vgi + jvgg: (2.83)
(ieai + Jieqi) Rei + jowLe)) = (Veai + jveqi) — (Veai + JVeqi) (2.84)
fori=1,2,...,n, where
i : index number of VSC converter
k : index number of bus where VSC;is connected

n : total number of VSC converters

By substituting (2.83)-(2.84) into (2.81), the linearized form of the dynamic equations of
MTDC system without CFC can be simplified as follows:

Axyrpe = AmrpcpDXmrpe + BurpepAV: + EmrpepAuysc (2.85)
where
T
Axyrpe = [AxvscT,AchT] (2.86)
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When MTDC system is integrated to AC power system via VSC converters connected at non-

generator buses, the power injection at non-generator bus i can concluded as follows:

Pysci + jQusci = Viee? %% (iyq; + jitqi)” (2.87)
(2.87) is linearized and simplified as power injection equations as follows:

APygci

AQ ] = BLCiAxMTDCi + BLm-AuVSCi + DLiAVli (2 88)
VSCi

By substituting (2.88) into (2.66), the updated network power flow equations of non-
generator buses (PQ buses) are in algebraic equations as follows:

0 = DAV, + D;AV, + BL Axyrpc + BLyAuysc + DLAV, (2.89)

0= DGAVQ + D;AVZ + BLSTAxMTDC + DSTAuVSC (2 90)

Finally, linearized dynamic equations of all synchronous generators (2.52) and linearized
dynamic equations of MTDC system without CFC (2.81) are merged, via substituting all
network power flow equations of generator buses (2.63) and non-generator buses (2.90) as

follows:
AX = AgcpcAX + BacpcAU (2.91)
where
AX = [Axsea”, Mxyrne”] (2.92)
AU = [Au,", AuyscT]” (2.93)

2.5 Small-Signal Stability Analysis

Small-signal stability analysis is to study if a power system is capable of maintaining
synchronism when it is subjected to small disturbances [147]. A disturbance is considered to
be small if the equations that describe the response of the power system against disturbance

can be linearized with respect to the equilibrium point [147]. A test system that consists of
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AC power system with multiple synchronous generators and MTDC system with multiple
VSC converters is established in 2.5.1. Modal analysis of the established AC/DC system is
implemented to investigate its small signal stability in 2.5.2.

2.5.1 Test System

As shown in Figure 2- 5, the topology of the studied AC/DC system consists of AC power
system with multiple synchronous generators and MTDC system with multiple VSC
converters. The studied system is based on Kundur’s 4-generator 2-area system proposed in
[6] where all parameters of AC system can be found. There are two areas connected by a
week tie (220 km double-circuit transmission line) and VSC converters integrated three-
terminal DC network. The AC system consists of 4 synchronous generators with excitation
system and PSS as described in 2.2.1. The DC network consists of three VSC converters
connected by meshed DC cables as described in 2.2.2. The pole-to-pole voltage of all VSC
converters is 120 kV. The master-slave control is used for VSC MTDC system. VSC; is
operating in V. - V. control, controlling the DC voltage level of DC network and AC
voltage at the PCC of VSC,to AC system. VSC; and VSCs; are operating in P-V,. control,
controlling active power transferred through VSC converters and AC voltage at their PCC to
AC system. The generator parameters, Excitation system parameters and PSS parameters are
listed in Appendix A.1, A.2, and A.3. The Transmission line parameters are listed in
Appendix A.4. The generation data, and load data are listed in Appendix A.5 and A.6. The
parameters of VSC converters and DC network are shown in Appendix A.7 and A.8.
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25 km

G3

Figure 2- 5 Topology of the studied AC/DC system.

2.5.2 Modal Analysis

The small-signal stability analysis of the integrated AC/DC system established in 2.5.1 is
presented in this section. The eigenvalues of the state matrix A 4¢pc Of the studied system are
defined as the values of the scalar parameter 44.p¢ for which there exist non-trivial solutions

(other than @ = 0) to the equation:

Apcpc® = Aacpc® (2.94)
where
n : the order of Agcpc

® :ann X 1 vector

Generally, (2.95) is used to compute the eigenvalues as follows:
(Aacpc — AacpcD® =0 (2.95)
For a non-trivial solution

(Aacpc — AacpcD) =0 (2.96)

48



The n solutions of 24¢cpc = Aacpcir Aacpezs > Aacpen @re the eigenvalues of A4cpc-

The right eigenvector ®; of A,cpc is defined as that for any eigenvalue A,-p¢;, the n-column
vector ®; which satisfies (2.93) is called the right eigenvector of A4cpc associated with the

eigenvalue Aycpci [6]-

Apacpc®i = Aacpci®i (2.97)
fori=1,2,...,n
And the right eigenvector @; is with the form of

Dy,

0Py

@, = (2.98)

q)ni
Similarly, the left eigenvector ¥; of Agcpc IS defined as the n-column vector ¥; which
satisfies (2.99) is called the left eigenvector of A4¢pc associated with the eigenvalue A,qp¢;-
YiAacpc = Aacpcii (2.99)

fori=12,...,n

Since the eigenvectors are determined only to within a scalar multiplier, generally the left and

right vectors should be normalized to satisfy the (2.96) as follows:
oY =1 (2.100)
fori=12,....n

Participation matrix P that combines the right and the left eigenvectors, is usually used as a

measure of association between state variable and the modes as follows:

P =[Py, Py .., P, .. P,] (2.101)
D1 ®y;¥i

p, = [P7| = | P2t (2.102)
Pni D ¥in

where

®d,,; : the k-th entry of the right eigenvector ®;
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¥, . the k-th entry of the left eigenvector ¥;

The term py; = ;¥ is defined as participation factor, as a measure of the relative
participation of the k-th state variable in the i-th mode. From Participation matrix, the
dominant state is defined as the state variable which has the largest participation factor of

corresponding mode.

The complete state-space matrix Agcpc has a dimension of 52 x 52, which consists of sub
state-space matrix of two synchronous with excitation system (2 x (7 x7) =2 x (6 + 1) X
(6+ 1)), sub state-space matrix of two synchronous with excitation system and PSS
(2x(10x10)=2%x(6+1+3)x(6+1+3)), sub state-space matrix of three VSC

converters (3 x (5 x 5)) and sub state-space matrix of DC network (3 x 3).

By use of the approach to compute eigenvalues presented in (2.96), the calculated
eigenvalues A4¢pc 0f Aacpc are shown in Table 2- 1. The frequency of oscillation, damping
ratio and dominant state of all conjugate pairs of complex eigenvalues are also provided in
Table 2- 1.

Table 2- 1 Eigenvalue results of the test system

No. *Eigenvalue *Frequency *Damping Ratio *Dominant State
1 -989.996909 \ \ AE ;44
2 -992.295150 \ \ AE ;g
3 -995.595105 \ \ AE ¢4
4 -995.707401 \ \ AE sy
5 -50.413426 \ \ AV 023
6 -50.366195 \ \ AVpes2:
7 -21.427299 +15.161188 *j 2.413 0.816 AQias
8 -21.427299 -15.161188 *j 2.413 0.816 VAYO R
9 -40.882330 \ \ AV g
10 -37.917394 \ \ AV g3
11 -36.146715 +0.024978 *j 0.004 1.000 AQoqs
12 -36.146715 -0.024978 *j 0.004 1.000 AQsqs
13 -36.288964 \ \ AV geg
14 -32.194002 \ \ AQiq
15 -30.737547 +0.158066 *j 0.025 1.000 AQsqr
16 -30.737547 -0.158066 *j 0.025 1.000 AYO P
17 -31.405309 \ \ AQia4
18 -20.867438 +9.467676 *j 1.507 0.911 AE,
19 -20.867438 -9.467676 *j 1.507 0.911 AEg,;
20 -1.324679 +7.721609 *j 1.229 0.169 A\ Aw,
21 -1.324679 -7.721609 *j 1.229 0.169 A\ Aw,
22 -1.353152 +7.949151 *j 1.265 0.168 Ads\ Aws;
23 -1.353152 -7.949151 *j 1.265 0.168 A3\ Aw;
24 -10.373650 \ \ AE,
25 -10.232562 \ \ AEg,
26 -0.218620 +4.107588 *j 0.654 0.053 A\ Aw;
27 -0.218620 -4.107588 *j 0.654 0.053 A6\ Aw;
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28 -3.018354 \ \ AE g3
29 -3.006456 \ \ AEy;
30 -2.845598 \ \ Aijp
31 -3.463600 +0.021567 *j 0.003 1.000 AE,,
32 -3.463600 -0.021567 *7 0.003 1.000 AE,,
33 -3.455578 \ \ Ay
34 -0.228905 \ \ Ay
35 -0.203891 \ \ AV pss31
36 -0.180524 \ \ AV pss33
37 -0.133536 \ AX s,
38 -0.102150 \ \ AV pss1s
39 -0.051441 \ \ AV pss11
40 -0.034907 \ \ AX 4o
41 -0.016020 \ \ AXyy
42 -0.003969 \ \ AXys3
43 -0.011648 \ \ AX 3,
44 -0.011527 \ \ AX3;
45 -0.000000 +0.000000 *j 0.000 0.000 A8\ Aw,
46 -0.000000 -0.000000 *j 0.000 0.000 A8\ Aw,
47 -3.333333 \ \ AX,;
48 -3.333333 \ \ AX;,
49 -3.333333 \ \ AX;3
50 -3.333333 \ \ AXz3
51 -3.333333 \ \ AX
52 -3.333333 \ \ AX 3

It can be seen from Table 2- 1 that all 52 eigenvalues have non-positive real part. This
indicates a stable operating condition at the equilibrium point. There are two zero eigenvalues
Aacpcasae » S there is no infinite busbar in the testing network. One of the zero eigenvalues
arises from a redundancy in synchronous generator angle. The second zero eigenvalue results
from that the generator torque is independent of machine speed deviations, and this is
because mechanical damping is neglected and governor action is not represented. This can
also be proved by the fact that the dominant states of the two zero eigenvalues are rotor angle
and rotor angular velocity of synchronous generator G4. If the rotor angle and angular
velocity of one synchronous generator are regarded as references, and the governor action of

mechanical damping is considered, the two zero eigenvalues will be reduced [148-149].

All the conjugate pairs of complex eigenvalues Acpc78, dacpci112+ 2acpeisi6, Aacpcis19s
24cpc20,21) Aacpc22,23 Aacpeze 27 ANd Aacpesi 32 are related to the dominant state variables of
synchronous generators according to their participation factors. The damping of these modes
is mainly affected by synchronous generator setting, associated exciter setting, and
corresponding power system stabilizer parameters. The eigenvalues that significantly affects
the dynamic response of the system are A4cpc26 27 (With frequency of oscillation of 0.654 Hz,

and damping ratio of 0.053). According to participation matrix, the state variables of

o1



synchronous generator G; have a dominant effect on the conjugate pair of A4cpc2627. IN
consequence, these states should be considered primarily in attempt to improve network

damping characteristic.

The conjugate pairs of complex eigenvalues A4cpc20,21(With frequency of oscillation of 1.229
Hz, and damping ratio of 0.169), 14cpc2223(With frequency of oscillation of 1.265 Hz, and
damping ratio of 0.168), and A4cpcae 27 (With frequency of oscillation of 0.654 Hz, and
damping ratio of 0.053) are related to the rotor angle and rotor angular velocity of
synchronous generator G,, Gz, and Gy respectively, if the rotor angle and rotor angular
velocity of synchronous generator G, are regarded as reference. These oscillation
characteristic reflected by modal analysis can be further validated by simulation results in
section 2.6. The conjugate pairs of complex eigenvalues i4cpc1g19 are associated to the
transient electromagnetic force caused by field flux linkage in g-axis of synchronous
generator Gi. The remaining conjugate pairs of complex eigenvalues i,cpc7g, and
lacpci1,12are associated to the states of synchronous generator G, and conjugate pairs
dacpcisies and A4cpcsizpare associated to the states of synchronous generator G,. The
incorporation of additional PSS can contribute to the damping of these modes since the

existing PSS are installed to synchronous generator Gi, and Gz only.

2.6 Simulation Validation

The AC/DC test system as shown in Figure 2- 5 has been established in RSCAD to validate
the results of modal analysis. The power flow data, AC voltages, and impedance values are
based on 4-generator 2-area benchmark system model in [6] where same parameters are used
in 2.5.2.

The purpose of using RTDS-based simulation and testing platform is due to the fact that it

can provide an effective solution for such a development with the following benefits:

1. In the RSCAD environment (RSCAD is the specifically-designed software platform for
power system modelling and interfacing to RTDS hardware), the power electronic
devices can be represented using detailed models in close to practical devices. In this
way, it can reflect the steady-state and dynamic characteristics of power electronic
devices (including VSC FACTS and VSC HVDC devices);
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2. With specifically-designed multiple processing units for digital simulation, the
computational capability of RTDS hardware can be powerful enough to achieve real-
time simulation. In doing so, the simulation efficiency of RTDS can satisfy the
requirements for multi-scenario detailed analysis of power electronic devices;

3. RTDS can provide the function of hardware-in-the-loop to realise the interactions
between the simulated virtual power networks in RSCAD and those physical protective

relays and hardware-based controllers.

2.6.1 Small Disturbances

Small disturbances (changes of reference) are applied to AC/DC test system to validate the
result of modal analysis to investigate small signal stability of the test system. A step

reference change is applied to VSC,, with V... Changes from 2.0 (p.u.) to 2.1 (p.u.) at 0.6s.

The dynamic response of rotor angular velocity difference of synchronous generators 1-4 in
response to the small disturbance are shown in Figure 2- 6. The damping frequency and
damping ratio of difference of synchronous generators seen from the figure are in line with

modal analysis results.

Rotor angular velocity difference of W1-W4
T T T T T

T T

Angular velocity difference/p.u.
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Rotor angular velocity difference of W2-W4
T T T T T

T T
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Rotor angular velocity difference of W3-W4
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Angular velocity difference/p.u.
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Figure 2- 6 Rotor angular velocity differences of synchronous generators 1-4.
The dynamic response of VSC related data of VSC;, VSC,, and VSC3, including DC voltage,

active power transfer, and AC voltage are shown in Figure 2- 7 to Figure 2- 9. It can be seen
from the figures that the DC voltages of all VSC reached a new steady state after a short
period of time while active power transfer and AC voltage recovers to their former value after
the disturbance. This is due to the control system of all VSC are set to AC voltage regulation
in q axis. The VSC; is set to DC voltage regulation, while VSC; and VSC; are set to active

power transfer control.
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AC voltage of VSC1
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Figure 2- 7 Dynamic response of VSCL1 against small disturbance.
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Figure 2- 8 Dynamic response of VSC2 against small disturbance.
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Figure 2- 9 Dynamic response of VSC3 against small disturbance.
The dynamic response of DC network, including current of DC branch 12, 13 and 23 are

shown in Figure 2- 10. It can be seen from the figures that the currents of all DC braches
reach to a new steady states after a short period of time. And small oscillations of DC branch
13 are seen since no DC current flow controller is applied to DC network and active power
through branch 13 is not controlled. Stable dynamic performance against small disturbance

can be seen from the simulation results, which is in line with the modal analysis results.
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Figure 2- 10 Dynamic response of DC network.

2.6.2 Large Disturbances

AC-System fault

A large disturbance is applied to test the stability of the system under large disturbances. A
10Q) single-line-to-ground (SLQG) fault is simulated at PCC of VSC terminal 3 (primary side

of coupling transformer) at 0.15s lasting for 7 cycles (116 ms).

The dynamic response of VSC related data of VSC;1, VSC,, and VSCs, including DC voltage,
active power transfer, and AC voltage are shown in Figure 2- 11 to Figure 2- 13. It can be
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seen from the figures that the DC voltages, active power transfer, and AC voltage of all VSC

recovers to their former values after the disturbance.
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Figure 2- 11 Dynamic response of VSC1 against AC system fault.
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Figure 2- 12 Dynamic response of VSC2 against AC system fault.
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Figure 2- 13 Dynamic response of VSC3 against AC system fault.
The dynamic response of DC network, including currents of DC branch 12, 13 and 23 are

T T T
1 1 1 1 1 L Il 1
0 0:5 1.5 2 25 3 35 4 4.5 5
Time (s)
AC voltage of VSC3
T T T T T T T T
1 1 1 1 1 1 1 1
0 0.5 1.5 2 2.5 3 35 4 4.5 5
Time (s)

shown in Figure 2- 14. It can be seen from the figures that the currents of all DC braches

recover to its former values after the fault. The simulation results against large AC system

fault demonstrate that the system can endure large AC disturbance.
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Figure 2- 14 Dynamic response of DC network against AC system fault.
DC Cable fault

For the testing of large disturbance at DC side, a 25 line-to-ground DC-cable fault is
simulated at DC-side of VSC3 at 0.15s lasting for 7 cycles (116 ms).

The dynamic response of VSC related data of VSC;, VSC,, and VSC3, including DC voltage,
active power transfer, and AC voltage are shown in Figure 2- 15 to Figure 2- 17. It can be
seen from the figures that the DC voltages, active power transfer, and AC voltage of all VSC

recovers to their former values after the DC cable fault.
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Figure 2- 15 Dynamic response of VSC1 against DC cable fault.
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Figure 2- 17 Dynamic response of VSC3 against DC cable fault.

The dynamic response of DC network, including current of DC branch 12, 13 and 23 are

shown in Figure 2- 18. It can be seen from the figures that the currents of all DC braches

recover to its former values after the fault. The simulation results against DC cable fault

demonstrate that the system can endure large DC disturbance.
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Figure 2- 18 Dynamic response of DC network against DC cable fault.
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2.7 Summary

In this chapter, AC power system including synchronous generator with excitation system
and PSS, and network power flow has been modelled in dynamic and algebraic equations.
MTDC system without CFC, including VSC with its control system and generalized DC
network without CFC has been modelled in dynamic equations. Dynamic model of these two
subsystems have been linearized and formulated to form state-space representation of multi-
model system for small-signal stability analysis. An integrated AC/DC system that consists of
multiple synchronous generators with excitation system and PSS, multiple VSC converters,
and DC network without CFC, has been established. Small-signal model of test system has
been derived based on approaches in 2.2-2.4 and the eigenvalues of state-space representation
of test system have been calculated. Modal analysis of the eigenvalues results has been

performed to study small-signal stability of VSC-based MTDC system without CFC.

It can be found from eigenvalue results that all 52 eigenvalues have non-positive real part.
This indicates a stable operating condition at the considered operating point. There are two
zero eigenvalues, as there is no infinite bus bar in the testing network. One of the eigenvalue
arises from a redundancy in synchronous generator angle. The second zero eigenvalue results
from that the generator torque is independent of machine speed deviations, and this is
because mechanical damping is neglected and governor action is not represented. If the rotor
angle and angular velocity of one synchronous machine are regarded as references, and the
governor action of mechanical damping is considered, the two zero eigenvalues will be
reduced. All the conjugate pairs of complex eigenvalues are related to the dominant state
variables of synchronous generators according to their participation factors. The damping of
these modes is mainly affected by synchronous generator setting, associated exciter setting,

and corresponding power system stabilizer parameters.

Simulations results of established AC/DC system against small disturbances in aspects of
damping frequency and damping ratio of difference of synchronous generators are in line
with modal analysis results. A stable operating condition around operating point is seen from
simulation results in RTDS/RSCAD against both small disturbance of change of reference
and large disturbances (including AC system faults, and DC cable faults), which is in line

with modal analysis results.
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CHAPTER 3 SMALL-SIGNAL STABILITY ANALYSIS
OF VSC BASED MTDC SYSTEM WITH DC CFC

3.1 Introduction

This chapter presents the dynamic modelling of the integrated MTDC/AC system with
integration of CFC to study the small-signal stability of VSC-based MTDC system with CFC
and the potential interactions between CFC and VSC. In 3.2, the modelling of DC network
with CFC and its control system is presented in dynamic equations. The small-signal state-
space model of DC network with CFC is linearized around equilibrium point. Then the
linearized state-space model of the subsystem of DC network with CFC is merged into VSC-
based MTDC system without CFC presented in Chapter 2 to formulate multi-model system
with CFC. In 3.3, a test system that consists of multiple synchronous generators with
excitation system and PSS, multiple VSC converters, and DC network with CFC, is
established. Small-signal model of test system is derived based on approaches presented in
Chapter 2 and the eigenvalues of state-space representation of the test system are calculated.
Modal analysis of calculated eigenvalues in comparison between integrated AC/DC system
without/with CFC is implemented to study the impacts of the incorporation of CFC, and its
control parameters on small-signal stability of the integrated AC/DC system. Simulations
results of established AC/DC system against small disturbances and large disturbances
(including AC system faults, and DC cable faults) in RTDS/RSCAD are analysed to validate
modal analysis results. Eigenvalue trajectories are used to study the potential interactions
between CFC and VSC, including impacts of control parameters of CFC on VSC, and
impacts of control parameters of VSC on CFC.

