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Synopsis

The backbone of all industrialised nations is the success of the power sector, which involves
an efficient, reliable and secure means of power generation, transmission and distribution.
Industrial growth and urbanisation have together endlessly stimulated electrical engineers
to ensure that the electric power needs of the society are met. In pursuance of this quest
and because of increasing demand, additional power plants and more transmission lines are
built to deliver power to the load centres. Due to this increasing demand, the amount of
power that needs to be generated and transmitted to the load centres has increased

significantly.

Conventionally, High Voltage Alternating Current (HVAC) has been adequate for this
purpose. In more recent times (since 1954), High Voltage Direct Current (HVDC)
transmission has been used increasingly due to its advantages over HVAC for the long-
distance transmission of bulk power. The debut of HVDC transmission has allowed for the
connection of asynchronous power networks and underwater power transmission.
Moreover, research has indicated that HVDC transmission lines increase the stability of
power systems. The increase in the use of HVDC lines for transmission is also due to their

reduced power loss and efficiency in power transmission as opposed to HVAC transmission.

One of the major concerns in respect of power systems that have been reported as early as
1912, however, is the issue of power system stability. This can be classified into voltage
stability, frequency stability and rotor angle stability, the last of which will form the core of
this thesis. Rotor angle stability can be divided into transient stability and small signal
stability. However, load flow (power flow) analysis plays a significant role in, and is a primary
level analysis of any power system. This is achieved by using advanced computational tools
(software packages) to solve and determine the power flow in power systems. The use of
advanced computational tools in the analysis of a power system is driven by complexity in
power systems, the need for infrastructure expansion and planning which extends the use
of such computational tools to stability analysis, contingency planning, distribution and
protection. Several computational tools are available in the market for the analysis of power
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systems. These include PSAT, Matlab, PSCAD/EMTDC and DigSILENT. Each of these
computational tools has different strengths and weaknesses. This means that the choice of
which software package to use in analysing a power system must be made carefully to
ensure that correct results are obtained. In this thesis DigSILENT powerfactory is used for
both the load flow and rotor angle stability analysis. Both transient stability and small signal
stability will be considered. The reviewed literature has concluded that little work has been
carried out in the area of parallel hybrid HVAC-HVDC transmission when compared with
HVDC transmission. This thesis, thus, could contribute enormously to the available literature
on hybrid parallel HVAC-HVDC power system interconnections. Also in this thesis, the
modelling of an HVDC transmission line was explained, and an insight given, into the theory

of HVAC and HVAC-HVDC load flow calculations using Newton-Raphson’ algorithm.

To carry out the main objective of this thesis - power flow and rotor angle analysis of HVAC-
HVDC interconnected power systems - two power system models were developed. These
are the Single Machine Infinite Bus (SMIB) and the Two-Area Multi-Machine (TAMM) power
system. In each of these models two transmission configurations are considered, namely,
HVDC transmission and hybrid HVAC-HVDC transmission. In order to determine the rotor
angle stability of the Single Machine Infinite Bus and the Two-Area Multi-Machine power
systems, two types of fault were considered. The first was a DC system fault at both rectifier
and inverter DC terminals of the HVDC line. Following this, a generator 3-phase to ground
fault was considered. The fault in each case lasted for 50 ms. Furthermore, modal analysis
was carried out to investigate the small signal stability of both power system models. While
modelling the HVDC transmission scheme some challenges were faced. These included
HVDC line modelling and the choice of the DC line parameters, converter control, reactive
power compensation and load flow analysis. For the hybrid parallel HVAC-HVDC
transmission scheme, the major challenge, in addition to the challenges inherited from the
HVDC transmission line modelling, was the transmission scheduling between the HVAC and

the HVDC transmission line.
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The load flow analysis conducted on the SMIB power system indicated that the voltage drop
across the HVDC transmission line for both transmission configurations was 0.03 pu. The
reactive power demand by the converter stations was 3191 Mvar using HVDC transmission
and 1824 Mvar with the hybrid HVYAC-HVDC transmission. As a result, there was a 42.8 %
decrease in the amount of reactive power demand by the converter stations. For both
transmission schemes, the delivered real power to the distribution centre was the same at
1942 MW. Given that the transmission line losses in the two cases are different, the
transmitted power in each case was different. The transmission loss in HVDC transmission
line was found to be 54 MW while the loss in the hybrid HVAC-HVDC transmission line was
found to be 82 MW. Therefore, the HVDC transmission scheme had the lowest transmission
loss. Nevertheless, the hybrid HVAC-HVDC transmission scheme provided a solution for
reducing the voltage angle difference between the terminating AC busbars on the HVAC and
HVDC transmission line, while keeping the total amount of power transmitted constant.
Consequently, the steady state stability margin is increased. This seems to be one of the

major advantages of the hybrid HVAC-HVDC transmission line configuration.