3.2 Modelling, Linearization and Formulation of VSC Based MTDC
System with CFC
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3.2.1 Modelling of DC Network with CFC

The meshed MTDC networks are currently facing an operational challenge, which is that the
DC branch currents cannot be fully controlled. Existing DC current flow control approaches
are only capable of regulating a certain branch current. Recently, CFC emerges as a DC-DC
converter based device which can provide multi-line flexible current flow control in a simple

meshed DC network.

Figure 3- 1 shows the single-line diagram of the topology of a two-line CFC that is integrated
to a VSC based three-terminal DC network [84,86]. The CFC model consists of two identical
full-bridge DC-DC converter modules sharing a common capacitor, which is used as a
channel for the power exchange between two bridge converter modules. These two DC-DC
converter modules can be controlled independently. The branch currents of the CFC installed
meshed DC network can be fully controlled, by use of designed switching patterns of the DC-
DC converter modules of CFC.

Sa1
Sg1
: S
Idcl éZ
VSC, —> gt
Vi, Sga ©VSCs

Figure 3- 1 Single-line diagram of the topology of a two-line CFC.
As shown in Figure 3- 1, one DC-DC converter consists of two legs, with two switches

(which consist of IGBT with anti-parallel diode) on each leg. Sai and Sg; (i = 1,2) are on same
leg, whilst S¢i and Sp; (i = 1,2) are on the other leg. Two switches on the same leg are
switched complementarily. This switching manner ensures the energy storage capacitor

works in two operational modes (charging or discharging) as shown in Table 3- 1. The
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capacitor is charging when both S, and Sy, are on, while the capacitor is discharging when

both Sg and S are on.

Table 3- 1 DC-DC converter operational modes

DC-DC CONVERTER OPERATIONAL MODES

Mode Capacitor State Sa S Sc Sb
1 Charging ON OFF OFF ON

2 Discharging OFF ON ON OFF

The target of the CFC control system is to maintain the voltage across the capacitor and to

control DC current of a certain DC transmission line branch, for example i, in this case.

The duty cycles of switch-on state of all the switches in two full-bridge module are shown in
Table 3- 2.

Table 3- 2 Switch duty cycles

SwiTcH DUTY CYCLES

Switches Sa1: Saz Sp1;SB2 Sc1 Sp1 Scz Spz
Duty Cycles d, 1-d, de; 1—-dgy de; 1—d,
VSC,
Idc2
2 ¢ Vdcz
R N
@ NY‘Y\_/\/\/\,—
L1z Ry
1 Las ¢iz3
R
Idc1 : 23
VSC —>» 113 Id
' o) > <
Vdc1 @3/ TV %F VSCs
Liz Rz 3'Vaes

Figure 3- 2 Equivalent circuit of two-line CFC.
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By this operation manner, the voltages across DC-DC converter in two DC branch, e, and
e,3 can be regarded as two voltage sources as shown in Figure 3- 2, and current through CFC
icfc , Can be summarized as in Table 3- 3.

Table 3- 3 Switching modes of CFC.

SWITCHING MODES oF CFC

Switching Mode Switches On Duty Cycle €1 icte
1 Sa1 Sci a; 0 0
2 Sa1: Sp1 ap Uc i1o
3 SB1, Sc1 as —Uc —li1p
4 Sg1, Sp1 ay 0 0

Switching Mode Switches On Duty Cycle €13 icte
5 Saz: Scz b, 0 0
6 Sa2s Sp2 b Uc 13
7 Sz, Scz b3 —Uc —i13
8 Sg2: Sp2 b, 0 0

The duty cycles in Table 3- 3 can be derived as follows:

a; = min{dcy, dq} (3.1
a, = max{d, — d.,0} (3.2
as; = min{d,, — d,, 0} (3.3)
a, =1 —max{d, d.} (3. 4)
b, = min{d.,, d,} (3.5)
b, = max{d, — d.,, 0} (3. 6)
b; = min{d., — d,, 0} (3.7
b, =1—max{d, d.,} (3. 8)

Hence the voltages across DC-DC converter in two coupling DC branch e,,, and e;5 can be

expressed with corresponding duty cycles as:
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€12 = (az - a3)uc = (da - dcl)uc (3- 9)
e13 = (b, — b3)u, = (dg — dco)u, (3.10)

And by considering the charging and discharging states of the capacitor within a switching

cycle, the dynamic of capacitor can be obtained as:

duc
dt

c = (a; — a3)izy + (b — b3)iyzz = (dg —dc1)isn + (dg —der)izs (3.11)

The target of control system of the two-line CFC is to regulate the duty cycle ratio of the
switches so that the voltage across the capacitor is maintained and the current of DC branch

(i1 In this study) is controlled.

Figure 3- 3 shows the architecture of CFC control system to output duty cycle ratio of the
switches. The DC branch current i, , reference of DC branch current ij, , capacitor
voltage u., and reference of capacitor voltage u; are inputs of the control system. The
difference of ij, and i,, is inputted into a PI control loop and the first limitation block. Then
the output of the first limitation block (which yields d, — d.; ), is subtracted from d, and
inputted into the second limitation block. The output signal of the second limitation block is
d.,. Similarly, the difference of u; and wu, is inputted into a Pl control loop and the first
limitation block. Then the output of the first limitation block (which yields d, — d., ), is
subtracted from d, and inputted into the second limitation block. The output signal of the
second limitation block is d.,. And by use of same kind of gate signal generator that is

commonly used in VSC, the gate signals Ggc;, and Ggc, to control the switches are generated.

i1
[ o Gate Signal
112$‘>-+|EJd —d¢y EJd > Generator | > Usct

cl

% , é z , Gate Signal
_)GSC
J d, Generator 2

Figure 3- 3 Architecture of CFC control system.
In this way, the duty cycle reference d.,, and d, can be obtained as:

dey =dg — kpc1(—iI2 +i12) = Kica f(_iikz +igp)dt
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=d, — kpcl(_qZ + i12) — kiciyr (3.12)
ch = da - kpcz (uZ - uc) - kicZ j-(uz - uc)dt

=d, - kpcz(uz —U) — kic2y2 (3.13)
where

kpc1s Kic1, kpea, and k;c, - the proportional and integral gains of the PI control loops of CFC

control system

vy, and y, : auxiliary state variables to represent integral parts of the PI control loops

Applying Kirchhoff's voltage law, the dynamic equations of all DC braches of the three-

terminal DC network with CFC can be derived as:

dis; )

Liy TS + Ryzi12 = Viger — Vaez — €12 (3.14)
dij3 )

Lq3 TS + Ry3i13 = Viger — Vaes — €13 (3.15)
diy; )

Las TS + Ry3i53 = Vaeo — Vies (3.16)

The final mathematical dynamic equations of DC network with CFC can be obtained by
substitute (3.9)-(3.10), (3.12), and (3.13), into (3.11), and (3.14)-(3.16), with auxiliary state

variable dynamics as follows:

dy; - .

_dt = _llz + 112 (3 17)
dy, .

E =U; — U, (3 18)

3.2.2 Linearization of DC Network with CFC

The linearization of the dynamic equations of DC network with CFC (3.11), (3.14)-(3.18) can
be expressed as follows:
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Axcpe = AcrcDxcre + Acrc2B%vac + EcrcAucrc (3.19)

where
Axcpe = [Aiyp, Alys, Az, Aug, Ay, Ay,, 1T (3.20)
Axyge = [AVgcr, AVca, AVges]” (3.21)
Aucpe = [Aif,, Aul]T (3.22)

3.2.3 Formulation of Multi-Model System

The independent linearized models of AC power system, MTDC system without CFC, and
DC network with CFC studied in 2.4.1, 2.4.2, and 3.2.2 respectively, are formulated into a
whole multi-model system, in order to investigate the small-signal stability of VSC—based
MTDC system with CFC.

The DC network with CFC is integrated into MTDC system without CFC via VSC converters
connected at VSC terminal of DC network, when CFC is installed into DC network. The
state-space representation of DC network with CFC obtained in 3.2.2 is merged with the
state-space representation of VSC obtained in 2.4.2 as follows:

Axyrpccre = AmrpecreAXmrpecre + BurpecreAVi + EmrpecrcAUprpecre (3-23)

where
T
AXxyrpecre = [AXVSCT' AxCFCT] (3.24)

T
Auyrpecre = [AxvscT,Aucch] (3.25)

Finally, the linearized dynamic equations of MTDC system with CFC (3.23) can be merged
with the linearized dynamic equations of all synchronous generators (2.52) using the same
approach that presented in 2.4.3 as follows:
MXacpcere = AacpecreDXaccere + BacocercAUacpecre (3.26)
where
T

AXacpcere = [AXSGAT'AxMTDCCFCT] (3.27)
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T
AUpcpecre = [AugT: AuMTDCCFCT] (3.28)

3.3 Impacts of CFC on Small-Signal Stability of the Integrated AC/DC
System

As CFC is integrated into MTDC system, the small-signal stability of the integrated AC/DC
system is studied in this section to investigate the potential impacts of CFC that might be
brought in. The modified test system is described in 3.3.1 with CFC installed into DC
network. The modal analysis for the modified integrated AC/DC system is studied to
investigate the small-signal stability in 3.3.2. The dynamic simulations in case of small
disturbances and large disturbances are performed in 3.3.3 to validate modal analysis results.

Finally, the impacts of the incorporation of CFC on existing MTDC system is studied in 3.3.4.

3.3.1 Test System

The single-line diagram of the topology of CFC integrated AC/DC system is shown in Figure
3- 4. The modified system is based on the MTDC system established in 2.5.1 which is added
with a two-line CFC. As shown in Figure 3- 4, the CFC is located at the DC side of VSC; to
control the current flow of DC branch i, and iy3. The parameters of CFC are listed in
Appendix A.9 while other parameters of existing MTDC system are the same with the test
system in Chapter 2.
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Figure 3- 4 Single-line diagram of the topology of CFC integrated AC/DC system.

3.3.2 Modal Analysis

In order to illustrate the impacts of the incorporation of CFC on small-signal stability of the

integrated AC/DC system, eigenvalue analysis is implemented for the system with CFC.

The complete state-space matriX A,cpccre has a dimension of 55 x 55, which consists of
sub state-space matrix of two synchronous generators with excitation system (2 X (7 X 7) =
2X(6+1)x(6+1)), sub state-space matrix of two synchronous generators with
excitation system and PSS (2x (10x10)=2%x(6+1+3)x(6+ 1+ 3)), sub state-
space matrix of three VSC converters (3 x (5 X 5)), sub state-space matrix of DC network
(3 x 3)(the state variables are Ai;,, Ai;3, Ai,3), and sub state-space matrix of CFC (3 x 3)(the
state variables are Au,, Ay,,Ay,). There are 52 eigenvalues for the system without CFC as
presented in 2.5.2, and 55 eigenvalues of the system with CFC. The additional three states

result from the CFC capacitor and 2 integral controllers of CFC (Au,, Ay;, Ay,).

By use of the approach to compute eigenvalues presented in 2.5.2, the calculated eigenvalues
Aacpcerc OF Aacpccre are shown in Table 3- 4. The frequency of oscillation, damping ratio
and dominant state of all conjugate pairs of complex eigenvalues are also provided in Table
3-4.

Table 3- 4 Eigenvalue results of CFC integrated AC/DC system
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B 36172771 Z74.260903 %0 L o o 11,930 _ - 0.435 _ Qi ,'
9 -50.413402 \ \ AVpeas

LO_ _ 7500386193 | _ _ _ _ oMol Ve
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It can be seen from Table 3- 4 that all 55 eigenvalues have non-positive real part. This
indicates a stable operating condition around the equilibrium point. There are two zero
eigenvalues 2,cpcas a9, 8 there is no infinite busbar in the testing network. These two zero
eigenvalues are caused by same reasons of AC/DC system without CFC presented in Chapter
2. One of the zero eigenvalues arises from a redundancy in synchronous generator angle. The
second zero eigenvalue results from that the generator torque is independent of machine
speed deviations, and this is because mechanical damping is neglected and governor action is
not represented. This can also be proved by the fact that the dominant states of the two zero
eigenvalues are rotor angle and rotor angular velocity of synchronous generator G,4. If the
rotor angle and angular velocity of one synchronous generator are regarded as reference, and
the governor action of mechanical damping is considered, the two zero eigenvalues will be
reduced [148-149].

The conjugate pairs of complex eigenvalues A4cpci1.12, 2acpcia,1s: Aacpeis19 10 dacpcza zs,
dacpc2o30, and A4cpessze are related to the dominant state variables of synchronous
generators according to their participation factors. The damping of these modes is mainly
affected by synchronous generator settings, associated exciter settings, and corresponding
PSS parameters. The eigenvalues that significantly affects the dynamic response of the
system are A4cpc2930 (With frequency of oscillation of 0.654 Hz, and damping ratio of 0.053).
According to participation matrix, the state variables of synchronous generator G; have a
dominant effect on the conjugate pair of 14cpc2930- IN CONsequence, these states should be
considered primarily in attempt to improve network damping characteristic. Compared to
eigenvalue results of AC/DC system without CFC presented in Table 2- 1, there is no
significant changes of values of these synchronous generator related conjugate pairs due to
the incorporation of CFC. This presents that the corporation of CFC has no significant

impacts on dynamic stability of multi synchronous generators.

The conjugate pairs of complex eigenvalues A4cpcs 6, Aacpers » aNd Aacpesi 32 are related to
the dominant state variables of DC networks with CFC according to their participation
factors. The dominant state of a4cpc7 g IS 112 Which is controlled by CFC. The dominant state
of 24¢pc3i32 1S CFC y, which represents the state variable of CFC integral controller. Based
on these results, the incorporation of CFC results in the emergence of CFC related

eigenvalues which means the oscillations of relevant DC network states are expected.
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It should be noted that the dominant state of 14cpc3940 IS VSC, AX32 Which represents the
state variable of the integral controller of VSC,. This interesting phenomenon indicates that
the incorporation of CFC can even cause the emergence of VSC related conjugate pairs. And
the emergence of new oscillations of relevant VSC states is expected. The dynamic stability
of VSC is affected by the integration of CFC into DC network.
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(a) Clustering of eigenvalues (b) Highlighted eigenvalues
Figure 3- 5 Eigenvalues of the integrated AC/DC system without CFC.
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Figure 3- 6 Eigenvalues of the integrated AC/DC system with CFC.
Figure 3- 5 shows a plot of eigenvalues of system without CFC while Figure 3- 6 shows a

plot of eigenvalues of system with CFC. The dominant states and the associated pairs of
eigenvalues are highlighted in Figure 3- 5 (b) for the system without CFC and in Figure 3- 6
(b) for the system with CFC. Compared to system without CFC as shown in Figure 3- 5 (b), it
can be seen that the system with CFC (as shown in Figure 3- 6 (b)) has 3 additional conjugate
pairs of eigenvalues, which are dominated by state variables of DC branch currents i;,, i;3,
and CFC integral controller auxiliary state y,. Also, the integration of CFC has small
impacts on the synchronous generator related eigenvalues as there are no significant changes
in the placements of these eigenvalues. However, the integration of CFC leads to the
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changing of VSC controller related eigenvalues from the pure negative real values to the
conjugate pair of eigenvalues with negative real part, as highlighted by VSC2 x5 in Figure 3-
6 (b). This change indicates VSC controller related system oscillations for the system with
CFC. The reason of this change can be the potential interactions between CFC and adjacent
VSC.

From Figure 3- 6, the critical modes which have major impacts on small signal performance
of the system are associated with CFC auxiliary statey,, VSC2 auxiliary state x5, and the

angle and rotating speed of Synchronous Generator 1.

3.3.3 Impacts of Control Parameters of CFC

It has been found from modal analysis presented in 3.3.2 that the integration of CFC can
affect dynamic stability of the integrated AC/DC system, especially on those VSC state
variable related modes. In this section the potential effects of the control parameters of CFC
(different values of the gains of CFC controller including kyc1, kic1, kpcz, and kic;) on small-

signal stability of integrated AC/DC systems are studied.

The stable/unstable setting ranges of ky¢q, ki1, kpez» and k¢, are obtained by procedures
shown in Figure 3- 7. As shown in Table 3- 5 to Table 3- 7, the stable/unstable setting ranges
of kic1, kpez, and k¢, derived following these procedures are listed. For the given test system
described in 3.3.1, the system is stable for 0.001 < k., < 1000 by use of the procedures

shown in Figure 3- 7.

78



Step 1 Select one of the control gain
from kpc1|kic1|kpc2|kic2|

Step 2 Input stable operating point from
simulation results

Step 3 Set the domain of definition of
selected control gain and its step size

]

Step 4 Judge
Step 6 Scan the values of selected control If all values of selected gain
gain from the domain of definition in domain of definition
Not all are scanned

+ scanned

. All values scanned
Step 7 Compute eigenvalues of system

under current value of control gain Step 5 Output
the stable and unstable operating range

of selected control gain

Step 8 Judge - Step 9 Update stable
- Il negative . .

If all real part of all eigenvalues > operating range with

are negative current value

Positive real part
Step 10 Update unstable
operating range with
current value

Figure 3- 7 Flowchart to obtain stable/unstable operating range of control gains.

Table 3- 5 Setting ranges of Kicl on the integrated MTDC/AC system dynamics

SETTING RANGES OF K;.;ON THE INTEGRATED MTDC/AC SYSTEM DYNAMICS

Value Stability
ki1 < 2.25 Stable
Kic1 = 2.25 unstable, 2 positive eigenvalues are seen

Table 3- 6 Setting ranges of Kpc2 on the integrated MTDC/AC system dynamics

SETTING RANGES OF K., ON THE INTEGRATED MTDC/AC SYSTEM DYNAMICS

Value Stability
Kpez < 0.231 unstable, 1 positive pair of eigenvalues
Kpe, = 0.231 Stable

Table 3- 7 Setting ranges of Kic2 on the integrated MTDC/AC system dynamics

SETTING RANGES OF K;., ON THE INTEGRATED MTDC/AC SYSTEM DYNAMICS

Value Stability
Kic, < 0.73 unstable, 1 positive pair of eigenvalues
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K., = 0.73 stable

For the sake of illustration, proportional gain k., is selected as an example to investigate
system dynamic stability when CFC controller gains are changed. Table 3- 8 lists three
different values of kycz (kpcz = 0.01,0.1, and 1) and relevant modes. The corresponding
values of A3;3, are 0.16 £ j1.07, 0.09 £ j1.08, and -0.55+j0.93. The system is stable only
when kyc, = 1 (2313, = —0.55 £j0.93).

Table 3- 8 Impacts of Kpc2 on the integrated MTDC/AC system dynamics

IMPACT OF K-, ON THE INTEGRATED MTDC/AC SYSTEM DYNAMICS

Value A31,32 Stability
Kpez = 0.01 0.16 +j1.07  unstable, 1 positive pair of eigenvalues
Kpez = 0.1 0.09 +j1.08  unstable, 1 positive pair of eigenvalues
Kpez =1 —0.55 +j0.93 stable

The time-domain simulations in Figure 3- 8 are in line with the results shown in Table 3- 8
when a small change of the reference is applied (i, Changes from 0.55 KA to 0.50 kA at
0.5 s). Stable system dynamics can be achieved only when k,., = 1. Unstable oscillations are
observed for k,., = 0.1and k., = 0.01. It can also be seen that large k,., decreases the
oscillation frequency and the settling time. The value of k,,., has significant effects on state

variables i,,, and y,. These results demonstrate that the control parameters of CFC may cause

instability of the system if they are not carefully-tuned.
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(a) Current of DC branch 12.
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Figure 3- 8 Dynamics of DC network under different DC CFC control parameters.

3.3.4 Dynamic Simulation Validation

The AC/DC test system as shown in Figure 3- 4 has been established in RSCAD to validate
the results of modal analysis. The power flow data, AC voltages, and impedance values are
based on 4-generator 2-area benchmark system model in [6] while parameters of the DC

network and CFC are shown in Appendix A.9.
Small disturbances

Figure 3- 9 shows the dynamic behaviour of the system in response to a step reference change
applied to CFC (i1 changes from 0.55 kA to 0.50 kA at 0.15 s). It can be seen from Figure
3- 9 that the controlled current of DC branch 12 decreases by 0.05 kA and the current of DC
branch 13 increases by 0.05 kA. The total DC current through VSC; remains unchanged. The
voltage of DC capacitor returns to its reference value after the small disturbance. There are no
significant changes in VSC related variables (DC voltage of VSC,, active power of VSC; and
VSCs3). Stable dynamic performance can be seen from the simulation results, which is in line

with the modal analysis results.
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Figure 3- 9 Dynamics of DC network during small disturbance.

Large disturbances (AC-System Fault)

A large disturbance is applied to test the stability of the system under large disturbances. A
10 Q single-line-to-ground fault is simulated at the PCC of VSC terminal 3 (primary side of

coupling transformer) at 0.15 s lasting for 7 cycles (116 ms).

Figure 3- 10 shows system dynamics of MTDC system, including AC voltage of VSCs,
active power transfer of VSC; and VSC; (these two converters are in P-V,. control),
regulated DC voltage of VSC, (VSC; is in Vg, - V,. control), currents of DC branch 12, 13
and voltage of DC capacitor. The system recovers to steady-state in a short period of time
after the fault is cleared. It demonstrates that the system can endure large AC disturbance and

recover quickly.
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Figure 3- 10 System dynamic during AC system fault.

Large disturbances (DC-Cable Fault)

For the testing of large disturbance at DC side, a 25q line-to-ground DC-cable fault is
simulated at the DC-side of VSC;s at 0.15 s lasting for 7 cycles (116 ms).

Figure 3- 11 shows the system dynamic response results of DC voltage of VSC,, active
power of VSC; and VSC;s, controlled DC branch current iy, i;3 and voltage across CFC
bridge capacitor U.r.. When the fault is cleared the system recovers to its former state. The

values of MTDC system related variables recover to its former level after the fault is clear.

The simulation results show that the system can endure large disturbances at DC side.
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Figure 3- 11 System dynamic during DC cable fault.

3.4 Interactions between CFC and VSC

Based on the interesting phenomenon discovered from modal analysis presented in 3.3.2,
further research in potential interactions between CFC and VSC in aspects of system dynamic
stability is implemented in this section. In 3.4.1, the investigation of impacts of control
parameters of CFC control system on VSC is studied. In 3.4.2, the investigation of impacts of

control parameters of VVSC control system on CFC is studied

3.4.1 Impacts of Control Parameters of CFC on VSC

As shown in Figure 3- 12, eigenvalue trajectory study is used to plot the movements of
critical conjugate pairs so that the impacts of changing control parameters of CFC on VSC
related modes are presented. In Figure 3- 12, the control gain kj,varies from 0 (p.u.) to 1000
(p-u.) while the values of other control gains of CFC remain the same. The purple arrows
indicate the movement of conjugate pairs resulting from this variation of k,,. As shown in

Figure 3- 12 (a). The imaginary parts of CFC related conjugate pairs ( i1, and i;3) decrease
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as k, ¢, increases, which indicate greater damping ratios of CFC related states. As shown in
Figure 3- 12 (a), two new VSC related conjugate pairs Vy.,and Vy.4 (highlighted in blue)
emerge as Ky, increases. The movements of VSC related pairs ( Vjep, Vgcq, and VSC x3;) as
shown in Figure 3- 12 (a)-(b) clearly present the impacts of CFC on VSC. The two conjugate
pairs of V;.,and V;.; move towards left half of s-plane which indicates greater damping
ratios of VSC related states V;.,and V;.q. The conjugate pairs of VSC x3, move towards
right hand side indicating less damping ratios of VSC x3,. As shown in Figure 3- 12 (a)-(b),
there are no significant movements of generator related poles, which indicates CFC has no

significant impacts on synchronous generator related states.
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Figure 3- 12 Eigenvalue trajectories of various CFC control parameter kpc2.
Based on eigenvalue trajectory studies of CFC control gains, it can be summarised that the

variation of CFC controller can affect dynamic stability of CFC and VSC related modes.
These impacts of CFC on VSC can result in different damping characteristic of VSC related

states, as CFC controller changes.

As listed in Table 3- 9, three cases of different CFC control parameters are designed based on
eigenvalue trajectory studies of various CFC control gains, to investigate their effects on the

VSC controller related modes.

Case 1: the control system of CFC is disabled as the base case to represent system without

CFC control system.

Case 2: the gains of CFC control system are set the same as those in [84] (kpeq = 1, ki =
1, kpez =1, kicz = 1), to represent normal settings. The oscillations of VSC2 controller

related modes are seen from Table 3- 9. The AC/DC system is stable for the first two cases.

Case 3: the gains of CFC control system are changed ( kpc; = 0.01,k;cq = 1000, kpep, =
1, ki = 1000), to represent extreme or possible fault condition of CFC control system. One
conjugate pair of eigenvalues with positive real part is seen, which indicates small-signal

instability.

Table 3- 9 Impacts of control parameters of CFC on VSC, related modes.

IMPACT OF CONTROL PARAMETERS OF DC CFC oN VSC2 RELATED MODES

Related Eigenvalues Stability
Casel —0.13,—-0.017(A3943) Stable
Case2  —0.09 £j0.09(A3940) Stable

Case 3 0.02 +j0.10(A3539) unstable, 1 positive pair of eigenvalues

Figure 3- 13 shows time-domain simulation results for the three cases. As shown in Figure 3-
13, a small perturbation (DC branch current control reference ij, changes from 0.55 kA to
0.5 kA) 1s applied to CFC at 0.15s. For Case 1, no significant change of VSC2 auxiliary state
variable x31s observed because the CFC control system is disabled. For Case 2, a small
increase of x3 at 0.2s can be seen. Then the value of x5 recovers to the pre-disturbance level

after a period time of oscillations. For Case 3, large unstable oscillations are seen.

Simulation results are in line with modal analysis results in Table 3- 9, and illustrate that the

CFC control system can affect dynamic performance of VSC converter controller. This effect
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can be severe and cause instability to the AC/DC system, for extreme CFC operating

conditions.

The possible reason of this interaction between CFC control system and VSC converter
controller can be the dynamical changing of the interfacing variables that relate CFC
controlled variable and adjacent VSC controlled variable. For instance, CFC controls DC
branch current i;,, and VSC converter 2 controls DC voltage of VSC, V;.,. And the relation

between these two controlled state variables is given in (3.14).
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Figure 3- 13 Effects of CFC control parameters on dynamics of VSC 2.

3.4.2 Impacts of Control parameters of VSC on CFC

The effects of the control parameters of VSC on CFC are studied in this section. Eigenvalue
trajectory study is implemented to investigate potential impacts of different values of the
control gains of VSC controller ( kpac,kidc,kpias Kiid» kpac» Kiac» kpig@nd kj;q) on system
dynamic stability of the integrated AC/DC system, especially on CFC state variable related
critical modes. The stable setting ranges of the control parameters of VSC controller are

based on approaches presented in [139].

As eigenvalue trajectories shown in Figure 3- 14, the movements of critical conjugate pairs
presents the impacts of changing control parameters of VSC on CFC related modes. In Figure
3- 14, the control gain k;4-varies from 0 (p.u.) to 1000 (p.u.) while the values of other gains
of VSC remain same. The purple arrows indicate the movement of conjugate pairs resulting
from this variation of k;4.. As shown in Figure 3- 14(c), three new generator related
conjugate pairs (highlighted in green arrow and purple arrow) emerge as k;4. increases. As
shown in Figure 3- 14(b)-(d), the imaginary parts of major generator related conjugate pairs
increase as k;q. increases. This indicates greater damping ratios of corresponding generator

related states. The movements of generator related pairs are less than those of CFC related
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and VSC related pairs as shown in Figure 3- 14(b) and (d). A new VSC x3, related conjugate
pairs emerge as K;4. increases as shown in Figure 3- 14(d). The VSC related conjugate pairs
move towards left half of s-plane as k;4. increases, which indicates greater damping ratios of
VSC related states. It should be noted that positive eigenvalues are seen in Figure 3- 14(d).
This is due to the variation range of k;;. covers all stable and some points of unstable
operating range. As shown in Figure 3- 14(b) and (d), the movement of CFC related pairs
(i12, i13, and CFC y,) clearly presents the impacts of VSC on CFC. The two conjugate pairs
of i;, and i;3 move towards right half of s-plane which indicates reduced damping ratios of
CFC related states i;, and i;3. The conjugate pairs of CFC y, move towards left hand side

indicating increased damping ratios of CFC y,.

Based on eigenvalue trajectory studies of VSC control gains, it can be summarised that the
variation of VSC controller can affect dynamic stability of synchronous generator, VSC, and
CFC related modes. These impacts of VSC on CFC can result in different damping
characteristic of CFC related states, as VSC controller changes.
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Figure 3- 14 Eigenvalue trajectories of various VSC control parameter kidc.
As listed in Table 3- 10, two cases of different control parameters of VSC converter are

designed based on eigenvalue trajectories of various VSC control gains, to investigate their

effect on the CFC related system stability modes.

Case 4: control parameters (value of the gains of proportional and integral controllers) of
VSC, are set to normal operating values (kpqc = 7.52,Kpqc = —10,kpiq = 0.3, kpiq =

0.3, kige =1, kige = —1, kjjqg = 1,and k;;q = 1) [139]. The system is stable.

Case 5: controller of VSC 2 is set to abnormal operating values (kpqc = 7.52,Kkpqc =
—10, kpid = 03, kpiq = 03, kidc = 10, kiac = —1000 kiid = 1, and kiiq =1 ) which
represents extreme or possible fault VSC operating condition. One conjugate pair of

eigenvalues with positive real part can be seen which indicates small signal instability.
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Table 3- 10 Impacts of control parameters of VSC, on CFC related modes

IMPACT OF CONTROL PARAMETERS OF VSC 2 oN DC CFC RELATED MODES

Related Eigenvalues Stability
Case 4 —0.09 £j0.09(A39 40) stable
Case 5 0.52 +j1.65(A33,34) unstable, 1 positive pair of eigenvalues

Figure 3- 15 shows time-domain simulation results for the effects of control parameters of
VSC; on dynamic performance of CFC. As shown in Figure 3- 15, a small perturbation (DC
branch current control reference i, changes from 0.5 kA to 0.55 kA) is applied to CFC at
0.3s. For Case 4, 1), quickly increases to 0.55 kA in response to the change of reference. For
Case 5, large oscillations can be observed which indicates instability of CFC integrated DC

network.

Simulation results demonstrate that the VSC controller can affect the dynamic performance
of CFC. And this effect can be severe and cause instability of the CFC integrated DC network,

for extreme VSC operating conditions.

08 T T T T T

112 (kA)

Figure 3- 15 Effect of control parameters of VSC converter 2 on DC CFC.
It should be pointed out here that the coordinated design of CFC control system and control

system of VSC can be carried out as future work in order to avoid possible negative

interactions between them.

3.5 Summary

In this chapter, DC network with CFC, including CFC and its control system has been
modelled in dynamic equations. The dynamic model of DC network with CFC has been
linearized and merged into VSC-based MTDC system without CFC presented in Chapter 2 to
formulate the state-space representation of multi-model system with CFC for small-signal
stability analysis. An integrated AC/DC system that consists of multiple synchronous
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generators with excitation system and PSS, multiple VSC converters, and DC network with
CFC, has been established. Small-signal model of the test system has been derived based on
approaches presented in Chapter 2 and the eigenvalues of state-space representation of the
test system have been calculated. Modal analysis of calculated eigenvalues in comparison
between the integrated AC/DC system without/with CFC has been implemented to study the
impacts of incorporation of CFC, and its control parameters on small-signal stability of the
integrated AC/DC system.

It can be found from eigenvalue results that all 55 eigenvalues have non-positive real part.
This indicates a stable operating condition at the considered operating point. There are two
zero eigenvalues, as there is no infinite busbar in the testing network. One of the eigenvalue
arises from a redundancy in synchronous generator angle. The second zero eigenvalue results
from that the generator torque is independent of machine speed deviations, and this is
because mechanical damping is neglected and governor action is not represented. If the rotor
angle and angular velocity of one synchronous machine are regarded as references, and the
governor action of mechanical damping is considered, the two zero eigenvalues will be
reduced. Compared to eigenvalue results of AC/DC system without CFC, there is no
significant changes of values of synchronous generator related conjugate pairs caused by the
incorporation of CFC. This indicates that the corporation of CFC has no significant impacts

on dynamic stability of multi synchronous generators.

The conjugate pairs which are related to the dominant state variables of DC networks with
CFC are seen, according to their participation factors. The dominant states of these conjugate
pairs are CFC controlled state variables. These results indicate that the incorporation of CFC
causes the emergence of CFC related eigenvalues, hence the oscillations of relevant DC
network states are expected. It should be noted that the VSC related conjugate pairs is seen,
which indicates that the incorporation of CFC can even results in the emergence of VSC
related eigenvalues. The dynamic stability of VSC is affected by the integration of CFC. An
approach of determining stable/unstable setting ranges of control parameters of CFC is
presented and validated by simulation results in RTDS/RSCAD. The simulation results
demonstrate that the control parameters of CFC may cause instability of the system if they

are not carefully-tuned.

Simulations results of established AC/DC system against disturbances are in line with the

modal analysis results, since stable operating condition around operating point is seen from
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simulation results in RTDS/RSCAD against both small disturbance of change of reference

and large disturbances (including AC system faults, and DC cable faults).

Based on eigenvalue trajectory studies of CFC control gains, it can be summarised that the
variation of CFC controller can affect dynamic stability of CFC and VSC related modes.
These impacts of CFC on VSC can result in different damping characteristics of VSC related
states, as CFC controller changes. This effect can be severe and cause instability to the
AC/DC system, for extreme CFC operating conditions. And it can also be found that the
variation of VSC controller can affect dynamic stability of synchronous generators, VSC, and
CFC related modes, based on eigenvalue trajectory studies of VSC control gains. These
impacts can result in different damping characteristics of CFC related states, as VSC
controller changes. And this effect can be negative and cause instability of the CFC
integrated DC network, for extreme VSC operating conditions. It should be pointed out here
that the coordinated design of CFC control system and control system of VVSCs can be carried

out as future work in order to avoid possible negative interactions between them.
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CHAPTER 4 IMPACTS OF VSC HVDC SYSTEM ON
DISTANCE PROTECTION

4.1 Introduction

This chapter investigates the impacts of the integration of VSC HVDC system on HV feeder
distance protection. The mathematical representation of the apparent impedance
measurements of distance relays is presented considering the infeed current from VSC
HVDC system connected busbar. Relevant analysis of the apparent impedance measurement
representation and dynamic simulation study is conducted to investigate the impacts of VSC
HVDC system on distance protection. In 4.2, a typical feeder distance protection of two-
ended overhead transmission lines is reviewed, including basic principles of distance
protection, zones of protection, distance relay characteristics, and under-reach and overreach
effect of distance relay application. In 4.3, mathematical representation of the apparent
impedance measurement of distance relay for zone 2 protection is derived considering infeed
current from VSC HVDC connected busbar. A RTDS-based hardware in the loop (HIL)
testing platform is established to perform dynamic simulation studies of test system with
VSC HVDC. The dynamic simulation results are analysed in comparison between the test
system without/with VSC HVDC.

4.2 Distance Protection of Two-Ended Overhead Transmission Lines

Normal application of distance protection of two-ended overhead transmission lines is
presented in this section, including basic principles, zones of protection, residual

compensation, and under-reach and overreach effect.

4.2.1 Basic Principles of Distance Protection

Distance protection is a kind of economic and fast-reacted non-unit system of protection.
Distance relays use measurements of line voltages and line currents from protected area to
calculate apparent impedance. The impedance of HV and extra high voltage (EHV)

transmission lines is usually proportional to the line length. In consequence, it is possible to
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determine if a fault occurs in the protection zone or out of protection zone by comparing the

calculated impedance to the protected line impedance [93].

Distance protection is considered to be simple to apply and fast in operation for faults located
along most of a protected circuit. It is suitable for application with high-speed auto-reclosing.
As single-line diagram of distance protection shown in Figure 4- 1, the measured apparent

impedance by distance relay is independent of the source impedance which can be derived as

follows:
i _ Vsource 4.1
fault = ZsourcetZlinea ( ' )
Irelay = Ifault (4.2)
Vrelay = Ifault X Ziinea (4.3)
Vre a
Zrelay = Irella;/’ = Zlinea (4. 4)

@_ Zsource

VSOUTCE

Figure 4- 1 Single-line diagram of distance protection.
Distance relays are designed to operate only when faults occurred are within the protection

zone, which is the protection range between the relay location and the selected reach point.
The calculated apparent impedance is compared with the reach point impedance. If the
calculated apparent impedance is less than the reach point impedance, it is assumed that a
fault occurs on the line between the relay and the reach point. The distance relay operates and
sends signals to related circuit breakers and circuit breakers trip. If the calculated apparent
impedance is greater than the reach point impedance, it is assumed that no fault occurs on the
line between the relay and the reach point. Once the settings of distance relay are determined

the protection is relatively unaffected by changes in the power system.
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The reach point of a distance relay is a certain point along the line impedance locus which
indicates the boundary of protection. The reach point can be plotted on an R/X diagram since

it is dependent on the ratio of voltage and current and phase angle between them.
The major advantages of distance protection are as follows [93]:

1. High-speed of operation.

2. Ability to protect independent of communication services.
And the major disadvantages of distance protection are considered to be as follows [93]:

1. Need of both CTs and VTs.
2. Limited resistive fault coverage.

4.2.2 Zones of Protection

The reach settings and tripping times for various zones of protection should be carefully
selected so that correct coordination between multiple distances relays on power system are
achieved. Basic distance protection consists of instantaneous Zone 1 protection and one or
more time-delayed zones. The protection zones studied in this thesis are Zone 1 protection
and Zone 2 protection.

Conventional electromechanical/ static relays usually use a reach setting of up to 80% of the
protected line impedance for instantaneous Zone 1 protection. Digital/numerical distance
relays may use settings of up to 85% to be safe. The 15%-20% safety margin ensures no risk
of over-reaching effect in Zone 1 protection, due to errors in the current and voltage
measurement of coupling transformers, inaccuracies in line impedance data and errors of
relay settings. The relay setting for Zone 1 protection in this study is 75% of the line

impedance, which is in line with the Grid Code of UK.

The reach settings of the Zone 2 protection is usually at least 120% of the protected line
impedance to ensure that full length of line is covered with allowance for the sources of error
as listed for Zone 1 protection. The relay settings for Zone 2 protection in this study is 150%
of the line impedance, which is in line with the Grid Code of UK so that the full protection
range of Zone 1 and Zone 2 protection of a distance relay overlaps the protection range of

Zone 1 protection of the remote end distance relay located at adjacent transmission line.

98



The tripping of Zone 2 protection should be time-delayed so that the Zone 1 protection of
remote relay can operates first. Thus complete length of a transmission line is covered with
fast clearance of faults in the first 80-85% of the line and slower clearance of faults in the
remaining section of the line. Other protection zones for additional protection proposes are

not considered in this study.

4.2.3 Distance Relay Characteristics

Plain impedance characteristic of distance relay which takes no account of the phase angle
between the current and voltage applied to it is considered in this study. The calculated
impedance is a circle with its centre at the origin of the coordinates and radius equal to its
setting in ohms when plotted on an R/X diagram. The distance relay operates if the calculated
impedance is less than setting value, that is, for all points within in the circle in R/X diagram.

This relay characteristic is non-directional.

As for distance relay located near bus A (the distance between distance relay and bus A can
be neglected) protecting line AB shown in Figure 4- 2, the plain impedance relay
characteristic is shown is Figure 4- 3. The segment AB in R/X diagram represents the
complete line impedance of transmission line AB. The parameters of transmission line AC
and AB can be considered same as an example. Hence, the segment AC represents the
complete line impedance of transmission line AC. The green circle in R/X diagram represents
the impedance locus of fault occurred in protection Zone 1, which is 75% of the complete
length of line AB. The radius of circle Zone 1 is 75% of segment AB. Similarly, the blue
circle in R/X diagram represents the impedance locus of fault occurred in protection Zone 2,
which is 150% of the complete length of line AB. The radius of circle Zone 2 is 150% of
segment AB. For any fault with impedance locus within the circle of Zone 1 and Zone 2, the
distance relay operates and sends trip signals to related circuit breakers. For any fault with
impedance locus without the circle Zone 2, the distance relay restraints. This protection range
covers the whole length of line AB and even adjacent transmission lines (for example AC in
this case).
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Figure 4- 2 Single-line diagram of distance protection located at two adjacent lines.
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Figure 4- 3 Plain impedance relay characteristic.
It should also be noted that the plain impedance relay characteristic has disadvantages. It is

non-directional which means it reacts to faults both in front of and behind the relaying point.

For unbalanced and line to ground faults, the voltage and current measurements of a
particular phase should be compensated to ensure correct measured quantities are used.
Distance relays compare positive sequence apparent impedance from measurements to those

from line data. But for unbalanced and earth faults, the measurements of line voltage and
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current are not in positive sequence and should be compensated with residual compensation
factor. Considering phase A to ground fault as an example to study, the voltage drop to the

fault and current in the fault loop can be expressed as follows:
Vo, =121 +1LZ,+ 14Z,, (4.5)
IL=L+1L+]I, (4. 6)
where
V, and I, : voltage and current of phase a measured by distance relay
1, I, and I, : positive, negative and zero sequence current through transmission line
Z11, 215, and Z,: positive, negative and zero sequence impedance from fault point

The line positive and negative sequence impedances are assumed equal (Z,,=Z;,). And the

zero sequence current can be expressed as follows:
I, +1, + 1, =3I, (4.7)

where
I, and I, : phase current of phase b and ¢ at relaying point
(4.5) can be simplified by substituting (4.6) and (4.7) as follows:

Vi = Zua (g + Ip 221 (4.8)

Z1a

The residual compensation factor K is defined as follows:

KZO == M (4 9)

(4.8) can be simplified as follows by substituting (4.9):

Vo = Zp1(Ig + 31hKz0) (4. 10)
Va

In this case, the relationship between I, and I, can be expressed as follows:
1, = 3, (4.12)
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(4.11) can be simplified as follows by substituting (4.12):

Va

7y = —8
L1 ™ 1a(1+K z0)

(4. 13)

In this way, the correct positive sequence apparent impedance from fault location can be
calculated by use of phase voltage and current measurement compensated with residual

compensated factor.