The transient simulation results indicated that the SMIB power system regains stability
faster with the use of HVDC transmission, after been subjected to AC and DC faults. This is
explained by the reduced number of post fault rotor angle oscillations in the power system.
These oscillations increased notably with the hybrid HVAC-HVDC transmission line. Some
generators exceeded their maximum capacity due to reactive power generation during the
transients, hence, there is a need for (dynamic) reactive compensation, or the generators
which exceeded their maximum reactive power generation should be disconnected during
the fault. Based on the findings in the section on small signal stability, it is concluded that
the HVDC transmission scheme has less electromechanical modes when compared with the
hybrid HVYAC-HVDC transmission scheme. In the hybrid HVAC-HVDC transmission scheme, a
new electromechanical mode was formed. Hence, the hybrid HVAC-HVDC scheme is less
stable and more susceptible to small signal instability when compared to the HVDC scheme.
The load flow analysis conducted on the TAMM power system indicated that the voltage

drop across the HVDC transmission line was 0.03 pu when HVDC transmission was used and
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0.02 pu while using the hybrid HVAC-HVDC transmission line. The reactive power demand
by the converter stations was 2466 Mvar using HVDC transmission and 1411 Mvar with the
hybrid HVAC-HVDC transmission. As a result, there was a 57.2 % decrease in the amount of
reactive power demand by the converter stations. The power loss in transmission using
HVDC was found to be 56 MW, which is 29 MW lower than the power loss on the hybrid
HVAC-HVDC transmission line.

The transient simulation results showed that the rotor angle responses of the generators in
each area of the power system were found to be similar during the converter DC fault at G3.
Nevertheless, the rectifier fault was found to be more severe on the rotor angle stability
when compared to the inverter fault for the HVDC transmission scheme. For the hybrid
HVAC-HVDC transmission scheme, the difference between the severity of the rectifier and
the inverter fault on the rotor angle of G3 was not significant. The terminal voltage dip at G3
during the rectifier DC fault was larger than the terminal voltage dip at G3 during the
inverter fault across both transmission schemes. This dip however, was found to be reduced
with the hybrid HVAC-HVDC transmission scheme. The reactive power increase at G3 during
the inverter fault was 800 Mvar lower than the reactive power increase during the inverter
fault with the hybrid HVAC-HVDC transmission line. The inverter DC fault was more severe
as compared to the rectifier DC fault on the rotor angle of G2 across both transmission
schemes. The inverter DC fault however, was more severe with the HVDC transmission
scheme when compared to the hybrid HVAC-HVDC transmission scheme. The terminal
voltage shoot during both inverter and rectifier DC fault was found to be reduced with the
hybrid HVAC-HVDC transmission scheme. During the converter DC fault, the terminal
voltage at G2 had more post fault oscillations when the hybrid HVAC-HVDC transmission line
was used. The active power increase during both converter faults was reduced with the
hybrid HVAC-HVDC transmission line. Similarly, the reactive power drawn at G2 during the
converter faults was reduced by using the hybrid-HVAC-HVDC transmission line. Only G3
exceeded its capacity during the converter fault due to the additional active and reactive
power it had to provide. To prevent this, there is a need for (dynamic) reactive power

compensation, or G3 would be disconnected during the converter fault.

Page | vii



Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

In the TAMM power system model, the response of G2 to the 3-phase to ground fault at G4
was found to be somewhat similar when compared to its response to the converter DC fault
with both transmission schemes. At G3 however, the active power during the 3-phase to
ground fault decreased before increasing to steady state with the HVDC transmission line,
which is different to its response to the converter DC fault. During the converter DC fault,
the active power increased first before decreasing. With the hybrid transmission line, the 3-
phase to ground fault at G4 was more severe on the rotor angle of G3, although the impact
it had on the reactive power and the active power generation at G3 was the same with that
of the HVDC transmission scheme. From the results obtained on the small signal stability
analysis, it can be concluded that the HVDC transmission scheme has less inter-area
oscillations when compared to the hybrid HVAC-HVDC transmission scheme. In the hybrid
HVAC-HVDC transmission scheme, a new electromechanical mode was formed. Hence, the
hybrid HVAC-HVDC scheme is relatively less stable and more susceptible to small signal
instability, when compared to the HVDC scheme. For the Hybrid HVAC-HVDC transmission
scheme, the only state that contributed to oscillatory mode is the speed. The excitation flux

contributed to one of the modes for the HVDC transmission scheme.
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CHAPTER 1

INTRODUCTION

During the last three years South Africa has experienced power outages due to the strain on
the existing generating capacity and the increasing load demand. Existing High voltage AC
(HVAC) transmission lines are not efficient in transmitting bulk power over long distances.
This paved the way for recent discussions about the building of new power stations and
upgrading existing transmission infrastructures to alleviate the situation. With regards to
the transmission of bulk power over long distance, the use of HVDC is the preferred means.
However, HVDC transmission lines are used in conjunction with HVAC transmission lines.
Therefore there is a need to investigate the effect of the interaction of HVDC transmission

lines with existing HVAC transmission lines.

This thesis deals with power flow (load flow) and rotor angle stability studies of HVAC-HVDC
power system interconnections using DigSILENT (developed by DigSILENT GmbH in
Germany). This software package is used in industry and in the educational sector for
network optimisation, protection, distribution planning and the analysis of steady state and
fault conditions. Two network models are used in this thesis; the Single Machine Infinite Bus
(SMIB) and the Two-Area Multi-Machine (TAMM) power system models. In each of these
models, power flow studies are conducted using the HVDC transmission and the hybrid
HVAC-HVDC transmission schemes. Furthermore, transient and small signal analyses are
conducted on the two power system models each with the two different transmission

configurations.

11 BACKGROUND TO THESIS

The continuous need to increase generation and transmission capacity which is driven by
industrialisation and growth across the globe, in addition to the debut of HVDC transmission

which has seen increasing global acceptance since the 1950s led to the initiation of this
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thesis research work [1, 2, 3]. The first HVDC transmission scheme in South Africa was the
Cahora-Bassa Hydro-electric scheme between Mozambique and South Africa with a capacity
of 1920 MW. This increased the amount of power available to Eskom for distribution to its
customers. To increase South Africa’s generating capacity, Eskom accelerated the building of
new power stations across the country, returning old power stations back into service, and
upgrading others [4]. Since the capacity expansion programme started in 2005 with a
budget of R385 billion, an additional 4, 453.5 MW has been commissioned as of March
2009. By 2017, an additional 16, 204 MW is planned to be added to South Africa generating

capacity [5].

Examples of HVDC schemes include the HVDC Pacific Intertie in the USA which has a total of
3100 MW over a distance of 1360 km [7], the Hydro Quebec New England link which
exchanges 2250 MW via HVDC transmission, Itaipu HVDC scheme in Brazil with a capacity of
6300 MW [7, 8], the cross channel UK-France scheme with a capacity of 2000 MW and
Wybord in Russia with a capacity of 1050 MW [7]. The scheme between the North and
South Islands of New Zealand is of 1240 MW capacity. In China, the first HYDC transmission
scheme known as the GESHA scheme has a capacity of 1200 MW which interconnects
central China and eastern China over a distance of 1045 km [9]. As of 2005, the worldwide
installed HVDC capacity was 55GW which is 1.4% of the worldwide installed generation
capacity [10, 11]. Moreover, the literature review also indicated that few published works
are available in the field of hybrid HVAC-HVDC parallel transmission. The issue of power
system stability which has been documented as early as 1912 plays a significant role in the
expansion of transmission infrastructure. These stability issues include rotor angle stability,
frequency stability and voltage stability [1, 2, 7, 12]. Therefore, as the power utility in South
Africa, Eskom plans to build additional transmission infrastructure to support its existing
infrastructure, it has become increasingly important to investigate the effect that
introducing HVDC transmission lines will have on the entire system in areas of load flow and
rotor angle stability. In the SMIB and TAMM power system models, HVDC transmission and
hybrid parallel HVAC-HVDC is been adopted. Under the analysis of the rotor angle stability,

both transients and small signals will be considered.

Page | 2



Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

1.2 OBJECTIVES

The objectives of this thesis were to:

® |nvestigate the interaction between HVAC and HVDC transmission lines during
steady-state and fault conditions. This was achieved by analysing the load flow and
rotor angle stability of power system models which are interconnected by HVDC and
hybrid HVAC-HVDC transmission lines; and

e Compare the performance of the power system with HVDC line alone and hybrid
HVAC-HVDC.