4.2.4 Under-reach and Over-reach Effect of Distance Relay Application

A number of various problems might be encountered in application of distance relays. The
major problems that are likely to happen are under-reach and over-reach effect. These
unwanted effects of distance relays should be made aware of to avoid consequent mal-

operations.

The under-reach is defined as that the measured apparent impedance by distance relay is
greater than the real impedance to the fault [93]. And the percentage under-reach is defined as

follows:

ZRZZM  100% (4.14)

Zg
where
Zy . intended relay reach (relay reach setting)
Zy - measured reach

The main cause of under-reach is the fault current infeed at remote busbars which is shown in
Figure 4- 4. For fault occurred at point C, the measured apparent impedance is not Z, + Z,.
due to the infeed current I;,. The measured apparent impedance is calculated by distance relay

as follows:

Ig+Ip

Zy=Zo+ 2"

(4. 15)

where
Z, and Z, : line impedance of line AB and line BC

I, and I, : line current of line AB and line BD

102



The percentage under-reach is:

Zp—27
“R M 100%
Zg
—__ % b
=il X 100% (4. 16)
®
. ] D
b
A B
Ia |a+|b
C

Zy Z;
Vrelay fault

Figure 4- 4 Under-reach due to fault current infeed at remote busbars.
Another problem that is likely to happen is over-reach effect. The over-reach is defined as

that the measured apparent impedance by distance relay is less than the real impedance to the
fault. And the percentage over-reach is defined as follows:

ZM=ZR » 100% (4.17)

ZR

4.3 Impacts of VSC HVDC System on Distance Protection

The mathematical analysis of the impacts of VSC HVDC system on the apparent impedances

measured by feeder distance protection relays is presented in this section.
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Figure 4- 5 shows the simplified single line diagram of a faulted network for the analysis of
impacts of VSC HVDC system. Two AC systems (represented by ideal voltage source with
internal impedance) are connected via double-circuit transmission lines TL1 and TL2. The
line parameters for the double circuits of same transmission line are same. A VSC converter
is connected near B2 (the distance between VSC converter and B2 can be neglected) to
provide voltage support and active power transmission. Two distance relays (Distance relay 1
and Distance relay 2) are located at the both ends of one single-circuit of TL1. These distance
relays collect voltage and current measurements from voltage transformer (VT) and current
transformer (CT) and send trip signals to circuit breakers (CB1 and CB2). An external single-
phase-to-ground (SLG) fault or three-phase fault on TL2 occurs at p% of the full length of
TL2 from B2.

VSC
HVDC _
|
¢ VSC If?
V|_ VR Rf
CB1 ls CB2 s bz, (1-p)Z°,

TL2

@D%%E

Figure 4-5 Simplified SLD of a faulted network for the analysis of impacts of VSC system.
The distance protection used on TL1 applies the normal protection scheme that is presented

B3

<«

in 4.2. Two distance relays, Distance relay 1 and Distance relay 2 are set to use Zone 1 and
Zone 2 protection. The relay settings for Zone 1 protection is 75% of the line impedance. The
relay settings for Zone 2 protection is 150% of the line impedance so that the full protection
range of Zone 1 and Zone 2 protection of a distance relay covers the full length of

transmission line. Plain impedance characteristic of distance relay is considered in this study.

The VSC converter connected at B2 is modelled as that presented in Chapter 2. The control
mode of VSC control system can be set to DC voltage regulation or active power transfer

control for d axis, and AC voltage regulation or reactive power control for q axis.
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Considering the fact that VSC HVDC is normally connected to busbars, the impacts of VSC
HVDC system are mainly on Zone 2 protection. This is because the current infeed from VSC
HVDC is without the protection range of Zone 1 protection but it is within the protection
range of Zone 2 protection. Hence the distance protection against internal fault of TL1 is not
affected by the incorporation of VSC, but the external fault located at TL2 is affected by the
incorporation of VSC HVDC.

The apparent impedance of VSC-connected transmission line measured by distance relay is
derived for SLG faults and three-phase faults to investigate the impacts of VSC HVDC
system on distance protection.

For SLG faults, the voltages seen by VT at B1 can be expressed as follows:
Vix = Zislsx + pZ1sdsx + IpxRy (4.18)
for x = 1,2, or 0 as a suffix denote of the sequence components, where
V. : sequence voltages seen by VT at B1
I, : sequence currents seen by CT at B1
I',, : sequence phase current through faulted single-circuit of TL2 from B2 to B3

I¢, : sequence current through fault resistance
R : fault resistance

Z.and Z; . : sequence components of the line impedance of TL1 and TL2.

p : fault location from B2 to B3 in per unit of the total line length

The line positive and negative sequence impedances are assumed equal.
Zi1 =715, 2140 = Z1p (4.19)

By adding all three sequence components of left-hand side of (4.18) and substitute (4.19) into
(4.18), the voltages seen by VT can be expressed after simplification as follows:

V, = ZLl(Is + klso) + pZix(Is’ + k’IS’O) + IfRf (4.20)
where
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V,and I : phase voltage and current of faulted phase through TL1

I : phase current of faulted phase through faulted single-circuit of TL2 from B2 to B3
I¢ - fault current through fault resistance

k : zero sequence current compensation factors of TL1

k' : zero sequence current compensation factors of TL2

Zyo—Z
k=" (4.21)
ZL1

! !
_Zp—Z1

K= (4.22)
ZLl

For transient response study of double-circuit transmission line, the fault currents through the
double circuits of TL1 can be assumed to be equal due to the line parameters of double
circuits are same. Hence, by use of KCL law to B2, the relationship of inflow currents and

outflow currents can be expressed as follows:

21 + Iysec = 16 + 1Y (4.23)
where
Iysc - phase current infeed from VSC HVDC

I§' : phase current of faulted phase through unfaulted single-circuit of TL2 from B2 to B3

By substitute (4.23) into (4.20), the voltages seen by VT can be expressed as follows:

Vi, = Z s + klso) + pZ1,[215 + Iysc — I§' + k' (2Igo + Iysco — Iso)] + IfRy  (4.24)

By use of delta connection at one side of the coupling transformer of VSC converter, the
zero-sequence current injection can be eliminated [155]. Hence the zero-sequence current of
VSC is eliminated.

IVSCO = O (4 25)

By substitute (4.25) into (4.24), the voltages seen by VT can be expressed as follows:
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VL = ZLl(IS + kISO) + le,,x[ZIS + IVSC - IS” + k,(ZISO - IS,() ] + IfRf (4‘. 26)

By use of phase voltage measurements at B1 (V,) and phase current measurement
compensated by zero sequence current (I,), the apparent impedance seen by the Distance

relay 1 are given as:

20+ Iyse — I + k' (2159 — I N Iy

J— VL —_— !
Zyetay1 = 7 =211 + 0Z14

I I + ki L7
le_lél‘l'k’(ZISO_Isl‘:) IVSC If
=71 +pZ; +pZ;,—————+ =R, (4.27
11 T P41 I, + klyg (2551 I, + kg ' I, f ( )
I, = I, + klg (4.28)

where
Zrelay1 - @pparent impedance measured Distance relay 1

I, : compensated phase current of faulted phase measure by Distance relay 1

For three-phase faults, the phase current seen by distance relay is as follows:

I =1, +klyg = I (4.29)
ISZ = ISO = O (4‘ 30)
;2 = I.SI‘O = O (4. 31)

Similarly, the apparent impedance seen by the distance relay is given as follows:

25+ lyse — I§ + Iy

VL
Zrelayl = E =Z1+ le,,1 i I Rf
s

By carefully looking into (4.27) and (4.32), the VSC’s impacts on the apparent impedance

measured by Distance relay 1 in case of external fault can be summarised as:

;o 20—

21 —IS-”-I'kI 21 _IS'”
4 2 ( S0 O)QIIlel-i-lel ;
S

1. The first and second terms (Z,; + pZ, o 15) of (4.27)
N N

and (4.32) represent the actual line impedance of TL1 and proportional line impedance of
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TL2 to the fault location. The fourth term (;—fRf) represents the contribution of fault
L

resistance. These terms (the first, second and fourth) are not affected by the integration of
VSC HVDC.

2. The third terms (pZ;, I‘;i) of (4.27) and (4.32) indicates that the VSC HVDC’s impacts
L

on the apparent impedance measured by Distance relay 1 against external fault lead to
greater apparent impedance measurement. The under-reach effect is introduced as the
impacts of VSC HVDC. Since during external fault, the VSC is injecting reactive power
and current to support bus voltage, the apparent impedance is greater than test system
with no VSC HVDC. For steady state, while VSC HVDC is absorbing reactive power
and current from bus bar, the third term could be negative. This negative value indicates
less apparent impedance of connected TL1, which results in overreach effect as the
impacts of VSC HVDC. This error in apparent impedance measurements caused by VSC
HVDC is proportional to the current ratio of VSC HVDC and relay, and fault location.

4.4 Dynamic Simulation Study

4.4.1 Establishment of RTDS-based Hardware-in-Loop Testing Platform

A RTDS-based HIL testing platform for protective relay studies proposed in [168] is
established as shown in Figure 4- 6. Digital signals are generated from RTDS, and converted
into analogue signals via Giga-Transceiver Analogue Output (GTAO) card. The output
analogue signals are amplified by power amplifier for practical distance protective relays.
The trip signals are sent back from the protective relays to RTDS via the front panel to
control the operations of circuit breakers. Identical network topology described in 4.3 is used
for external fault test. The transmission line parameters and equivalent voltage source

parameters are listed in Appendix B.1 and B.2.

As listed in Appendix B.2, the voltage level of equivalent voltage source is set based on
transmission data from the Electricity Ten Year Statement (ETYS) published annually by
National Grid UK. The internal impedance parameters at each end of transmission lines are
set based on fault level data from the ETYS. As listed in Appendix B.1, the transmission line

parameters are set based on transmission line data from the ETYS.
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Figure 4- 6 RTDS-base HIL testing platform for VSC HVDC studies.

4.4.2 Test System with VSC HVDC and Protection Relay Settings

The schematic diagram of the trial network is illustrated in Figure 4- 6. There is one GE
MiCOM P40 Agile P443 distance relay located at each end of two-ended transmission lines
from Bl to B2, measuring the local current and voltage signals. In this thesis,

communications between relays are not considered.

Figure 4- 6 shows the arrangements of VT, CT and CB for one of the aforementioned series
compensated lines between B1 and B2. Distance protection using GE MiCOM P40 Agile
P443 distance protection relays is used. Two VTs and two CTs at both ends of the
transmission line provide voltage and current measurements. The transmission line

parameters and equivalent voltage source parameters are listed in Appendix B.1 and B.2.

The following considerations are taken into account for the settings of the 2-ended distance

protections:

1. Zone 1 is set to 75% of the complete circuit positive sequence impedance. The tripping
delay is set to Oms.

2. Zone 2 is set to reach 150% of the complete circuit positive sequence impedance. The
tripping delay is set to 500ms.
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4.4.3 Dynamic Simulation Result of Test System without/with VSC HVDC

External faults occur at one single-circuit of TL2 from B2 to B3 under such fault conditions:

1. 600ms fault occurred at 105% and 135% of the equivalent whole length of TL1.
2. Fault resistance is 0.01Q, and 1 Q.
3. SLG, and three-phase to ground faults are considered.

Table 4- 1 shows the simulation results of external fault. The tripped zone is noted as “I”, “II”,
or “X” for Zone 1, Zone 2 or no relay operation is seen, respectively. Fault type is noted as

“RYB-G”, or “R-G” for three-phase to ground, or SLG faults, respectively.

Table 4- 1 Simulation results for test system without/with VSC HVDC against external fault

Distance relay 1

Case Fau!t Fault Fault Fau I_t
Location Impedance  Type Duration VSC
1 105% 0.01Q RYB-G 600ms 105I.I6% 107I.|6%
2 105% 0.01Q R-G 600ms 106I.I1% 108I.I2%
3 105% 1Q RYB-G 600ms 106I.I0% 108I.I3%
4 105% 1Q R-G 600ms 106I.I6% 108I.I8%
5 135% 0.01Q RYB-G 600ms 136I.I4% 143I.I1%
6 135% 0.01Q R-G 600ms X x
7 135% 1Q RYB-G | 600ms X x
8 135% 1Q R-G 600ms X X

Figure 4- 7 shows digital signals from RSCAD for a typical external fault Case 1 of Table 4-
1 with no VSC HVDC integration, and Figure 4- 7 shows the trajectory of impedance
measurements by distance relay during fault. Figure 4- 8 shows digital signals from RSCAD
for a typical external fault Case 1 of Table 4- 1 with VSC HVDC, and Figure 4- 8 shows the

corresponding trajectory of impedance measurements by distance relay.
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As shown in Figure 4- 8, VT and CT send voltage and current measurements (noted as
VA/VB/VC and IA/IB/IC) to distance relay. By use of the received measurements and
impedance calculation algorithm presented in 4.3, the apparent impedance is calculated
(noted as ZIM vs ZRE in Figure 4- 8). The trip signals (noted as TripA/TripB/TripC in Figure
4- 8) are sent to corresponding CBs, by judgement if calculated apparent impedance is within

protection zones. The CBs are turn off or turn on (noted as CBA/CBB/CBC in Figure 4- 8),
controlled by received trip signals.

By comparison of the apparent impedances measured by distance relay, the apparent
impedance with VSC is greater than impedance with no VSC HVDC integration. The under-

reach effect of distance relay is seen due to the incorporation of VSC HVDC.
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Figure 4- 7 Digital signals from RSCAD for test system without VSC HVDC in Case 1.
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Figure 4- 8 Digital signals from RSCAD for test system with VSC HVDC in Case 1.
Figure 4- 9 shows digital signals from RSCAD for a SLG external fault Case 2 of Table 4- 1

with VSC HVDC.
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As voltage and current measurement of VT and CT (noted as VA/VB/VC and IA/IB/IC)
shown in Figure 4- 9, SLG fault occurred. The three-phase trip signals (noted as

TripA/TripB/TripC) are sent to corresponding CBs. This is due to the fact that distance relay

settings require relays trip all three phases for Zone 2 protection.
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Figure 4- 9 Digital signals from RSCAD for test system with VSC HVDC in Case 2.
Figure 4- 10 shows digital signals from RSCAD for a 1 Q external fault Case 3 of Table 4- 1

with VSC HVDC integration, and Figure 4- 10 shows the trajectory of impedance

measurement by distance relay. By comparison of the apparent impedances measured by

distance relay, the apparent impedance against 1 Q fault is greater than impedance against
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0.01 Q. These results are in line with the conclusion in 4.3 that the error of measured

impedance is positively related to fault resistance.
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Figure 4- 10 Digital signals from RSCAD for a 1 Q external fault Case 3.
Figure 4- 11 shows digital signals from RSCAD for a 135% external fault Case 7 of Table 4-

1 with VSC HVDC integration, and Figure 4- 11 shows the trajectory of impedance
measurement by distance relay. It can be seen from Figure 4- 11 that the distance relay is not
tripped if the fault distance is too far. By comparison of the apparent impedances measured
by distance relay, the apparent impedance against 135% fault is greater than impedance
against 105% fault. These results are in line with the conclusion in 4.3 that the error of

measured impedance is positively related to fault distance.
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Figure 4- 11 Digital signals from RSCAD for a 135% external fault Case 7.

4.5 Summary

In this chapter typical feeder distance protection of two-ended overhead transmission lines
has been reviewed, including basic principles of distance protection, zones of protection,
distance relay characteristics, and under-reach and over reach effect of distance relay
application. Mathematical representation of the apparent impedance measurements of
distance relay for Zone 2 protection has been derived considering infeed current from VSC
HVDC connected busbar. For derived mathematical representation of apparent impedance
measurement of distance relay for Zone 2 protection against external faults, some part (the
first, second and fourth terms) is not affected by the integration of VSC HVDC while the
other part (the third term) indicates that the VSC HVDC’s impacts on apparent impedance
measured by distance relay against external fault lead to a greater apparent impedance
measurement. The under-reach effect is introduced as the impacts of VSC HVDC. Since
during external fault, the VSC is injecting reactive power and current to support bus voltage,
the apparent impedance is greater than test system with no VSC HVDC. For steady state,
while VSC is absorbing reactive power and current from bus bar, the third term could be
negative. This negative value indicates less apparent impedance of connected TL1, which
results in overreach effect as impact of VSC HVDC. This error in apparent impedance
measurements caused by VSC HVDC is proportional to the current ratio of VSC HVDC and

relay, and fault location.
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As shown in dynamic simulation results in RTDS/RSCAD, the apparent impedance with
VSC HVDC is greater than impedance with no VSC HVDC integration, by comparison of
the apparent impedances measured by distance relay. The under-reach effect of distance relay
is seen due to the incorporation of VSC HVDC. The dynamic simulation results are in line
with mathematical analysis presented in 4.3, considering the results that the error of measured

impedance is positively related to fault resistance, and fault distance.
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CHAPTER 5 IMPACTS OF VSC FACTS ON
DISTANCE PROTECTION

5.1 Introduction

This chapter presents the mathematical representation of the apparent impedance
measurements of distance relay considering the infeed current from shunt VSC FACTS (in
particular, STATCOM as a typical example) connected busbar. Relevant analysis of the
apparent impedance measurement representation and dynamic simulation study is
implemented to investigate the impacts of VSC FACTS on distance protection. In 5.2,
dynamic representation of STATCOM is modelled considering its configuration and control
system. In 5.3, mathematical representations of the apparent impedance measurements of
neighbouring and remote distance relays against internal and external faults are derived
considering infeed current from STATCOM connected at different busbars. A RTDS-based
HIL testing platform is established to perform dynamic simulation studies of test system with
STATCOM. The dynamic simulation results are analysed in comparison between test system
without/with STATCOM at different locations against internal and external faults.

5.2 Modelling of STATCOM

The modelling of detailed delta-connected MMC based STATCOM is presented in this

section, comprising of configuration, and control system.

5.2.1 Configuration of STATCOM

A static synchronous compensator (STATCOM), or static synchronous condenser
(STATCON), is a VSC-based power electronics regulating system integrated to AC power
transmission system. It is used to regulate AC voltage or provide reactive AC power to the
connected power network. It is a commonly used shunt device of FACTS family and a typical
example of shunt VSC FACTS to study in this thesis.

As the same with VSC HVDC, there a number of various topologies of STATCOM in
different voltage levels, since the converter of STATCOM is VSC based. These topologies
vary in different voltage levels, depending on different application scenarios: two-level
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converter, three-level converter, or multilevel modular converter. As for the connection
topologies for converter legs, unlike VSC HVDC, there are two connections for converter
legs for STATCOM, star-connection and delta-connection. Figure 5- 1 shows the topology of
a star-connected STATCOM which shares the same VSC converter topology of VSC-HVDC
system as reviewed in 2.2, only except that the DC side of STATCOM is a DC storage
capacitor rather than DC link to DC network.

= DC side

to AC System

Figure 5- 1 Topology of a star-connected STATCOM.
The three-phase circuit configuration of the delta-connection MMC-based STATCOM is

shown in Figure 5- 2. As shown in Figure 5- 2, the detailed model of delta-connected
STATCOM consists of three MMC-based legs. There are 26 full-bridge submodules and two
identical series phase reactors in each leg. Full-bridge IGBT-based valve is applied for all
submodules. All the full-bridge submodules are identical, and all the switches and diodes
have the same ratings.

| 26 submodules

— ..._/VW\J\/\/\/_

] } Reactor

— 1

to AC System

Figure 5- 2 Three-phase circuit configuration of the MMC-based STATCOM.
The purposes of using delta-connection of STATCOM are as follows [59,115,119-120]:
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1. By use of delta topology, the zero sequence fundamental current is circulated through the
arm converters to keep active power of each phase is zero, when it is connected to

unbalanced circuit.

2. The rated current of switching devices is lower compared to star-connection.

5.2.2 Control System of STATCOM

The single-line diagram of the STATCOM and its control system is shown in Figure 5- 3. dq
decoupling control is used. AC side voltage at common coupling point or the reactive power
compensated by STATCOM is controlled. The active power and reactive power exchange
between the STATCOM and the connected AC network are given by:

p = eabetabegip (5. 1)

c

__ Veabe€0S8—Vtape
Xc

Q Vt,abc (5- 2)

where

Ve,abe and Ve opc - magnitudes of converter output voltage of STATCOM and the connected

AC network voltage at PCC, respectively
X, : equivalent reactance between STATCOM and the connected AC network

8 : angle difference between the converter output voltage of STATCOM and the connected
AC network voltage at PCC

During normal steady state operation with the active power losses of converter ignored, the
generated voltage of STATCOM is in phase with voltage at PCC of connected power system.
This means there is no active power flow between STATCOM and connected power system.
Only reactive power is transferred. When Q is positive, the STATCOM supplies reactive
power to the external ac network. When Q is negative, the STATCOM absorbs reactive
power from the external ac network. The amount of reactive power transfer during steady

state can be expressed as follows:

Veabc—Veab
Q= = CXC < CVt,abc (5- 3)
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Hence the direction of reactive power flow can be determined by comparing the magnitudes
of converter output voltage of STATCOM (V. 45c) and external AC network voltage at
common coupling point (Vi gpc). If Ve gpc IS greater than V; 45, reactive power is flowing
from STATCOM to the power system. If V., is less than V, 4., reactive power is flowing
from the power system to STATCOM. In this way, the reactive power control or AC voltage

regulation can be achieved, by control of converter output voltage of STATCOM.

PCC .
¥ It abc
STATCOM L~ @

T TVc,abc Vt,abc

Gate Pulse
Generator PLL
TVcref,abc v Vv vy
abc abc abc
dqgO dg0 dqgo
crefdq  Vtdd ftdq

STATCOM <«—
ControIASystem <

V;.or Q*

Figure 5- 3 Single-line diagram of the STATCOM and its control system.
As the single-line diagram of the control system of STATCOM shown in Figure 5- 3, the

line-to-line voltages vy 4p,, and currents i; 5. at PCC (the primary side of the coupling
transformer of VSC) in abc phase are acquired. The line-to-line voltages at PCC v, 4 are
inputted into PLL block to compute its frequency f and phase angle 6. Then the computed
phase angle 6, along with line-to-line voltages v, 4, and currents i, 55, at PCC are input into
two abc-to-dg0 transformation blocks (which are the same as those of VSC converter
presented in 2.2) to compute line-to-line voltages v, 4, and currents i, 4, in dg0 frame. The
computed line-to-line voltages v, 44 and currents i, 4, in dq0 frame, along with reference of
AC voltage at the AC terminal of VSC V. or reference of reactive power transfer Q* (these
two references are set by user) are inputted into the STATCOM control system (which
includes converter outer control loop and converter inner control loop). Through STATCOM
control system block, the output signal is the computed reference of AC voltage at the AC
terminal of STATCOM v,..f q4in dq frame. Then the computed reference of AC voltage at
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the AC terminal of STATCOM v, 44 is inputted dgO-to-abc transformation block. Through
dg0-to-abc transformation block, the output signal is the computed reference of AC voltage at
the AC terminal of STATCOM vyef g5 in abc phase. The computed reference of AC
voltage at the AC terminal of STATCOM v, 41 is inputted into gate pulse generator block

to compute and generate corresponding gate pulses to control valves of submodules. The
output of gate pulse generator block is gate pulse signals which are inputted into STATCOM

converter to control every valve of submodules to either turn on or turn off.

By use of the state variables in dq frame, the dynamic equations of the STATCOM connected
to AC system by series reactor at PCC can be represented as follows:

diq .

Ved — Vg = _Lc W + Lc(l)ltq (5 4)
dig

Veqg — Viqg = —L¢ el Lowigg (5.5)

where
w : angular velocity derived of AC voltage at PCC

L. : equivalent inductance of reactor

Zero active power [
regulation J itg

+ \
*
Va2 Pl

X |
Q \
t@ reactive power|

Viq control \

- % __ _ _

Figure 5- 4 Architecture of the STATCOM control system block.
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The architecture of the STATCOM control system block of the whole control system of
STATCOM is shown in Figure 5- 4. The STATCOM can operate in either AC voltage
regulation mode or reactive power control mode. The STATCOM control system block
consists of converter outer control loop and converter inner control loop. Reference of AC
voltage at the AC terminal of converter V., reference of reactive power transfer Q*, V. , and
Vg4 are inputted into converter outer control loop. The zero active power regulation block is
used to compute reference of line-to-line current at PCC in d-axis i;;. The details of zero
active power block is not included since this block is not a necessity and could be replaced by
other control block, such as voltage balance control block. This is due to i;, is usually set to
zero for normal STATCOM operation. For AC voltage regulation block, the difference of
V. and V. is inputted into a Pl control loop to compute the output signal. For reactive
power control block, the division of Q*divided by v,,; formulates the output. A selector is
controlled by user to assign the control system of STATCOM to operate either in AC voltage
regulation or reactive power control mode in g frame. The output of selector is then inputted
to limitation block to compute the final output signals of converter outer control loop iz,

which is the reference of line-to-line current at PCC in q frame.

When converter outer control loop operates in AC voltage regulation mode in g frame, the

current reference in iz, can be obtained from the converter outer control loop by:

i;q = kpac(Va*c — Vo) + kige f(va*c —v,)dt
= kpdc(Va*c - Vac) + kl'acxl (5. 6)
where
kyac - proportional gain of the P1 control loop of converter outer control loop in g frame

k;qc - integral gain of PI control loop of converter outer control loop in g frame

x4 . auxiliary state variable to represent the integral terms of the PI control loop of converter

outer control loop in g frame

And the AC voltage at point of common coupling V,.; can be represented as:

Vac = YV Utdz + thz (5.7)
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When converter outer control loop operates in reactive power control mode in g frame, the

current reference in i/, can be obtained from the converter outer control loop by:

*

itg =~ (5.8)

The reference of line-to-line current at PCC in dg frame i;; and iz,, along with acquired
value of line-to-line current at PCC in dq frame i;4 and i.4, are inputted into converter inner
control loop. The difference of i;; and i;4, is inputted into PI controller loop and then added
by v, subtracted by wLi., to compute output signal of v...r4. The difference of i, and i;,,
is inputted into PI controller loop and then added by v;; and wLi;4 to compute output signal

of vcrefq.
The reference of voltage at the AC terminal of STATCOM v, 44 Can be obtained from the

converter inner control loop as:

vcrefd = kpvd(i;d - itd) + kivd j-(i;d - itd)dt - wLCitq + Vta

= Kpya(itq — ita) + kipaXs — Wlcliig + Vg (5.9)
Verefq = kpoq(itqg — itq) + Kivg j (itqg — itg)dt + wLcicg + veq

= kpvq (i;q — itq) + KivgXa + WLcieg + Vg (5. 10)
where

kpva, and k;,q : proportional and integral gain of the Pl control loop of converter inner

control loop in d frame

kpvq, and k;,q : proportional and integral gain of the Pl control loop of converter inner

control loop in g frame

x5 . auxiliary state variable to represent the integral terms of the PI control loop of converter

inner control loop in d frame

X, . auxiliary state variable to represent the integral terms of the PI control loop of converter

inner control loop in g frame
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The dynamics of modulation of submodules and gate pulse generator are not considered in

this study.

5.3 Impacts of STATCOM on Distance Protection

The mathematical analysis of the impacts of STATCOM on the apparent impedance
measured by feeder distance protection relay is presented in this section. The impacts of
STATCOM are studied in aspects of internal faults and external faults. Zone 1 and Zone 2
protection as presented in Chapter 4 are applied for distance protection.

5.3.1 Analysis of Internal Faults

Figure 5- 5 shows the simplified single line diagram of a faulted network for the analysis of
internal faults. Same topology of power network is studied as the investigation of VSC
HVDC’s impacts on distance protection presented in Chapter 4, except that the STATCOM is
integrated into power network instead of VSC HVDC. Two AC systems (represented by ideal
voltage source with internal impedance) are connected via double-circuit transmission lines
TL1 and TL2. A STATCOM is connected near B1 (the distance between STATCOM and B1
can be neglected) to provide voltage support. Two distance relays (Distance relay 1 and
Distance relay 2) are located at the both ends of the faulted single-circuit of TL1. These
distance relays collect voltage and current measurements from VT and CT and send trip
signals to circuit breakers (CB1 and CB2). An internal SLG fault or three-phase fault on TL1
is occurred at p% of the full length of TL1 from B1.
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Figure 5- 5 Simplified SLD of test network for internal fault.
The distance protection used on TL1 applies the normal protection scheme that is presented in

4.2. Same relay settings are applied as those of investigation of VSC HVDC’s impacts on
distance protection in Chapter 4. Two distance relays, Distance relay 1 and Distance relay 2
are set to use Zone 1 and Zone 2 protection. The relay settings for Zone 1 protection is 75%
of the line impedance. The relay settings for Zone 2 protection is 150% of the line impedance
so that the full protection range of Zone 1 and Zone 2 protection of a distance relay covers the
full length of transmission line. Plain impedance characteristic of distance relay is considered
in this study.

The STATCOM connected at B1 is modelled as that presented in 5.2. The control mode of
STATCOM control system can be set to AC voltage regulation or reactive power control. On
the contrary to the investigation of VSC HVDC’s impacts on distance protection, the location
of STATCOM is within the protection reach of Zone 1 protection and Zone 2 protection. This
is due to the fact that shunt FACTS devices can be installed on transmission lines (for
instance, mid-point shunt compensation [89,155]), and at busbars (busbar voltage regulation
or reactive power source). Hence the impacts of STATCOM on distance protection against
internal faults of TL1, and external faults located at TL2 are both considered.

The apparent impedance of STATCOM-compensated transmission line measured by distance

relays are derived for SLG faults and three-phase faults.

For SLG faults, the voltages seen by VTs at both ends of TL1 can be expressed as:

Vix = PZ1xUsrarx + Isx) + Iex Ry (5.11)
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Vex = (L = 0)Z 1Ly + Irx Ry (5.12)
for x = 1,2, or 0 as a suffix denote of the sequence components, where
V., and Vg, : sequence voltages seen by VTs at both ends of TL1
I, and I, : sequence currents seen by CTs at both ends of TL1
Israrx - SEQuence currents infeed from STATCOM

Iz, : sequence current through fault resistance
R : fault resistance

Z,, . sequence components of the line impedance of TL1

p : fault location from B1 to B2 in per unit of the total line length

The line positive and negative sequence impedances are assumed equal.

Ziy =2y (5. 13)

By adding all three sequence components of left-hand side of (5.11)-(5.12) and substitute
(5.13) into (5.11)-(5.12), the voltages seen by VTs can be expressed after simplification as

follows:

Vi, =0Z11Us + klgo) + pZ11 (Uspar + klsraro) + 1Ry (5.14)
Ve = (1 =p)Zp1(Ur + kL) + IRy (5. 15)
where
V,and Vy : phase voltage of faulted phase at both ends of TL1
I;and I, : phase current of faulted phase through TL1 at both ends
I¢ - fault current through fault resistance

k : zero sequence current compensation factors of TL1

o =20t (5. 16)

Z11
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By use of phase voltage measurements at both ends of transmission lines (V, and V/z) and
phase current compensated by zero sequence current (I, andly), the apparent impedances

seen by the distance relays are given as:

Zyotays = II/_LL —pZ, + pZL1(15TAITL+k15TAT0) + % R, (5.17)
Zretay = 12 = (1 =p)Zu1 + LRy (5. 18)
I, = I + ki (5.19)
In=1 +kl, (5. 20)
lg = I + Igpar + I (5. 21)

where
Zrelayr aNd Z,.¢ 4y, - apparent impedances measured by Distance relay 1 and Distance relay 2

I, and I: compensated phase current of faulted phase measure by Distance relay 1 and

Distance relay 2

By use of delta connection at one side of the coupling transformer of STATCOM, the zero-
sequence current injection can be eliminated. Hence the zero-sequence current of STATCOM

is eliminated.

Israro = 0 (5.22)

Then (5.17) can be further simplified as:

I I
Zretayr = PZu1 + pZia =+ LRy (5. 23)

For three-phase faults, the phase currents seen by distance relay are:

IL=IS+kISO=IS (5 24)
In=1 +klg=I, (5. 25)
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Iy =150 =10 (5. 26)

17‘2 = ITO =0 (5 27)

Similarly, the apparent impedances seen by the distance relays are given as:

14 1 1
Zrelayr = 77 = PZu1 + PZin 2 + LRy (5. 28)
Zyetays =2 = (1= p)Zi1 +LR (5. 29)
relay2 — o P)La L )

By carefully looking at (5.23) and (5.28), the STATCOM’s impacts on the apparent
impedance measured by neighbouring distance relay (Distance relay 1) against internal faults

can be summarised as:

1. The first term (pZ,,) of (5.23) and (5.28) represents the actual proportional line
impedance to the fault location. This term is not affected by the compensation of
STATCOM.

2. The second term (pZ,, ISITAT) of (5.23) and (5.28) indicates that the STATCOM’s
L

impacts on the apparent impedance measured by neighbouring distance relay against
internal faults lead to larger apparent impedance. The under-reach effect is introduced as
the impact from STATCOM. Since during internal fault, the STATCOM s injecting
reactive power and current to support bus voltage, the apparent impedance is greater than
no STATCOM compensated transmission lines. For steady state, while STATCOM is
absorbing reactive power and current from bus bar, the second term could be negative.
This negative value indicates smaller apparent impedance measured by distance relays
which results in overreach effect. This error in apparent impedance measurement caused
by STATCOM is proportional to the fault location from B1 to B2 and the current ratio of
STATCOM and relay.

3. The third term of (5.23) and (5.28) also indicates greater apparent impedance measured
by neighbouring distance relay as STATCOM’s impact, sincely = I + Igrar + 1. A
larger amount of current injection infeed from STATCOM would lead to a larger

apparent impedance error and cause more significant under-reach effect.
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Similarly, by carefully looking into (5.18) and (5.29), the STATCOM’s impact on the
apparent impedance measured by remote distance relay (Distance relay 2) against internal

faults can be summarised as:

1. The first term ((1 — p)Z,,) of (5.18) and (5.29) represents the actual proportional line
impedance to the fault location. This term is not affected by the compensation of
STATCOM.

2. The second term (i—fRf) of (5.18) and (5.29) indicates greater apparent impedance

measured by remote distance relay as STATCOM’s impact, sincely = I + Ispar + I
On the contrary to the neighbouring relay (Distance relay 1), the remote relay is only
affected by the amount of current injection of STATCOM which can be seen from
second term of (5.18) and (5.29). The location of fault has no effects on the error in
measured impedance by remote relay. This issue can be explained by the fact that the
STATCOM s located beyond the fault location seen from the remote relay. A greater
amount of current injection of STATCOM would lead to a greater apparent impedance

error and cause more significant under-reach effect.

5.3.2 Analysis of External Faults

Figure 5- 6 shows the simplified single line diagram of a faulted network for the analysis of
external fault. Identical network topology described in 5.3.1 is used except that the fault
location is located at one single-circuit of TL2. Same relay and STATCOM settings are
applied as those of investigation of STATCOM’s impacts on distance protection against

internal faults in 5.3.1.
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Figure 5- 6 Simplified network for external fault.
The apparent impedance of STATCOM-compensated transmission line measured by

Distance relay 1 is derived for SLG fault and three-phase fault. The apparent impedance of
Distance relay 2 is not considered in this subsection since the fault location is located without

of the protection zones.
The voltage seen by VT at B1 can be expressed as:
Vix = ZixUstars + L) + 0Z1xlsx + Irx Ry (5. 30)
for x = 1,2, or 0 as a suffix denote of the sequence components, where
I',, : sequence phase current through faulted single-circuit of TL2 from B2 to B3
Z,, - sequence components of the line impedance of TL2

p : fault location from B2 to B3 in per unit of the total line length

The line positive and negative sequence impedances are assumed equal.

Zi1=1Z, (5.31)

By adding all three sequence components of left-hand side of (5.30) and substituting with

(5.31), the voltages seen by VT can be expressed after simplification as:

Vy, =Zp s + klgo) + Zy1Usrar + klsraro)
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where
I : phase current of faulted phase through faulted single-circuit of TL2 from B2 to B3

k' . zero sequence current compensation factors of TL2

= e (5. 33)

1A
Z14

For transient response study of double-circuit transmission line, the fault currents through the
double circuits of TL1 can be assumed to be equal due to the line parameters of double
circuits are same. Hence, by use of KCL law to B2, the relationship of inflow currents and

outflow currents can be expressed as follows:
215 + ISTAT == Ié + 15,! (5 34)
where

I : phase current of faulted phase through unfaulted single-circuit of TL2 from B2 to B3

By substitute (5.34) into (5.32), the voltages seen by VT can be expressed as follows:

V, = Z11Us + ki) + ZpyUspar + klsraro)

+0Z1 (215 + Israr — Is' + k' (2Lso + Istaro — Iso)] + I¢Rs (5. 35)

By use of delta connection at one side of the coupling transformer of STATCOM, the zero-
sequence current injection can be eliminated. Hence the zero-sequence current of STATCOM

is eliminated.

Istar0 = 0 (5- 36)

By substitute (5.36) into (5.35), the voltages seen by VT can be expressed as follows:
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Vi, =Z11 (s + klso) + Zp1Israr
+pZ1 (21 + Igrar — Is + k' (2Lso — Iso)] + IRy (5. 37)

By use of phase voltage measurements at B1 (V,) and phase current measurement
compensated by zero sequence current (1), the apparent impedance seen by Distance relay 1

is given as:

43
Zrelayl = I_
L

i
=7, + 7, SIAT ISTAT + 7L, 21—I¢ +kIL(2150 Iso) +pZi, IIiT]ST in (5. 38)

IL =Is+k150 (5 39)

For three-phase faults, the phase current seen by distance relay is as follows:

IL :IS+kISO :IS (5 40)
ISZ = ISO = 0 (5 41)
Iy =1l =0 (5. 42)

Similarly, the apparent impedance seen by the distance relay is given as follows:

VL ISTAT ’ 215
Zrelayl E - ZLl + ZLl + pZLl

2s7IS | g ’S“‘T + ’I—fRf (5. 43)

By carefully looking into (5.38) and (5.43), the STATCOM’s impacts on the apparent

impedance measured by distance relay against external fault can be summarised as:

1. The first and third terms (Z,, + pZ}, 2= 20 s0)and Zy + pZpy 2 ’S) of (5.38)

L

and (5.43) represent the actual line impedance of TL1 and proportional line impedance of

TL2 to the fault location. The fifth term (j—fRf) represents the contribution of fault
L

resistance. These terms (the first, third and fifth) are not affected by compensation of
STATCOM.

2. The second and fourth terms (Z,, ISI”T +pZ;, I"ZQT and Z,, lsf” +pZ], Isf‘”) of (5.38)
L N s0 S S
and (5.43) indicates that the STATCOM’s impacts on the apparent impedance measured
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by Distance relay 1 against external faults lead to greater apparent impedance
measurement. The under-reach effect is introduced as the impacts of STATCOM. Since
during external fault, the STATCOM is injecting reactive power and current to support
bus voltage, the apparent impedance is greater than no STATCOM compensation. For
steady state, while STATCOM is absorbing reactive power and current from bus bar, the
second and fourth term could be negative. This negative value indicates less apparent
impedance of connected TL1, which results in overreach effect as impacts of the
compensation of STATCOM. This error in apparent impedance measurement caused by
STATCOM is related to the current ratio between STATCOM and relay, and fault

location.

Another study scenario of investigation of STATCOM’s impacts on distance protection
against external faults located at TL2 is also considered, where STATCOM is connected at
B2 instead of B1 end of TL1.

Figure 5- 7 shows the simplified SLD of a faulted network for the analysis of external faults
with STATCOM connected at B2. Same topology of power network is studied except that the
STATCOM is connected at B2 end of TL1 instead of B1. Same relay and STATCOM settings

are applied.

STATCOM

ISTAT¢ If?
VL VR Rf
g1 5z cB2 sz 1Pz,

>
B1 B2 N B3
S

Figure 5- 7 Simplified SLD of test network for external fault.
Similarly, the apparent impedance seen by the Distance relay 1 against SLG faults can be

calculated as follows:
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Vi

Zrelayl = E
, 20g—I§ +k' (2I50—15p) 1 I
= Zyy +pZyy = +pZL1%+in (5. 44)
IL =Is+k150 (5 45)

And the apparent impedance seen by the distance relay against three-phase faults can be

calculated as follows:

, 215 g
Zrelayl = ZL1 + pZLl

+pZi, AL+ LR, (5.46)

By carefully looking into (5.44) and (5.46), the STATCOM’s impacts on apparent impedance
measured by Distance relay 1 in case of external fault can be summarised as:

, 2I5—18 +k' (21s0—1§p)
I,

and (5.46) represent the actual line impedance of TL1 and proportional line |mpedance of

1. The first and second terms (Z;, + pZ4 / 215 Is'

and Z,, + pZ;,

) of (5.44)

TL2 to the fault location. The fourth term (i—fRf) represents the contribution of fault

resistance. These terms (the first, second and fourth) are not affected by compensation of
STATCOM.