13 METHODOLOGY

A literature review was conducted to enhance the researcher’s knowledge around the topic
of the thesis. Following the literature review, it was decided that two major types of power
system would be considered. These are the Single Machine Infinite Bus (SMIB) and the
Multi-Machine Power System model. For the latter, only a Two-Area power system model is

considered.

The load flow calculation tool in DigSILENT was used for the load flow analysis. Parameters
such as bus voltage angle, bus voltage magnitude, active power flow, reactive power flow
and power loss in transmission were observed to check and ensure that the system was
operating under normal conditions. In addition to this, the reactive power demand by the
rectifier and the inverter was also analysed in relation to the reactive power supplied by the
generating stations, to determine the amount of reactive power compensation by capacitor

banks.

The stability analysis tool in DigSILENT was used to conduct the transient and small signal
stability analysis. In the section on transient stability, relatively large disturbances such as
DC faults at the rectifier and inverter DC terminal and 3-phase to ground fault at one
generating station were simulated. Each of these fault lasted for 50 ms. The pre-fault and
post-fault operation conditions of the generators were observed. This was carried out by

analysing the behaviour of the rotor angle, terminal voltage, active and reactive power at
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the generating stations before, during and after the fault. Modal analysis tools in DigSILENT

were used to conduct the small signal analysis on the SMIB and the TAMM power system.

Figure 1.1 illustrates the system models and the analyses that were conducted on the

system models using both HVDC and hybrid HYAC-HVDC transmission schemes.

Figure 1.1 Thesis Development Diagram

For each of the models, load flow and rotor angle stability analysis were conducted under
two cases. In the first case, HVDC was used for transmission while in the second case, hybrid
HVAC-HVDC was used for transmission. In the transient stability section, rectifier and
inverter DC faults were simulated to represent the DC fault. For the AC fault, a generator 3-

phase to ground fault was simulated. In all the fault scenarios, the fault lasted for 50 ms.
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14 LIMITATIONS AND SCOPE

Analysis and simulation are limited to two power system models built in DigSILENT. In the
simulation it was assumed that the load demand was 2440 MW, which is twice the Surge
Impedance Loading (SIL) of a HVAC transmission line at 500 kV with an additional 440 MW.
Hence in case 1, two HVDC transmission lines were used to deliver 2000 MW to the
distribution centre over 500 km instead of using HVAC. One of the HVDC transmission line
was replaced in case 2 with a HVAC transmission line to form hybrid HVAC-HVDC

transmission.

1.5 CONTRIBUTIONS OF THIS THESIS

On account of the simulations carried out in this thesis, certain results have been considered
as contributions to the existing body of knowledge regarding the interconnection of HVAC
and HVDC transmission lines, as well as parallel hybrid HVAC-HVDC transmission. These

contributions include the following:

® The use of hybrid-HVAC-HVDC transmission significantly reduces the power angle at
the terminating AC busbars as compared to the case where only HVAC is used. The
decrease in power angle is achieved by controlling the power that is transmitted via
the HVDC line. This is beneficial to the steady state stability of the power system;
and

* An additional inter-area mode is introduced to the power system when hybrid HVAC-

HVDC transmission is used. This is as a result of the AC link between the two areas.
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1.6 STRUCTURE OF THE THESIS

This section aims to provide insight into the content of the rest of this thesis, from chapter

two which introduces HVDC transmission, to chapter nine which concludes this thesis.

Chapter two introduces HVDC transmission. It discusses the advantages of HVDC

transmission, the main configurations of HYDC schemes and transmission line types.

Chapter three discusses the theory of AC to DC conversion, harmonic filters and reactive

power compensation which forms a critical part of HVDC transmission.

Chapter four deals with load flow analysis of HVAC interconnected systems and HVDC

interconnected power systems.

Chapter five focuses on the control of HVDC transmission schemes. It covers the real and

ideal V-l characteristics of HVDC control.

Chapter six looks into rotor angle stability and deals with the behaviour of synchronous

machines under fault conditions.

Chapter seven presents the simulation results from the Single Machine Infinite Bus power
system model using DigSILENT. This includes load flow analysis, transient stability and small
signal stability studies. In each of these sections; the two transmission configurations

namely HVDC and hybrid HVAC-HVDC are used.

Chapter eight presents the simulation results from the Two-Area Multi-Machine power
system model using DigSILENT. It also includes load flow analysis, transient stability and
small signal stability studies. In each of these sections; the two transmission configurations

namely, HVDC and hybrid HVYAC-HVDC are used.