2. The third terms (pZj; =L andpZz;, ’S“T) of (5.44) and (5.46) indicates that the
S S0

STATCOM’s impacts on the apparent impedance measured by Distance relay 1 against
external fault lead to greater apparent impedance measurement of distance relay. The
under-reach effect is introduced as the impacts of STATCOM. Since during external
fault, the STATCOM is injecting reactive power and current to support bus voltage, the
apparent impedance is greater than no STATCOM compensation. For steady state, while
STATCOM is absorbing reactive power and current from busbar, the third term could be
negative. This negative value indicates less apparent impedance, which results in
overreach effect as impacts of the compensation of STATCOM. This error in apparent
impedance measurement caused by STATCOM is related to the current ratio between
STATCOM and relay, and fault location. On the contrary to the STATCOM connected at
B1, the error in apparent impedance measurement caused by STATCOM connected at B2
is related to Z;, rather than Z;,and Z;;. And the error due to STATCOM connected at
B2 is less than error due to STATCOM connected at B1.
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5.4 Dynamic Simulation Study

5.4.1 Test System with VSC FACTS and Protection Relay Settings

The schematic diagram of the trial network is illustrated in Figure 5- 8. There is one GE
MiCOM P40 Agile P443 distance relay located at each end of two-ended transmission lines
from B1 to B2. In this thesis, communications between relays are not considered. Same
transmission line parameters and equivalent voltage source parameters are used as those in
4.4 which are listed in Appendix B.1 and B.2. A MMC delta connection STATCOM
modelled in 5.2 is connected to B1 or B2 to investigate its impacts on distance protection at

different locations.

r— e - - - - ----- ]
| STATCOM || STATCOM |g . |
B
| B1|g; CB2 RTDS/RSCAD|
o= . =0 |
TLIGT TL2

: I Digital |
| [ SuPut |
| 3-Ph11 Conversion . “ |

— I
| 3-PhV1 ~ |
| |

I 3-Ph V1
| -: : Amplifier 1
3-Ph 11

| Physical Devices

Figure 5- 8 RTDS-base HIL testing platform for STATCOM studies.
Figure 5- 8 shows the same arrangements as applied in Chapter 4 of VTs, CTs and CBs for

one of the aforementioned series compensated lines between B1 and B2. Same Distance
protection as applied in Chapter 4 using GE MiCOM P40 Agile P443 distance protection
relays is used. Two VTs and two CTs at both ends of the transmission line provide voltage

and current measurements.

The following considerations are taken into account for the setting of the 2-ended distance

protections:

3. Zone 1 is set to 75% of the complete circuit positive sequence impedance. The tripping

delay is set to Oms.
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4. Zone 2 is set to reach 150% of the complete circuit positive sequence impedance. The

tripping delay is set to 500ms.

5.4.2 Dynamic Simulation Results of Test System against Internal Faults

Internal faults occur at one single-circuit of TL1 from B1 to B2 under such fault conditions:

1. Fault durations are 140ms (7 cycles), or 600ms.

2. Fault locations are 5%, 50% and 85% of the whole length.
3. Fault resistances are 0.01Q, 1 Q and 2.5 Q.
4

SLG, and three-phase to ground faults are considered.

Table 5- 1 shows the simulation results of internal fault. The tripped zone is noted as “I”, “II”,
or “X” for Zone 1, Zone 2 or no relay operation is seen, respectively. Fault type is noted as

“RYB-G”, or “R-G” for three-phase to ground, or SLG faults, respectively.

Table 5- 1 Simulation results of internal fault

Distance relay 1  Distance relay 2

Case Fault Fault Fault Fault No NoO
Location Impedance| Type @ Duration ——— .

p yp & STAT ~ = STAT
| | T T

0, -
1 15% 0.01 | RYB-G | 600ms | \c10, | 15496 | 85.206 | 85.1%
| | T T

0, -
2 L 0.012 R-G | 600ms | 15304 | 15.89% | 85.4% | 85.4%
| | T T

0, -
3 15% 10 RYB-G | 600ms | 12300 | 15.99 | 85.69% | 85.7%
| | T T

0, -
4 15% 10 R-G | 600ms | o706 | 16.196 | 85.9% | 85.8%
| | | |

0, -
5 50% 0.01Q | RYB-G | 140ms | o010, | 51106 | 50.19% | 50.1%
| | | |

0, -
6 50% 0.010 R-G | 140ms | 50406 | 51.79% | 50.4% | 50.5%
7 50% 2.5Q RYB-G 140ms X X X X
8 50% 2.50 R-G 140ms X X X X
9 | 85% 001Q | RYB-G| 600ms I I | |
: 852% | 87.4% | 15.1% | 15.1%
T T | |

0, -
10 | 8% 0.0102 R-G | 600ms | accor | 87.99% | 15.3% | 15.3%

135



11 85% 1Q RYB-G | 140ms X X X X

12 85% 1Q R-G 140ms X X X X

Figure 5- 9 and Figure 5- 10 show digital signals from RSCAD and the trajectory of
impedance measurement by Distance relay 1 and Distance relay 2 respectively against a
typical internal fault Case 1 of Table 5- 1 with no STATCOM. Figure 5- 11 and Figure 5- 12
show digital signals from RSCAD and the trajectory of impedance measurement by Distance
relay 1 and Distance relay 2 respectively against a typical internal fault Case 1 of Table 5- 1
with STATCOM.

As shown in Figure 5- 11, VT and CT send voltage and current measurements (noted as
V1A/V1B/V1C and I11A/I1B/11C) to Distance relay 1. By use of the received measurements
and impedance calculation algorithm presented in 5.3, the apparent impedance is calculated
(noted as ZIM1 vs ZRE1). The trip signals (noted as TriplA/TriplB/TriplC) are sent to
corresponding CBs with no delay time, by judgement if calculated apparent impedance is
within the protection zones. The CBs are turn off or turn on (noted as CB1A/CB1B/CB1C in
Figure 5- 11), controlled by received trip signals. As for Distance relay 2 as shown in Figure
5- 12, the trip signals (noted as Trip2A/Trip2B/Trip2C) are sent to corresponding CBs with a

delay time of 500ms to meet distance relay settings for Zone 2 protection.

By comparison of the apparent impedances measured by Distance relay 1, the apparent
impedance with STATCOM is greater than impedance with no STATCOM. The under-reach
effect is seen due to the incorporation of STATCOM. For impedance measurements of
Distance relay 2, there is no significant difference of impedance measurement with/without

STATCOM. These results are in line with conclusions in 5.3.1.
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Figure 5- 9 Digital signals from RSCAD and trajectory of impedance measurement by Distance relay
1 against internal fault Case 1 without STATCOM.
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Figure 5- 10 Digital signals from RSCAD and trajectory of impedance measurement by Distance
relay 2 against internal fault Case 1 without STATCOM.
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Figure 5- 11 Digital signals from RSCAD and trajectory of impedance measurement by Distance

relay 1 against internal fault Case 1 with STATCOM.
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Figure 5- 12 Digital signals from RSCAD and trajectory of impedance measurement by Distance
relay 2 against internal fault Case 1 with STATCOM.
Figure 5- 13 and Figure 5- 14 show digital signals from RSCAD of Distance relay 1 and

Distance relay 2 respectively against a SLG external fault Case 2 of Table 5- 1 with
STATCOM. As voltage and current measurements of VT and CT (noted as V1A/V1B/V1C
and 11A/11B/11C) shown in Figure 5- 13, SLG fault occurred. The trip signal of faulted phase
A (noted as TriplA) is sent from Distance relay 1 to corresponding CB. The three-phase trip
signals (noted as Trip2A/Trip2B/Trip2C in Figure 5- 14) are sent from Distance relay 2 to
corresponding CBs. This is due to the fact that distance relay settings require relay trips all

three phase for Zone 2 protection.
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Figure 5- 14 Digital signals from RSCAD by Distance relay 2 against internal fault Case 2 with
STATCOM.
Figure 5- 15 and Figure 5- 16 show digital signals from RSCAD and the trajectory of

impedance measurement by Distance relay 1 and Distance relay 2 respectively against a 50%,
140ms internal fault Case 5 of Table 5- 1 with STATCOM. By comparison of the apparent
impedances measured by distance relay, the apparent impedance against 50% fault is greater
than impedance against 15% fault. These results are in line with the conclusion in 5.3 that the

error of measured impedance is positively related to fault distance.
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Figure 5- 16 Digital signals from RSCAD and trajectory of impedance measurement by Distance
relay 2 against internal fault Case 5 with STATCOM.
Figure 5- 17 and Figure 5- 18 show digital signals from RSCAD and the trajectory of

impedance measurement by Distance relay 1 and Distance relay 2 respectively against a 2.5
Q internal fault Case 7 of Table 5- 1 with STATCOM. It can be seen from Figure 5- 17 that
the distance relay is not tripped if the fault distance is without reach of Zone 1 (and the fault
duration is shorter than trip delay of Zone 2 protection, hence Zone 2 protection also
restraints). By comparison of the apparent impedances measured by distance relay, the

apparent impedance against 2.5 Q fault is greater than impedance against 0.01 Q. These
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results are in line with the conclusion in 5.3 that the error of measured impedance is
positively related to fault resistance.
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Figure 5- 17 Digital signals from RSCAD and trajectory of impedance measurement by Distance

relay 1 against internal fault Case 7 with STATCOM.
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Figure 5- 18 Digital signals from RSCAD and trajectory of impedance measurement by Distance
relay 2 against internal fault Case 7 with STATCOM.

5.4.3 Dynamic Simulation Results of Test System against External Faults

External faults occur at one single-circuit of TL2 from B2 to B3 under such fault conditions:

1. 600ms fault occurred at 105% and 135% of the equivalent whole length of TL1.
2. Fault resistance is 0.01Q, and 1 Q.

3. SLG and three-phase to ground faults are considered.
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Table 5- 2 shows the simulation results of external fault. The tripped zone is noted as “I”, “II”,
or “X” for Zone 1, Zone 2 or no relay operation is seen, respectively. Fault type is noted as
“RYB-G”, or “R-G” for three-phase to ground, or SLG faults, respectively. Different
locations of STATCOM are noted as “STATB1” or “STATB2” for connection to B1 or B2.

Table 5- 2 Simulation results of external fault

Distance relay 1

Case Fault Fault Fault Fault

Location Impedance Type Duration STATB1 STATB2
. 1 1

0, -
105% 0.01Q | RYB-G| 600ms 1(())2.5 106.7% | 106.3%
l 11 1

0, -
105% 0.01Q R-G 600ms 1(())2.0 107.3% | 106.9%
H 11 1

0 -
105% 1Q RYB-G | 600ms 1(())2.1 107.4% | 106.9%
I 1 1

0, -
105% 1Q R-G 600ms 1(())2.6 107.9% | 107.4%
I 11 11

0, -
135% 0.01Q | RYB-G| 600ms 1?;2.4 139.7% | 138.3%
135% 0.01Q R-G 600ms X X X
135% 1Q RYB-G | 600ms X x X
135% 1Q R-G 600ms X x X

Figure 5- 19 shows digital signals from RSCAD against a typical external fault Case 1 of
Table 5- 2 with no STATCOM, and the trajectory of impedance measurement by distance
relay. Figure 5- 20 shows digital signals from RSCAD against same external fault with
STATCOM connected to B1, and the corresponding trajectory of impedance measurement by
distance relay. Figure 5- 21 shows digital signals from RSCAD against same external fault
with STATCOM connected to B2, and the corresponding trajectory of impedance

measurement by distance relay.
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As shown in Figure 5- 20, VT and CT send voltage and current measurements (noted as
VA/VB/VC and IA/IB/IC) to distance relay. By use of the received measurements and
impedance calculation algorithm presented in 5.3, the apparent impedance is calculated
(noted as ZIM vs ZRE). The trip signals (noted as TripA/TripB/TripC) are sent to
corresponding CBs, by judgement if calculated apparent impedance is within protection
zones. The CBs are turn off or turn on (noted as CBA/CBB/CBC), controlled by received trip
signals.

By comparison of the apparent impedances measured by distance relay, the apparent
impedance with STATCOM is greater than impedance with no STATCOM. The under-reach
effect of distance relay is seen due to the incorporation of STATCOM. The relationship of the

measured impedances of different location of STATCOM can be expressed as follows:

Znostar < Zstarez < Zsrarp1 (5. 47)

where

ZnoSTAT Zstarp1, and Zsrarpo: measured impedance by distance relay with no STATCOM,
STATCOM connected to B1, and STATCOM connected to B2

The relationship of measured impedances of different location of STATCOM is in line with
the conclusions in 5.3.2.
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Figure 5- 19 Digital signals from RSCAD against external fault Case 1 with no STATCOM.
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Figure 5- 20 Digital signals from RSCAD against external fault Case 1 with STATCOM at B1.
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Figure 5- 21 Digital signals from RSCAD against external fault Case 1 with STATCOM at B2.
Figure 5- 22 shows the digital signals from RSCAD against a SLG external fault Case 2 of

Table 5- 2 with STATCOM connected to B1. As voltage and current measurements of VT
and CT (noted as VA/VB/VC and I1A/IB/IC) shown in Figure 5- 22, SLG fault occurred. The

three-phase trip signals (noted as TripA/TripB/TripC) are sent to corresponding CBs. This is
due to the fact that distance relay settings require relays trip all three phase for Zone 2

protection.
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Figure 5- 23 shows digital signals from RSCAD against a 1 Q external fault Case 3 of Table
5- 2 with STATCOM at B1, and the trajectory of impedance measurement by distance relay.
By comparison of the apparent impedances measured by distance relay, the apparent
impedance against 1 Q fault is greater than impedance against 0.01 Q. These results are in
line with the conclusion in 5.3 that the error of measured impedance is positively related to

fault resistance.
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Figure 5- 23 Digital signals from RSCAD for a 1 Q external fault Case 3 of Table 5- 2 with
STATCOM at B1.
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Figure 5- 24 shows the digital signals from RSCAD against a 135% external fault Case 7 of
Table 5- 2 with STATCOM at B1, and the trajectory of impedance measurement by distance
relay. It can be seen from Figure 5- 24 that the distance relay is not tripped if the fault
distance is too far. By comparison of the apparent impedances measured by distance relay,
the apparent impedance against 135% fault is greater than impedance against 105% fault.
These results are in line with the conclusion in 5.3 that the error of measured impedance is

positively related to fault distance.
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Figure 5- 24 Digital signals from RSCAD for a 135% external fault Case 7 of Table 5- 2 with
STATCOM at B1.

5.5 Summary

In this chapter, dynamic representation of STATCOM has been modelled considering
configuration and control system. Mathematical representations of the apparent impedance
measurements of neighbouring and remote distance relays against internal and external faults
have been derived considering infeed currents from STATCOM connected to different
busbars. For derived mathematical representation of apparent impedance measurement of
neighbouring distance relay against internal faults, some part (the first term) is not affected
by the compensation of STATCOM while the other part (the second term and third) indicates
that the STATCOM’s impacts on the apparent impedance measured by neighbouring distance
relay against internal faults lead to greater apparent impedance measurement. The under-
reach effect is introduced as the impacts of STATCOM. Since during internal fault, the

STATCOM is injecting reactive power and current to support bus voltage, the apparent
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impedance with STATCOM is greater than that without STATCOM. For steady state, while
STATCOM s absorbing reactive power and current from bus bar, the second term could be
negative. This negative value indicates smaller apparent impedance measured by distance
relays which results in overreach effect. This error in apparent impedance measurements
caused by STATCOM is proportional to the fault location and the current ratio between
STATCOM and relay.

As for the derived mathematical representation of the apparent impedance measurements of
remote distance relay against internal faults, some part (the first term) is not affected by the
compensation of STATCOM while the other part (the second term) indicates greater apparent
impedance measured by remote distance relay as STATCOM’s impacts. On the contrary to
the neighbouring relay, the remote relay is only affected by the amount of current injection of
STATCOM. The location of fault has no effects on the error in measured impedance by
remote relay. This issue can be explained by the fact that the STATCOM is located beyond
the fault location seen from the remote relay. A greater amount of current injection of
STATCOM would lead to a greater apparent impedance error and cause more significant

under-reach effect.

As for the derived mathematical representation of the apparent impedance measurement of
distance relay against external faults with STATCOM located at B1, some part (the first and
third terms) are not affected by the compensation of STATCOM while the other part (second
and fourth terms) indicates that the STATCOM’s impacts on the apparent impedance
measured by distance relay against external faults lead to greater apparent impedance
measurement. The under-reach effect is introduced as the impact of STATCOM. This error in
the apparent impedance measurement caused by STATCOM is related to the current ratio
between STATCOM and relay, and fault location.

As for the derived mathematical representation of the apparent impedance measurement of
distance relay against external faults with STATCOM located at B2, some part (the first,
second and fourth terms) are not affected by the compensation of STATCOM while the other
part (the third term) indicates that the STATCOM’s impacts on apparent impedance
measured by Distance relay 1 against external fault lead to greater apparent impedance
measurement. The under-reach effect is introduced as the impacts of STATCOM. On the

contrary to the STATCOM connected at B1, the error in apparent impedance measurement
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caused by STATCOM connected at B2 is related to Z;, rather than Z;,and Z,,. And the error
due to STATCOM connected at B2 is less than error due to STATCOM connected at B1.

As shown in dynamic simulation results in RTDS/RSCAD, the apparent impedance against
internal faults with STATCOM is greater than impedance with no STATCOM, by
comparison of the apparent impedances measured by distance relay. The under-reach effect
of distance relay is seen due to the incorporation of STATCOM. For impedance
measurements of remote distance relay, there is no significant difference of impedance
measurement with/without STATCOM. The dynamic simulation results are in line with the
mathematical analysis presented in 5.3, considering that results that the error of measured
impedance is positively related to fault resistance, and fault distance.

For dynamic simulation results against external faults, the apparent impedance with
STATCOM s greater than impedance with no STATCOM, by comparison of the apparent
impedances measured by distance relay. The under-reach effect of distance relay is seen due
to the incorporation of STATCOM. The relationship of measured impedances of different

locations of STATCOM can be expressed as follows:

Znostar < Zstarez < ZsTaTB1

The dynamic simulation results are in line with the mathematical analysis presented in 5.3,
considering the results that the error of measured impedance is positively related to fault

resistance, and fault distance.
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CHAPTER 6 COMBINED IMPACTS OF VSC HVDC
AND VSC FACTS ON DISTANCE PROTECTION

6.1 Introduction

This chapter presents the mathematical representation of the apparent impedance
measurement of distance relay considering the infeed current from VSC HVDC and shunt
VSC FACTS at different locations. Relevant analysis of the apparent impedance
measurement representation and dynamic simulation study is performed to investigate the
impacts of VSC HVDC and VSC FACTS (in particular, STATCOM as a typical example) on
distance protection. In 6.2, mathematical representations of the apparent impedance
measurement of distance relay against external faults are derived considering infeed currents
from VSC HVDC and STATCOM connected to different buses, VSC HVDC and
STATCOM connected to same bus, and VSC HVDC and multiple STATCOM. A RTDS-
based HIL testing platform is established to perform dynamic simulation studies of test
system with VSC HVDC and VSC FATCTS. The dynamic simulation results are analysed in
comparison between test system with VSC HVDC and STATCOM at different locations

against external faults.

6.2 Impacts of VSC HVDC and VSC FACTS on Distance Protection

The VSC HVDC and VSC FACTS are integrated simultaneously to a regional power system
network. The impacts of the incorporation of these VSC converter based systems on distance
protection are studied for two-ended double-circuit transmission lines. In this section, the
mathematical analysis of the impacts of VSC HVDC and VSC FACTS on the apparent
impedance measured by feeder distance protection relay is presented in aspects of VSC
HVDC and VSC FACTS connected to same bus, different buses, and VSC HVDC and
multiple VSC FACTS installed.

6.2.1 VSC HVDC and VSC FACTS Connected to Different Buses

Figure 6- 1 shows the simplified single line diagram of a faulted network for the analysis of
impacts of VSC HVDC and VSC FACTS connected simultaneously to different buses on
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distance protection of two-ended double-circuit transmission lines. With same topology of
transmission system studied as presented in 4.3, two AC systems (represented by ideal
voltage source with internal impedance) are connected via double-circuit transmission lines
TL1 and TL2. The line parameters for the double circuits of same transmission line are same.
A VSC converter of VSC HVDC system is connected near B2 (the distance between VSC
converter and B2 can be neglected) to provide voltage support and active power transmission.
One STATCOM is connected near Bl (the distance between STATCOM and Bl can be
neglected) to provide voltage regulation support or reactive power compensation. Two
distance relays (Distance relay 1 and Distance relay 2) are located at the both ends of one
single-circuit of TL1. These distance relays collect voltage and current measurements from
VTI/CT and send trip signals to circuit breakers (CB1 and CB2). An external SLG fault or
three-phase fault on TL2 is occurs at p% of the full length of TL2 from B2.