And finally, conclusions and recommendations are given in chapter nine.
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CHAPTER 2

HVDC TRANSMISSION SYSTEMS

The first HVDC transmission line was put into service in 1954 between the Swedish mainland
and the island of Gotland. This system was an underwater link spanning 90 km with a
capacity of 90 MW. The development in the use of thyristor valve converters has led to the
growth in the use of HVDC for transmission, especially for long distance bulk transmission,
underwater transmission and asynchronous connections with larger schemes now in

operation across the globe [13].

For example, the HVDC Pacific Intertie in the USA has a total of 3100 MW over a distance of
1360 km, the Hydro Quebec New England link exchanges 2250 MW via HVDC transmission,
the Itaipu HVDC scheme in Brazil has a capacity of 6300 MW, the cross channel UK-France
scheme has a capacity of 2000 MW and the Wybord in Russia has a capacity of 1050 MW
[7]. The scheme between the North and the South Island of New Zealand is 1240 MW and
the Cahora-Bassa Hydro-electric scheme between Mozambique and South Africa has a
capacity of 1920 MW [14]. In China, the first HVDC transmission scheme known as the
GESHA scheme has a capacity of 1200 MW which interconnects central and eastern China
over a distance of 1045 km [9]. As of 2005, the worldwide installed HVDC capacity was 55

GW which is 1.4% of the worldwide installed generation capacity [10].

HVDC is obtained directly from High Voltage Alternating Current (HVAC) through the use of
HVDC converters and their associated devices like filters, reactors and capacitor banks which
provide reactive power support for the HVDC converters. In most HVDC schemes around the
world, the twelve-pulse thyristor converter configuration has been adopted to reduce the
requirements for smoothing the DC waveform [12]. With regards to power system stability,
it has been shown that the use of HVDC transmission lines in parallel with HVAC
transmission lines increases the strength and the stability of the system. An example of such
an interconnection is the Pacific HVDC Intertie in between California and Oregon [15].
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Three major types of transmission lines are used in High Voltage Direct Current
Transmission lines (HVDC). These are overhead transmission lines, underground cables and
sub-marine cables. Each of these HVDC transmission lines can be designed using different
link configurations. The most common link configurations are the monopolar and bipolar

configurations.

2.1 ADVANTAGES OF HVDC TRANSMISSION
2.1.1 Bulk Power Transmission

HVDC transmission provides a more economical mode of power transmission for long
distances as opposed to HVAC transmission. Research has shown that once the length of a
transmission line exceeds a certain distance known as the breakeven distance, HVDC
transmission lines become more economical than HVAC transmission lines. The breakeven
distance, as shown in figure 2.1, is approximately 500 — 800 km for overhead lines and 40-50
km for underground cables. As a result, it is more affordable to use HVDC for very long

distance transmission of bulk power [16].

C {cost)
'y AC

>
d’ D (distance)

Figure 2.1 HVDC versus HVAC Transmission Cost Variation with Distance [4]

2.1.2 Reduced Transmission Losses

HVDC transmission lines (i.e. submarine, underground and overhead transmission lines) do
not make use of the three phase cables as in HVAC transmission therefore; the I’R losses
incurred in the DC lines are lower than that of the AC line. This is explained in [17] as

follows:
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For a given cable conductor area, the line losses with HVDC cables can be about half
those of AC cables. This is due to AC cables requiring more conductors (three phases)
to carrying the reactive component of current, the skin-effect, and the induced
currents in the cable sheath and armour. Since HVDC allows the use of fewer

conductors, these losses are reduced.

2.1.3 Asynchronous Ties

Another advantage of HVDC transmission is the interconnection of asynchronous systems,
which allows for a more economical operation. This kind of interconnection often uses a
back-to-back converter and in some cases, both AC-to-DC and DC-to-AC converters are at
the same site [14]. Asynchronous ties act as a ‘fire wall’, preventing the propagation of
cascading system faults. Examples of such connections exist in North America, between
Mexico and the south-west power pool (SPP), also between Quebec and its neighbours

(New England and the Maritimes) [17].

2.1.4 Power Transfer and Stability Limits

Research has shown that the power transfer capability of HVAC lines decreases as the
distance increases due to line reactance and stability issues. That is, the power transfer in
AC transmission lines depends on the angle difference between the voltage phases at the
sending and receiving ends. For a lossless line, the theoretical steady-state maximum power
transfer is reached when the power angle & = 90° as given in equation 2.1 [18]. The stability

of the system cannot be maintained beyond this angle, [16, 19].