VSC

STATCOM HVDC

¢I STAT ¢ vsc IfT
V|_ VR Rf
cer 7. CB2 -
@DT > — >
[ I

B1 B2 1" B3

(I-pz>.

Figure 6- 1 Simplified single line diagram of a faulted network for the analysis of impact of VSC
HVDC and VSC FACTS connected to different buses.
The distance protection used on TL1 applies the normal protection scheme that is presented in

4.2. Two distance relays, distance relay 1 and distance relay 2 are set to use Zone 1 and Zone
2 protection. The relay setting for Zone 1 protection is 75% of the line impedance. The relay
setting for Zone 2 protection is 150% of the line impedance so that the full protection range
of Zone 1 and Zone 2 protection of a distance relay covers the full length of transmission line.

Plain impedance characteristic of distance relay is considered in this study.

The VSC converter connected at B2 is modelled as that presented in Chapter 2. The control

mode of VSC HVDC control system can be set to DC voltage regulation or active power
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transfer control for d axis, and AC voltage regulation or reactive power control for q axis.
The impacts of VSC HVDC are studied mainly on Zone 2 protection, due to the same reason

of protection range that has been described in 4.3.

The STATCOM connected at B1 is modelled as that presented in Chapter 5. The control
mode of STATCOM control system can be set to AC voltage regulation or reactive power
control. The impacts of VSC FACTS on distance protection are on both Zone 1 protection
and Zone 2 protection as presented in Chapter 5. The impacts of VSC HVDC and VSC
FACTS connected simultaneously to different buses on Zone 1 protection are the same with
the impacts of VSC FACTS alone that has been studied in Chapter 5, since VSC HVDC has
no significant impacts on Zone 1 protection as studied in Chapter 4. The impacts of VSC
HVDC and VSC FACTS connected to different buses on Zone 2 protection are studied since
they both have significant impacts on Zone 2 protection. Hence the distance protection
against external fault located at TL2 is selected as research scenario to investigate the impacts
of the incorporation of VSC HVDC and VSC FACTS.

The apparent impedance of VSC HVDC and VSC FACTS connected transmission line
measured by distance relays are derived for SLG faults and three-phase faults to investigate

their impacts.
For SLG faults, the voltages seen by VT at B1 can be expressed as follows:
Vix = ZixUsx + Istars) + DZ1xlsx + Ik Ry (6.1)
for x = 1,2, or 0 as a suffix denote of the sequence components, where
V.. - sequence phase voltages seen by VT at B1
I, : sequence phase currents seen by CT at B1
I's, : sequence phase current through faulted single-circuit of TL2 from B2 to B3
L7 a7+ S€QUence phase currents infeed from STATCOM
I¢, : sequence current through fault resistance

Ry : fault resistance

Zand Z] . . sequence components of the line impedance of TL1 and TL2
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p : fault location from B2 to B3 in per unit of the total line length

The line positive and negative sequence impedances are assumed equal.
Zin=Z13,214 = Z1p (6.2)

By adding all three sequence components of left-hand side of (6.1) and substitute (6.2) into

(6.1), the voltage seen by VT can be expressed after simplification as follows:

Vi, = Zp (s + klgo) + Zyy Uspar + klsraro) + pZ1 (I + k') + IRy (6.3)
where
V.and I : phase voltage and current of faulted phase through TL1
Isr 47 phase current of faulted phase infeed from STATCOM
I; : phase current of faulted phase through faulted single-circuit of TL2 from B2 to B3
I¢ : fault current through fault resistance
k : zero sequence current compensation factors of TL1

k' : zero sequence current compensation factors of TL2

Zio—Z
k=22 (6.4)
K = Z—LOZLZM (6.5)

For transient response study of double-circuit transmission line, the fault currents through the
double circuits of TL1 can be assumed to be equal due to the line parameters of double
circuits are same. Hence, by use of KCL law to B2, the relationship of inflow currents and

outflow currents can be expressed as follows:

215 + Iyse + Igpar = I + I (6. 6)
where
Iysc - phase current infeed from VSC HVDC

I{" : phase current of faulted phase through unfaulted single-circuit of TL2 from B2 to B3
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By substitute (6.6) into (6.3), the voltage seen by VT can be expressed as follows:

V, = Z11 (s + ko) + Zpy Usrar + klsraro) + 021215 + Iysc + Istar — I + k' (215
+1ysco + Israro — Is0)1(Us + k'I5o) + IRy (6.7)

By use of delta connection at one side of the coupling transformer of VSC HVDC and
STATCOM, the zero-sequence current injection can be eliminated. Hence the zero-sequence

currents are eliminated.
Iysco =0 (6.8)
Istaro = 0 (6.9)
By substitute (6.8) and (6.9) into (6.7), the voltage seen by VT can be expressed as follows:
Vi, = Z11 (s + Istar + klgo) + pZ1 215 + Iyse + Istar — I + k' (2L5o — Iso)] + IRy (6. 10)

By use of phase voltage measurements at B1 (V,) and phase current measurement
compensated by zero sequence current (I;,), the apparent impedance seen by the distance

relay 1 are given as:

Israr > , 2L+ Iysc + Istar — I + k' (2159 — I + IlR

VL
relayl = “( + I + kg P411 I + kg, L7

I 205—1§ +k' (215015 Iysc+l I
= 7y, + Zy, SSTAT 4 gzt 2T (2Is0—Iso) + pzy, sctlsrar _fRf (6. 11)
Is+klgo Is+klgo Is+klgg I,

IL :IS+kISO (6 12)
where

Zrelay1 - apparent impedance measured distance relay 1

I, : compensated phase current of faulted phase measure by distance relay 1

For three-phase faults, the phase current seen by distance relay is as follows:

IL=IS+kISO=IS (6 13)
ISZ = ISO =0 (6 14)
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Iy =1 =0 (6. 15)

Similarly, the apparent impedance seen by the distance relay is given as follows:

I 21+ Iyer + 1 LA |
STAT) 7, s Tlysc T lsTar — g N f

V
Zrelayl =—r= Z11 (1 + T Rf
I I I

S
I
=7, + 7, STAT ISTAT + pZil lesls + pZ' IVSC"[‘SISTAT + in (6. 16)

By carefully looking into (6.11) and (6.16), the impacts of VSC HVDC and VSC FACTS
connected to different buses on apparent impedance measured by distance relay against

external faults can be summarised as:

;201§ +k' (2150—1§p)

1. The first and third terms (Z,, + pZ], — 4 215 Is
N NY

and Z;, + pZ;,

) of (6.11)
and (6.16) represent the actual line impedance of TL1 and proportional line |mpedance of
TL2 to the fault location. The fifth term (II—fRf) represents the contribution of fault

resistance. These terms (the first, third and fifth) are not affected by VSC HVDC and
VSC FACTS.

I +1 I I +1
2. The second and fourth terms (Z,, STIST +pZ], %and 7 Ay pZ), M)
S S s0 S S

of (6.11) and (6.16) indicates the impacts of VSC HVDC and VSC FACTS connected to
different buses on distance relay against external faults lead to greater apparent
impedance measurements. The under-reach effect is introduced as their impacts. Since
during external fault, the VSC HVDC and STATCOM are injecting reactive power and
current to support bus voltage, the apparent impedance is greater than no VSC HVDC or
STATCOM. For steady state, while they are absorbing reactive power and current from
busbars, the second and fourth terms could be negative. This negative value indicates
less apparent impedance, which results in overreach effect. This error in apparent
impedance measurement is related to fault location, and the current ratio of VSC
HVDC/VSC FACTS and relay. For VSC HVDC and VSC FACTS connected to different
buses, their impacts on distance protection are generally combination of their separate

impacts.
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6.2.2 VSC HVDC and VSC FACTS Connected to Same Bus

Figure 6- 2 shows the simplified single line diagram of a faulted network for the analysis of
impacts of VSC HVDC and VSC FACTS connected simultaneously to same bus on distance
protection of two-ended double-circuit transmission lines. Same topology of transmission
system is studied as presented in 6.2.1, while the STATCOM is connected to B2 the same bus
with VSC HVDC. Same parameters and settings of transmission lines, power system,
distance relays, STATCOM, and VSC HVDC are used as those studied in 6.2.1.

STATCOM H\\//SDCC
¢I STAT ¢ vsc If?
V|_ VR Rf
cBlL 5z CB2 sz 1-p)Z’
OO o (Y
TL1 ’ TL2
—>
Bl B2 I B3
S

Figure 6- 2 Simplified single line diagram of a faulted network for the analysis of impact of VSC
HVDC and VSC FACTS connected to same bus.
The impacts of VSC HVDC and VSC FACTS connected to the same bus on Zone 1

protection are the same with the impacts of VSC FACTS alone that has been studied in
Chapter 5, since VSC HVDC has no significant impacts on Zone 1 protection as studied in
Chapter 4. The impacts of VSC HVDC and VSC FACTS connected to the same bus on Zone
2 protection are studied since they both have significant impacts on Zone 2 protection.

The apparent impedance of VSC HVDC and VSC FACTS connected transmission line
measured by distance relays are derived for SLG faults and three-phase faults to investigate

their impacts.
For SLG faults, the voltages seen by VT at B1 can be expressed as follows:

Vix = Zislsx + 0Z1xlix + IpxRy (6.17)
for x = 1,2, or 0 as a suffix denote of the sequence components, where

155



V.. : sequence phase voltages seen by VT at B1
I, : sequence phase currents seen by CT at B1
I',, : sequence phase current through faulted single-circuit of TL2 from B2 to B3

Iz, - sequence current through fault resistance
R : fault resistance

Z,and Z; . : sequence components of the line impedance of TL1 and TL2

p : fault location from B2 to B3 in per unit of the total line length

The line positive and negative sequence impedances are assumed equal.
Z1=212,211 = Z1, (6. 18)

By adding all three sequence components of left-hand side of (6.17) and substitute (6.18) into
(6.17), the voltage seen by VT can be expressed after simplification as follows:

Vi, =Zp (s + klso) + pZ1, (I + k'I50) + IeR (6.19)
where
V,and I : phase voltage and current of faulted phase through TL1
1. : phase current of faulted phase through faulted single-circuit of TL2 from B2 to B3
I¢ : fault current through fault resistance
k : zero sequence current compensation factors of TL1

k' : zero sequence current compensation factors of TL2

Zio—Z
k==t (6. 20)
k' = _ZLOZ;ZM (6. 21)

For transient response study of double-circuit transmission line, the fault currents through the

double circuits of TL1 can be assumed to be equal due to the line parameters of double
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circuits are same. Hence, by use of KCL law to B2, the relationship of inflow currents and

outflow currents can be expressed as follows:
215 + Iyse + Igpar = I + I (6. 22)
where
Iysc - phase current infeed from VSC HVDC
Isr 47 phase current of faulted phase infeed from STATCOM

I : phase current of faulted phase through unfaulted single-circuit of TL2 from B2 to B3

By substitute (6.22) into (6.19), the voltage seen by VT can be expressed as follows:

Vi =Zp1 (s + klso)
+PZ1x (215 + Iysc + Istar — Is' + k' (2Lso + Iysco + Israro — Is0)1(Us + k'I5o) + I R¢(6. 23)

By use of delta connection at one side of the coupling transformer of VSC HVDC and
STATCOM, the zero-sequence current injection can be eliminated. Hence the zero-sequence

currents are eliminated.

lysco =0 (6- 24)
Istar0 = 0 (6- 25)

By substitute (6.24) and (6.25) into (6.23), the voltage seen by VT can be expressed as

follows:
Vi = Zi1Us + klso) + pZ1[21s + Iysc + Israr — Is' + k' (2Lso — Iso)] + IfR; (6. 26)

By use of phase voltage measurements at B1 (V,) and phase current measurement
compensated by zero sequence current (1), the apparent impedance seen by Distance relay 1
IS given as:

VL ZIS+IVSC+ISTAT_I§,+k,(2150_15,‘:) If
Z =—==17,, +pZ] + =
relayl IL L1 P44 Is _I_kISO IL f

215—1¢ +k' (2150~1§p)
— Z + ZI s— 1S S 0
L1 T P4 Iotklog

¢ lysctistar | If
+ pZLl —15+k150 + 1L Rf (6 27)
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IL :IS+kISO (6 28)
where

Zrelay1 - apparent impedance measured by distance relay

I, : compensated phase current of faulted phase measure by distance relay

For three-phase faults, the phase current seen by distance relay is as follows:

IL :IS+kISO :IS (6 29)
ISZ - ISO - 0 (6 30)
Iy =1l =0 (6.31)

Similarly, the apparent impedance seen by the distance relay is given as follows:

215 + Iysc + Istar — I§ + Il

v,
Z =—==17,,+pZ, R
relayl I, L1 T P41 I, I, f
— 7, + pZ£1 2151:15 n pZil IVSC"I'SISTAT + ;_{Rf (6. 32)

For VSC HVDC and STATCOM connected to same bus, the potential interactions between

these two VSC based power system devices should be considered.

For VSC HVDC and STATCOM operated with same control reference, positive interactions
are expected [166-167]. In this situation, the VSC HVDC and STATCOM connected bus can
be regarded as multiple shunt VSC-STATCOM connected bus with same control reference in
aspect of bus voltage regulation. The bus voltage recovery in transient response is faster as
more shunt STATCOM installed.

The infeed current from VSC HVDC and STATCOM can be expressed as follows:

lysc = \/IVSCdZ + IVSCqZ (6. 33)

Israr = \/ Israra® + ISTATqZ (6. 34)

where
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Iyscq and Iy ¢, phase currents infeed from VSC HVDC in dq0 frame

Israrq and Israrq - phase currents infeed from STATCOM in dqO frame

For VSC HVDC and STATCOM modelled in this study and operated with same control
reference, the power rating of VSC is normally higher than that of STATCOM in practical
situation. Then the relationship of infeed currents in g-axis from VSC HVDC and

STATCOM modelled in this study with same control reference can be expressed as follows:

lyscq > Istarq (6. 35)

For STATCOM with delta connection presented in Chapter 5, the relationship of infeed

currents in d-axis from VSC and STATCOM can be expressed as follows:
Iysca > Istara = 0 (6. 36)

Hence the relationship of infeed current from VSC HVDC and STATCOM can be expressed

as follows:

lysc = \/IVSCdZ + IVSCq2 > Israr = \/ISTATdZ + ISTATqZ (6. 37)

By look into the third term of (6.27) and (6.32), the relationship of error in measured apparent
impedance due to VSC HVDC (AZygc) and error in measured apparent impedance due to
STATCOM (AZgy47) can be expressed as follows:

r 1 11
AZysc = PZL1% > Agrar = PZ14 S,TLAT (6.38)

For VSC HVDC and STATCOM operated with different control reference, negative
interactions are expected [166-167]. In this situation, the bus voltage recovery in transient

response is slower.

By carefully looking into (6.27) and (6.32), the impacts of VSC HVDC and VSC FACTS
connected to same bus on apparent impedance measured by distance relay against external

faults can be summarised as follows:
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1. The first and second terms (Z,; + pZ;, Tkl
N N

) of (6.27)
and (6.32) represent the actual line impedance of TL1 and proportional line impedance of
TL2 to the fault location. The fourth term (II—fRf) represents the contribution of fault

resistance. These terms (the first, second and fourth) are not affected by compensation of
VSC HVDC and VSC FACTS connected to same bus.

2. The third terms (pZj, SCHSTAT ang 7/ Wwsetlstaty of (5.27) and (6.32) indicates that

Is+klso Is

the impacts of VSC HVDC and VSC FACTS connected to same bus on the apparent
impedance measured by distance relay against external fault lead to greater apparent
impedance measurements. The under-reach effect is introduced as their impacts. Since
during external fault, the VSC HVDC and STATCOM are injecting reactive power and
current to support bus voltage, the apparent impedance is greater than test system without
VSC HVDC and VSC FACTS. For steady state, while they are absorbing reactive power
and current from busbar, the third term could be negative. This negative value indicates
less apparent impedance, which results in overreach effect. This error in apparent
impedance measurement caused by VSC HVDC and VSC FACTS is related to the
current ratio, and fault location.

3. For VSC and STATCOM modelled in this study and operated with same control
reference, the error in measured apparent impedance due to VSC HVDC is generally
higher than error due to STATCOM.

6.2.3 VSC HVDC and Multiple VSC FACTS

Figure 6- 3 shows the simplified single line diagram of a faulted network for the analysis of
impacts of VSC HVDC and multiple VSC FACTS on distance protection of two-ended
double-circuit transmission lines. Same topology of transmission system is studied as
presented in 6.2.1, while two STATCOMSs are connected to B1 and B2. Same parameters and
settings of transmission lines, power system, distance relays, STATCOM, and VSC HVDC
are used as those studied in 6.2.1.
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Figure 6- 3 Simplified single line diagram of a faulted network for the analysis of impacts of VSC
HVDC and multiple VSC FACTS.
The impacts of VSC HVDC and multiple VSC FACTS on Zone 1 protection are the same

with the impacts of VSC FACTS alone that has been studied in Chapter 5, since VSC HVDC
system has no significant impacts on Zone 1 protection as studied in Chapter 4. The impacts
of VSC HVDC and multiple VSC FACTS on Zone 2 protection against external faults are

studied since they both have significant impacts on Zone 2 protection.

The apparent impedance of VSC HVDC and multiple VSC FACTS connected transmission
line measured by Distance relay 1 is derived for SLG faults and three-phase faults to
investigate their impacts.

By use of approaches presented in 6.2.1 and 6.2.2, the voltage seen by VT at B1 against SLG
faults can be calculated as follows:

Zyelayr = II/_Z =Znt+Zp, —ISISIA]{TZO PZi1 2l = Iélljfll((ziso ~f
pzj, MCTSAISaT: 4 T R (6. 39)
I, = I, + ki (6. 40)
215 + Iysc + Istary + Istarz = Is + 1§ (6. 41)

where

V,and I, : phase voltage and current of faulted phase through TL1
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I, : compensated phase current of faulted phase measure by Distance relay 1

I, : zero sequence phase currents seen by CT at B1

Israr1@nd Isr 47, - phase current of faulted phase infeed from STATCOM 1 and STATCOM 2
Iy sc - phase current of faulted phase infeed from VSC HVDC

Ig and I§": phase currents of faulted phase through faulted and unfaulted single-circuit of TL2
from B2 to B3

I¢ : fault current through fault resistance

Ry : fault resistance

Zrelay1 - @pparent impedance measured by Distance relay 1

Z;,and Z;, : positive sequence components of the line impedance of TL1 and TL2
p : fault location from B2 to B3 in per unit of the total line length

k : zero sequence current compensation factors of TL1

k' . zero sequence current compensation factors of TL2

k = Z“’Z;LZ“ (6. 42)
k' = —ZLOZleLl (6. 43)

Similarly, the apparent impedance seen by the Distance relay 1 against three-phase faults can

be calculated as follows:

7 _Q_Z +7 ISTAT1+ 7! 215—1§'+ 7! IVSC+ISTAT1+ISTAT2+I_fR 6. 44
relayl = - = 411 T Aia T T P4 T T P4 I 1, Nf (6. 44)

By carefully looking into (6.39) and (6.44), the impacts of VSC HVDC and multiple VSC
FACTS on apparent impedance measured by distance relay against external faults can be

summarised as follows:
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The first and third terms (Z,, + pZ;, Tkl
N S0

) of (6.39)

and (6.44) represent the actual line impedance of TL1 and proportional line impedance of

TL2 to the fault location. The fifth term (j—fRf) represents the contribution of fault
L

resistance. These terms (the first, third and fifth) are not affected by VSC HVDC and
multiple VSC FACTS.

I 1 +1 +1 I
The second and fourth terms (Z,, 222 4 pz;, L2 STATLZSTATZ g 7, , ST418 4
Is+klgg Is+klgg I

pZ!, 'VSC”S”;“”STA”) of (6.39) and (6.44) indicate that the impacts of VSC HVDC and

multiple VSC FACTS on the apparent impedance measured by distance relay against
external faults lead to greater apparent impedance measurements. The under-reach effect
is introduced as their impacts. Since during external faults, the VSC HVDC and multiple
VSC FACTS are injecting reactive power and current to support bus voltage, the
apparent impedance is greater than test system without them. For steady state, while they
are absorbing reactive power and current from busbar, the second and fourth terms could
be negative. This negative value indicates less apparent impedance, which results in
overreach effect. This error in apparent impedance measurement caused by VSC HVDC
and multiple VSC FACTS is related to the current ratio, and fault location

For VSC HVDC and multiple STATCOM, their impacts on distance protection are
generally combination of separate impacts of VSC HVDC and STATCOM connected to
same bus and separate impacts of the other isolated STATCOM.