VvV
P=—Eging (2.1)
X
Where

P: Active power

Vs and Vg : Sending-end voltage and Receiving-end voltage

X: Linereactance
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2.2 MAIN CONFIGURATION OF HVDC TRANSMISSION SYSTEMS

2.2.1 Monopolar

This link uses one conductor for transmission and utilises the ground, sea or a metallic
conductor for return. The ground currents when the earth is used as a return path in a
monopolar setup needs careful consideration and analysis to prevent high levels of
interference with other utilities such as communication networks. The use of earth as return
could impact negatively on the environment and the wellbeing of animals. Moreover, the
reliability of ship navigation equipments and undersea systems could be compromised. The
use of a metallic conductor as return is normally adopted in areas where the resistivity of
the soil is too high [15, 20]. Figure 2.2 shows a monopolar HVDC link using the earth as a

return path.

ot e
T L

Figure 2.2 Monopolar DC Link Configuration [20]

2.2.2 Bipolar

The bipolar link has two conductors of negative and positive polarities. Each terminal in this
configuration has two sets of converters whose ratings are identical. The junction between a
set on each terminal is grounded as seen in figure 2.3. This type of HVDC link is more reliable
than the monopolar link as one set of converters can still be in operation in the event of a

disturbance, such as faults on the other set of converters [20].
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- | [ .

Figure 2.3 Bipolar DC Link Configuration [20]

In bipolar systems, ground wires are used to counter the effect of harmonic currents flowing

through the ground, thereby reducing interference with communication networks [15, 20].

2.2.3 Back-to-Back

The existence of the back-to-back link is one of the major benefits of using HVDC
transmission. This link can either be monopolar or bipolar and is used mainly to connect two
asynchronous AC networks, i.e. networks which adopt different operating frequencies. From
a global perspective, the whole of America, excluding Paraguay and Argentina, uses 60 Hz as
its operating frequency. The rest of the world adopts the 50 Hz standard, with the exception

of Japan which uses both frequencies.

2.2.4 Multi Terminal HVDC Links

This consists of several two-terminal HVDC systems. The first Multi-Terminal HVYDC (MTDC)
system was the Sardinia-Corsica-ltaly scheme which was completed in 1991. MTDC schemes
could be designed using two major configurations, namely, constant voltage parallel scheme
and the constant current series scheme. In the parallel configuration, the converters are
connected in parallel. This means that all the converters will operate at the same voltage.
This configuration can either be a radial or a meshed connection. In the series configuration,
the converters are connected in series, thereby allowing the same direct current to flow

through them [19].
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2.3 HVDC TRANSMISSION LINE TYPES
2.3.1 Overhead Lines

Overhead HVDC transmission lines offer a more economic solution to long distance bulk
power transmission as opposed to HVAC. One of the reasons for this is that fewer
conductors are used in it as compared with HVAC, especially in the monopolar HVDC
transmission line configuration. Overhead transmission lines can be used for short, long and

very long distances.

2.3.2 Underground and Submarine Cable

A cable is an assembly of one or more electrical conductors with a sheath covering the
assembly. Between the conductors and the sheath are different layers of insulation. The
type of insulation and the number of insulative layers used depends on the cable
application. HV cables (i.e. AC or DC) usually have two or more insulative layers between the
conductor and the sheath. Breakdowns in HVDC cables occur mainly due to the punctures

within the insulative layers of the HVDC cable.

Due to the absence or very much reduced ionic motion (i.e. the movement of electrons in a
conducting material) and large kinetic energy caused by the alternating nature of HVAC, the
working stress of oil-impregnated paper-insulated cables used in HVDC transmission lines
can be as high as 30-40 kV/mm. This is about three to four times higher than the 10 kV/mm
in AC cables of the same insulation. Another advantage, in addition to the absence of high
ionic motion in DC cables, is the reduction in the heat level of the cables which inherently
reduces the power loss [20]. An example of submarine HVDC cable application is the 600
MW, 450 kV, monopole, 250 km HVDC transmission cable buried under the Baltic sea
between Germany and Sweden. The submarine cable was chosen largely due to the

unavailability of the right of way for overhead transmission [10].

24 HVDC TRANSMISSION LINE MODELLING

HVDC transmission lines can be modelled as a T or T model [21]. T or T models may not be
adequate for a very long line where both precision and accuracy in models are important

(i.e., for fast transient studies were travelling waves are of importance). In this case,
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distributed parameters line model should be used. The difference between HVDC and HVAC
transmission lines is that HVAC transmission lines have a higher value of susceptance and
reactance as opposed to HVDC transmission lines. Typical HVDC transmission line

parameters are given in table 2.1.