6.3 Dynamic Simulation Study

6.3.1 Test System with VSC HVDC and VSC FACTS and Protection Relay Settings

The schematic diagram of the trial network is illustrated in Figure 6- 4. There is one GE

MiCOM P40 Agile P443 distance relay located at each end of two-ended transmission lines

from Bl to B2. In this thesis, communications between relays are not considered. Same

transmission line parameters and equivalent voltage source parameters are used as those in
4.4 which are listed in Appendix B.1 and B.2. A VSC HVDC system is connected to B2. A
MMC delta connection STATCOM modelled in 5.2 is connected to Blor B2.
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Figure 6- 4 RTDS based HIL test platform for VSC and STATCOM studies.
Figure 6- 4 shows the same arrangements of VTs, CTs and CBs for one of the

aforementioned series compensated lines between B1 and B2 as applied in Chapter 4. Same
distance protection as applied in Chapter 4 using GE MiIiCOM P40 Agile P443 distance
protection relays is used. Two VTs and two CTs at both ends of the transmission line provide

voltage and current measurements.

The following considerations are taken into account for the setting of the 2-ended distance

protections:

1. Zone 1 is set to 75% of the complete circuit positive sequence impedance. The tripping
delay is set to Oms.
2. Zone 2 is set to reach 150% of the complete circuit positive sequence impedance. The

tripping delay is set to 500ms.
6.3.2 Dynamic Simulation Results of Test System with VSC HVDC and VSC FACTS at
Different Locations

External faults occur at one single-circuit of TL2 from B2 to B3 under such fault conditions:

1. 600ms fault occurred at 5% and 35% of the equivalent whole length of TL1.
2. Fault resistance is 0.01Q, and 1 Q.

3. SLG and three-phase to ground faults are considered.
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Table 6- 1 shows the simulation results of external fault. The tripped zone is noted as “I”, “II”,
or “X” for Zone 1, Zone 2 or no relay operation is seen, respectively. Fault type is noted as
“RYB-G”, or “R-G” for three-phase to ground, or SLG faults, respectively. Different
locations of STATCOM are “VSC+STATB1”, “VSC+STATB2”, or
“VSC+STATB1+STATB2” for connection to B1, B2, or both Bland B2.

noted as

Table 6- 1 Simulation results of external fault

Distance relay 1

Case Fault Fault Fault Fault No VSC
Location Impedance | Type  Duration — > Y>>~  VSC+ VSC+  VSC+STATBI
No STAT STATBL STATB2 +STATB?2
1 105% 0010 |RYB-G| 600ms I I I g
: 1055% | 108.2% | 107.6% 109.5%
2 105% 0.010 R-G 600ms I I I &
: 1059% | 108.9% | 108.3% 110.5%
3 105% 10 RYB-G | 600ms . I & I
106.1% | 108.9% | 108.1% 110.1%
4 105% 10 R-G 600ms I n I I
1065% | 109.6% | 108.8% 111.0%
5 135% 0010 | RYB-G| 600ms I I I I
: 1365% | 147.0% | 1453% 149.1%
6 135% 0.010 R-G 600ms x x x x
7 135% 10 RYB-G | 600ms x x x x
8 135% 10 R-G 600ms x x x x

Figure 6- 5 shows digital signals from RSCAD against a typical external fault Case 1 of
Table 6- 1 with no VSC HVDC or STATCOM, and the trajectory of impedance measurement
by distance relay. Figure 6- 6 shows digital signals from RSCAD against same external fault
with VSC HVDC and STATCOM connected to B1, and the corresponding trajectory of
impedance measurement. Figure 6- 7 shows digital signals from RSCAD against same
external fault with VSC HVDC and STATCOM connected to B2, and the corresponding
trajectory of impedance measurement. Figure 6- 8 shows digital signals from RSCAD against
same external fault with VSC HVDC and STATCOM connected to B1 and B2, and the

corresponding trajectory of impedance measurement.
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As shown in Figure 6- 7, VT and CT send voltage and current measurements (noted as
VA/VB/VC and IA/IB/IC) to distance relay. By use of the received measurements and
impedance calculation algorithm presented in 6.2, the apparent impedance is calculated
(noted as ZIM vs ZRE). The trip signals (noted as TripA/TripB/TripC) are sent to
corresponding CBs, by judgement if calculated apparent impedance is within protection
zones. The CBs are turn off or turn on (noted as CBA/CBB/CBC), controlled by received trip
signals.

By comparison of the apparent impedances measured by distance relay in Table 4- 1, Table
5- 2, and Table 6- 1, the apparent impedance with VSC HVDC and STATCOM s greater
than impedance without them. The under-reach effect of distance relay is seen due to the
incorporation of VSC HVDC and STATCOM. The relationship of measured impedances of
VSC HVDC and different location of STATCOM can be expressed as follows:

ZnoSTAT < ZSTATBZ < ZSTATBl < ZVSC+STATBZ < ZVSC+STATBl < ZVSC+STATBl+STAT2 (6 45)
where
ZnosTar- Measured impedance with no STATCOM or VSC HVDC
Zsrarp1- Measured impedance with STATCOM connected to B1
Zsrar2. Measured impedance with STATCOM connected to B2

Zysc+stargl . measured impedance with VSC HVDC and STATCOM connected to Bl
(different buses)

Zysc+stargz. Measured impedance with VSC HVDC and STATCOM connected to B2 (same
bus)

Zysc+sTari+starz. Measured impedance with VSC HVDC and STATCOM connected to B1
and B2

This relationship of measured impedances of VSC HVDC with different locations of
STATCOM is in line with the conclusions in 6. 2.
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Figure 6- 5 Digital signals from RSCAD against external fault Case 1 of Table 6- 1 with no VSC
HVDC or STATCOM.
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Figure 6- 6 Digital signals from RSCAD against same external fault with VSC HVDC and

STATCOM connected to B1.
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Figure 6- 7 Digital signals from RSCAD against same external fault with VSC HVDC and
STATCOM connected to B2.
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Figure 6- 8 Digital signals from RSCAD against same external fault with VSC HVDC and
STATCOM connected to B1 and B2.
Figure 6- 9 shows the digital signals from RSCAD for a SLG external fault Case 2 of Table

6- 1 with VSC HVDC and STATCOM connected to B2. As voltage and current measurement
of VT and CT (noted as VA/VB/VC and IA/IB/IC) shown in Figure 6- 9, SLG fault occurred.
The three-phase trip signals (noted as TripA/TripB/TripC) are sent to corresponding CBs.
This is due to the fact that distance relay settings require relays trip all three phase for Zone 2

protection.
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Figure 6- 9 Digital signals from RSCAD for a SLG external fault Case 2 with VSC HVDC and
STATCOM connected to B2.
Figure 6- 10 shows digital signals from RSCAD against a 1 Q external fault Case 3 of Table

6- 1 with VSC HVDC and STATCOM at B2, and the trajectory of impedance measurement.
By comparison of the apparent impedances measured by distance relay, the apparent
impedance against 1 Q fault is greater than impedance against 0.01 Q. These results are in
line with the conclusion in 6.2 that the error of measured impedance is positively related to

fault resistance.
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Figure 6- 10 Digital signals from RSCAD for a 1 Q external fault Case 3 with VSC HVDC and
STATCOM at B2.
Figure 6- 11 shows digital signals from RSCAD against a 135% external fault Case 7 of

Table 6- 1 with VSC HVDC and STATCOM at B2, and the trajectory of impedance
measurement by distance relay. It can be seen from Figure 6- 11 that the distance relay is not

tripped if the fault distance is too far. By comparison of the apparent impedances measured
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by distance relay, the apparent impedance against 135% fault is greater than impedance
against 105% fault. These results are in line with the conclusions in 6.2 that the error of

measured impedance is positively related to fault distance.
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Figure 6- 11 Digital signals from RSCAD for a 135% external fault Case 7 with VSC HVDC and
STATCOM at B2.

6.4 Summary

In this chapter, the mathematical representations of the apparent impedance measurement of
distance relay against external faults have been derived considering the infeed current from
VSC HVDC and shunt VSC FACTS connected simultaneously to different buses, VSC
HVDC and shunt VSC FACTS connected simultaneously to same bus, and VSC HVDC and
multiple shunt VSC FACTS. For the derived mathematical representation of the apparent
impedance measurement of distance relay with VSC HVDC and STATCOM connected to
different buses, some part (the first, third and fifth terms) is not affected by them while the
other part (the second and fourth terms) indicates that the impacts of VSC HVDC and VSC
FACTS connected to different buses on distance relay against external faults lead to greater
apparent impedance measurement. The under-reach effect is introduced as their impacts.
Since during the external fault, the VSC HVDC and STATCOM are injecting reactive power
and current to support bus voltage, the apparent impedance is greater than no VSC HVDC
and VSC FACTS. For steady state, while they are absorbing reactive power and current from
busbars, the second and fourth terms could be negative. This negative value indicates less

apparent impedance, which results in overreach effect. This error in apparent impedance
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measurement caused by VSC HVDC and VSC FACTS is related to the current ratio, and
fault location. For VSC HVDC and VSC FACTS connected to different buses, their impacts

on distance protection are generally combination of their separate impacts.

For VSC HVDC and STATCOM connected to same bus, the potential interactions between
these two VSC based power system devices have be considered. The relationship of error in
measured apparent impedance due to VSC HVDC and error in measured apparent impedance

due to STATCOM can be expressed as follows:

, lvsc , Istar
AZysc = PZL1T > AMsrar = PZ14 I,

Hence for the derived mathematical representation of the apparent impedance measurement
of distance relay against external faults with VSC HVDC and STATCOM connected to same
bus, some part (the first, second and fourth terms) is not affected by them while the other part
(the third term) indicates greater apparent impedance measurements. The under-reach effect
is introduced as their impacts. The error in apparent impedance measurement caused by VSC
HVDC and VSC FACTS is related to the current ratio, and fault location. For VSC HVDC
and STATCOM modelled in this study and operated with same control reference, the error in
measured apparent impedance due to VSC HVDC is generally higher than error due to
STATCOM.

As for the derived mathematical representation of apparent impedance measurement of
distance relay against external faults with VSC HVDC and multiple STATCOM, some part
(the first, third and fifth terms) are not affected by compensation of VSC HVDC and multiple
STATCOM while the other part (second and fourth terms) indicates that the impacts of VSC
HVDC and multiple VSC FACTS on apparent impedance distance relay against external
faults lead to greater apparent impedance measurement. This error in apparent impedance
measurement caused by VSC HVDC and multiple VSC FACTS is related to the current ratio,
and fault location. For VSC HVDC and multiple STATCOM, their impacts on distance
protection are generally combination of separate impacts of VSC HVDC and STATCOM
connected to same bus and separate impacts of the other isolated STATCOM.

As shown in dynamic simulation results in RTDS/RSCAD, the apparent impedance with
VSC HVDC and STATCOM is greater than impedance without them, by comparison of the
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apparent impedances measured by distance relay. The under-reach effect of distance relay is
seen due to the incorporation of VSC HVDC and STATCOM.

In general, to conclude the summaries of Chapter 4, Chapter 5, and Chapter 6, the combined
impacts of VSC HVDC and VSC FACTS connected at different busbars are combination of
the separate impacts of VSC HVDC and VSC FACTS. However, when VSC HVDC and
VSC FACTS are connected at same busbar, the control strategy and control reference matters.
Negative interactions between VSC HVDC and VSC FACTS and unstable oscillations would
show, if different voltage references are set. While under same control reference settings, the
relationship of measured impedances of VSC HVDC with different location of STATCOM

can be expressed as follows:

ZnoSTAT < ZSTATBZ < ZSTATBl < ZVSC+STATBZ < ZVSC+STATBl < ZVSC+STATBl+STAT2

The error of the measured impedance is positively related to fault resistance, and fault
distance.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The recent progress of high-voltage high-power fully controlled semiconductor technology
laid the foundation of VSC, which continues to advance the developments of HVDC
technology and FACTS. Nowadays, due to the ever increasing amount of the integrations of
renewable energy sources into power systems and the demand of long-distance bulk power
transmission with enhanced power system controllability and increased power transfer
capability, VSC converter based technology (in particular, VSC HVDC and VSC FACTYS)
has been applied as a crucial solution to these big challenges. However, the high penetration
of these VSC based systems may introduce certain risks to the existing power systems in two

primary aspects: dynamic stability and protection.

This thesis has conducted comprehensive investigations on system dynamic stability and
protection due to the integration of VSC HVDC and VSC FACTS. The main conclusions of
the thesis on system dynamic stability studies of VSC HVDC based MTDC system can be

summarised as follows:

1. In this thesis, an integrated small-signal stability model for the study of interactions
between CFC and VSC has been established, which consists of multiple synchronous
generators with excitation system and PSS, multiple VSC converters, and DC network
with CFC. Modal analysis of small-signal stability model of multi-model system has
been conducted and the modal analysis results have been verified by the simulation
results from RTDS under both small and large AC/DC disturbances.

2. Based on the eigenvalue analysis and dynamic simulations, the incorporation of CFC has
been shown to affect dynamic stability of the existing MTDC/AC system especially the
adjacent VSC converters. Compared to eigenvalue results of AC/DC system without
CFC, there is no significant changes of values of synchronous generator related
conjugate pairs caused by the incorporation of CFC. This indicates that the corporation
of CFC has no significant impacts on dynamic stability of multi synchronous generators.

3. An approach of determining stable/unstable setting ranges of control parameters of CFC
has been presented and validated by simulation results in RTDS/RSCAD. The simulation
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results have demonstrated that the control parameters of CFC could cause instability of
the system if they are not carefully-tuned.

4. Based on eigenvalue trajectory studies of CFC control gains, the variation of CFC
controller has shown to affect dynamic stability of CFC and VSC related modes. These
impacts of CFC on VSC have resulted in different damping characteristics of VSC
related states, as CFC controller changes. This effect can be severe and cause instability
to the AC/DC system, for extreme CFC operating conditions.

5. The variation of VSC controller has shown to affect dynamic stability of synchronous
generators, VSC, and CFC related modes, based on eigenvalue trajectory studies of VSC
control gains. These impacts have resulted in different damping characteristics of CFC
related states, as VSC controller changes. And this effect can be negative and cause
instability of the CFC integrated DC network, for extreme VSC operating conditions. It
has been found that the interactions between CFC and VSC could be severe and may
cause instability to the integrated MTDC/AC system. The proposed modelling approach
and methodology of analysis in this thesis has provided a useful foundation that can be
expanded for potential research of coordinated design of CFC control system and control

system of VSC to avoid possible negative interactions between them.

The main conclusions of the thesis on the impacts of VSC HVDC and VSC FACTS (in
particular, STATCOM as an example to study) on existing feeder distance protection can be

summarised as follows:

1. For test system without/with VSC HVDC, the apparent impedance of test system with
VSC is greater than impedance with no VSC HVDC integration. A RTDS-based HIL
testing platform has been established using realistic transmission data, practical distance
relays, VSC HVDC and multiple detailed STATCOM. The VSC HVDC’s impact on
feeder distance protection has been investigated, by conducting different types of
internal/external fault tests occurred at various distances. The under-reach effect of
distance relay has been found due to the incorporation of VSC. The error of measured
impedance has shown to be positively related to fault resistance, and fault distance.

2. The detailed representation of delta-connected MMC STATCOM has been modelled in
this thesis and its impact on feeder distance protection has been studied.

e For test system without/with STATCOM against internal faults, the apparent

impedance of neighbouring distance relay with STATCOM is greater than impedance
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with no STATCOM. The under-reach effect of neighbouring distance relay has been
found due to the incorporation of STATCOM. The error of the measured impedance
has shown to be positively related to fault resistance, and fault distance. For
impedance measurements of remote distance relay, there is no significant difference
of impedance measurement with/without STATCOM.

e For test system without/with STATCOM against external faults, the apparent
impedance with STATCOM is greater than impedance with no STATCOM. The
under-reach effect of distance relay is seen. The error of measured impedance is
positively related to fault resistance, and fault distance.

3. For test system with VSC HVDC and STATCOM integrated simultaneously at different
locations, the apparent impedance with VSC HVDC and STATCOM is greater than
impedance without them. The under-reach effect of distance relay has been found due to
the incorporation of VSC HVDC and STATCOM. The relationship of error in the
measured apparent impedances due to VSC HVDC and that due to STATCOM can be

expressed as follows:

I} IVSC I} ISTAT
AZysc = pZy1—— > Dgrpr = pZpy——
I I
And the relationship of measured impedances of VSC HVDC with different locations of

STATCOM can be expressed as follows:

ZnostaT < Zstarez < Zstarp1 < Zysc+sTatB2 < Zysc+STATB1 < ZySC+STATB1+STAT2

The impacts of the main contributions of this thesis on the industry and commerce can be

concluded as follows:

1. The dynamic analysis of the impacts of CFC on existing MTDC systems and the
interactions between CFC and VSC converters can be used as a viable methodology to
design and improve DC current flow controllers and their control systems so that they
can be installed into DC grid in practise.

2. The studies of the impacts of VSC HVDC and VSC FACTS on distance protection can
be applied for improvements of the existing distance protection schemes and design of

new distance protection schemes that considers the impacts of VSC systems.
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7.2 Future Work

Built upon the achievements of this PhD work, the possible future works are suggested as

follows:

The dynamic characteristics of modulation technique of VSC converters can be
considered to reflect more accurate dynamic stability of VSC converters. The dynamic
characteristics of modulation algorithm of submodules of MMC can be considered and
the MMC converters can be applied as AC/DC converters for MTDC system.

Other control strategies of MTDC system can be considered, for instance voltage and
active power droop control, and power synchronization control. The study of small-
signal stability analysis of various control strategies can meet the needs of investigation
of system dynamic stability under different control targets.

The coordinated design of CFC control system and control system of VSC can be carried
out in order to avoid possible negative interactions between them.

Investigation of potential interactions between VSC HVDC and VSC FACTS can be
conducted in depth, and the mathematical analysis of these interactions can be performed
for coordinated controlled design of these two VSC based systems.
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APPEDNDIX A

A.l Generator Parameters

Table A- 1 Generator parameters

A.2 Excitation System Parameters

Gl G2 G3 G4
Rated MVA 900 900 900 900
X, 0.2 0.2 0.2 0.2
Ry 0 0 0 0
X4 1.8 1.8 1.8 1.8
X, 0.3 0.3 0.3 0.3
X} 0.25 0.25 0.25 0.25
Tgo 8 8 8 8
T, 0.03 0.03 0.03 0.03
Xq 1.7 1.7 1.7 1.7
Xg 0.55 0.55 0.55 0.55
Xq 0.25 0.25 0.25 0.25
Tyo 0.4 0.4 0.4 0.4
Tyo 0.05 0.05 0.05 0.05
H 6.5 6.5 6.175 6.175
Table A- 2 Excitation system parameters
G1 G2 G3 G4
K, 200 200 200 200
T, 0.05 0.05 0.05 0.05

A.3 PSS Parameters

Table A- 3 PSS parameters

Gl G3
Koo 10 10
T, 10 10
T, 0.05 0.05
T, 0.02 0.02
T, 0.08 0.08
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Ty

0.015

0.015

A.4 Transmission Line Parameters

Table A- 4 Transmission line parameters

End 1 bus index | End 2 bus index Resistance Reactance Line charging

(p.u.) (p.u.) (p.u.)

1 5 0 0.0167 0

2 6 0 0.0167 0

3 11 0 0.0167 0

4 10 0 0.0167 0

5 6 0.0025 0.025 0.0437

10 11 0.0025 0.025 0.0437

6 7 0.001 0.01 0.0175

9 10 0.001 0.01 0.0175

7 8 0.0022 0.22 0.385

8 9 0.0022 0.22 0.385

A.5 Generation Data

Table A-5 Generation data

Active power Reactive power
(MW) (Mvar)
Gl 700 185
G2 700 235
G3 700 176
G4 700 202

A.6 Load Data

Table A- 6 Load data

BUS index Active power | Reactive power | Reactive compensation
(MW) (Mvar) (Mvar)
7 967 100 200
9 1767 100 350
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A.7 VSC Parameters

Table A- 7 VSC parameters

VSC1 VSC2 | VSC3

R.(Q) 0.01 0.01 0.01

L.(mH) 7.18 7.18 7.18
Cyc(mMF) 5 5

A.8 DC Network Parameters

Table A- 8 DC network parameters

End 1VSCindex | End2VSCindex | Resistance | Reactance
Q) (H)
1 2 1 0.07
1 3 1 0.09
2 3 1 01

A.9 CFC Parameters

Table A-9 CFC parameters

CFC

Ccfc(mF) 1
dgq 0.5
dg 0.5
dg» 0.5
dg» 0.5
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APPENDIX B

B.1 Transmission Line Parameters

Table B- 1 Transmission line parameters

TL1 TL2
Length (km) 254 26.7
Z; (Q/km) 0.32,84.8° 0.31285.4°
Zo (©/km) 0.85£80.7° | Z0=0.84,80.3°

B.2 Equivalent Voltage Sources and Internal Impedance Parameters

Table B- 2 Equivalent voltage sources and internal impedance parameters

Voltage Source Voltage
1 Source 2
Voltage level (kV) 400 400
Z; () 1.37286.5° 1.37486.5°
Zy () 3.82286.5° 3.82486.5°
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