Table 2-1 HVDC Transmission Line Impedances [15, 22, 23, 24, 25]

HVDC Line Impedance
S/No R(Q/Km) L(mH/Km) C(nF/Km) | Line voltage
1 0.015 0.792 14.4 500
2 0.0281 2.249 10.06 500
3 0.0625 22.9 * 500
4 0.01 1 13 500
5 0.0029 12.5 260 500
2.4.1 Pie Model

Figure 2.4 shows the nominal ©-model of a HVDC transmission line.

Figure 2.4 Nominal Pie (rt) Circuit Model for HVDC Transmission Line

The equivalent impedance calculations are similar to the T-circuit equivalent. The sending
end voltage and current for the nominal nt-circuit model of the transmission line are derived

in equations 2.3 to 2.9 [26].

I, =1,+I, (2.3)
I, =1,+ Vil
2 (2.4)
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Vo =ZI, +V, (2.5)

V :(1+%ij +7ZI, (2.6)
V.Y

Iy = 52 (2.7)

Iy=1,+1, (2.8)

I :Y(1+YTZJVR +(1+%le (2.9)

Where V : DC Voltage at the sending end of the HVDC transmission line
V. : DC Voltage at the receiving end of the HVDC transmission line
I;: DC Current at the sending end of the HVDC transmission line

I: DC Current at the receiving end of the HVDC transmission line
Y /2: Half of the total shunt admittance

I, =Current through the shunt admittance at the sending end
I, =Current through the shunt admittance at the receiving end

Z = Impedance of the HVDC Transmission Line
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2.4.2 T-Model

Figure 2.5 shows the T circuit equivalent of a HVDC transmission line.

Iy Iz

El E?’I Zz
o R —3 AR S
fl
'T’rs % bs VR

[=

Figure 2.5 T-Circuit Model for HVDC Transmission Line

The sending end voltage and current for the T-circuit model of the transmission line are

derived in equations 2.10 to 2.15 [26].

V=V
[,=—"F% (2.10)
ZZ
Vi=Vi+Z,1, (2.11)
ViV
IS=KY+J§—5 (2.12)

2

From equations 2.11 and 2.12,

I, =V Y +1,(+ZY) (2.13)

Vo=V, +Z1, (2.14)
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Substituting equations 2.11 and 2.13 into 2.14,

V=V, (+ZY)+1,(Z, +Z, + Z,Z,Y) (2.15)

Therefore, the sending end current and voltage are given by equations 2.13 and 2.15

respectively.

2.4.3 HVDC Transmission Line Frequency

The HVDC transmission line model comprises of passive components which are arranged in
different forms depending on the model in question. These passive components include
resistors, inductors and capacitors. Thus, modelling the transmission line correctly is largely
dependent on the frequency used for calculating the line reactance. The HVDC transmission
line operates in two major conditions, in steady state and also in the presence of transients.
An investigation into the frequency range used for calculating the line parameters under
both conditions (i.e. steady state condition and under transient conditions) indicated that, 5
Hz is used under steady state conditions and 90 Hz for the transients [20, 27]. Table 2.2

shows a range of frequencies used by different authors for this calculation.

Table 2-2 Typical Frequency Values for a HVDC Line

DC line Frequency

S/No Steady state High Frequency transients | References
1 5 Hz 90 Hz [13]

2 - 100 Hz [22]

3 5Hz 90 Hz [20, 27]

4 5Hz 90 Hz [28]

5 25Hz-3.1Hz - [29]
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CHAPTER 3

AC To DC CONVERSION

Figure 3.1 shows the AC to DC conversion and DC to AC conversion. AC Power is generated

at bus 1, it is converted to DC using a twelve-pulse rectifier and is transmitted over a HVDC

transmission line to the inverter where the DC to AC conversion process takes place.

- --——--:-r: - ,,,,———,,e,,—,W,:-—,—ms—:—e|//,——: 0rm -_--,_e-:—--_-_———_ /"
| r - _‘ Buss Busg r - _‘ Bus1n |
| Bus1 — l HWDC Line I_ |
PDC ‘
| | | VI z26° V[ | |
Bus2 o ba BusT
| s T3 |
4 Rect
| "_|_( Q )_"+'-{_' Z§:| It [iz — |
| o0l B | | @
v @ |

Bt | | | | :

i
| Bus4 —g— Bust —p— Inverter AC Side |
| Rectifier AC Side | ‘ ‘ " |

Bus3 Busg bm M

| Pws—at | £ | | H | :”: | =

i

| $ Rec2 Inv2 32 I
| - = "= -— * |
]

| |_ e |_ o & J Load |
| Rectifier Station Imverter Stafion |
I_ HVDC Transmission

Figure 3.1 AC to DC Conversion and Transmission

Assuming the magnitude of the input line-to-neutral RMS AC voltage is V; andV,,V;, V. are

the phase voltages,
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V, =V, cos(6+60")
V, =V, cos(6-60") (3.1)
V. =V, cos(6-180")

Then, the line-to-line voltage between phase A and Cis:
V.=V, V. =3V, cos@+30") (3.2)
V. and V., can be derived similarly.

Since the conversion is a full wave three-phase rectification, a full cycle of 360° has six

pulses separated by 60° each [21]. By integrating V.c over a 60° period, the average DC

voltage, V. is obtained taking the delay angle & into consideration at the rectifier [21].

Vo = de (3.3)

3 ra

; I-(GO”—a) Vic
After integrating and neglecting commutation overlap,
342

Ve ZTVSB.a.cosa (3.4)

Where: B = Number of converter bridges

a = Transformer turns ratio

32

Ve =7VSRB.a.cosa (3.5)

32
Ve =7VS,B.a.Cos7 (3.6)
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\% -V
I,= DC(R) DC(I) (3.7)
R, +R, +R,

Where: Voer = Rectifier DC voltage

V¢r = Rectifier AC Voltage

Vpea = Inverter DC voltage

Vi =lInverter AC Voltage

R, = Resistance of the Rectifier

R, = Resistance of the Inverter

R, = Resistance of the HVDC Line

I, =DCline current

y =Inverter extinction angle

a = firing angle

Hence from (3.5) and (3.7), the DC power output from the rectifier is given as follows:

Py = VDC(R) * I (3.8)

3.1 HARMONICS AND REACTIVE POWER COMPENSATION

In HVDC transmission, harmonics are observed to be induced in the AC and DC sides of the
converter stations. When these harmonics are present, they affect the Quality of Supply

(QoS) and also may affect neighbouring telecommunication equipment that is close to the
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HVDC transmission line. Other problems associated with harmonics are overvoltage due to
resonances, instability of converter controls, overheating and power loss [21]. Although the
twelve-pulse-phase shifted transformer converter bridge configuration seeks to reduce the
harmonics, it is still important to use filters to further reduce the harmonics. Harmonics in

AC and DC systems could either be characteristic or non-characteristic harmonics.

The AC characteristic harmonics are in the order of
h=np*tl
where p is the pulse number and n is any integer.

The DC characteristic harmonics are
h=np

In general, harmonics that are not of the order of the characteristic harmonics are non-

characteristic harmonics [20].

3.2 AC AND DC FILTERS

AC and DC filters are used to mitigate the effects of harmonics in power systems. These
filters are normally tuned or double tuned filters [21]. The series smoothing reactor, a DC
element which will be discussed in section 3.4, also acts as a DC filter which is in series with
the HVDC transmission line. For the AC side, figures 3.2 and 3.3 show some filter
configurations that could be used for the 3rd, 5th and 7™ AC harmonics. These filters are

connected to the AC bus of the rectifier and inverter stations.

1 I
L E
— Il |
o || II_
0l7 R:p AC Bus Bar
GHD

Figure 3.2 AC Filter
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1
I
1

AC Bus Bar

GHD

Figure 3.3 Tuned filter for one harmonic

3.3 REACTIVE POWER COMPENSATION

AC filters serve as a source of reactive power to the system, in addition to playing a major

role in harmonic reduction and mitigation.

Furthermore, capacitor banks are used to increase the reactive power compensation as
required by the load and the converter stations. According to Kundur [19], under steady
state conditions the reactive power consumed is about 50% of the active power transferred

and under transient conditions; the reactive power consumption is much higher.

It is important that high emphasis be placed on reactive power compensation. When this is
not properly considered during system design, generating plants could be forced to supply
more reactive power to the extent that the reactive power supply is far more than the
active power supply leading to a scenario where the power factor becomes very small. A

reasonable range of power factor operation should be between 0.8 and 0.95.

34 SMOOTHING REACTORS

Smoothing reactors, in addition to limiting the discharge during faults on HVDC transmission
lines, are used to improve the DC current waveform. Two series reactors are normally used
in series with the HVDC line, one at the rectifier DC side and the other at the DC end of the
inverter. Another application of smoothing reactors can be seen on the AC side of each of

the converter stations where they are used to limit the impact of converter to ground faults
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[13]. Normally, the DC line short circuit current and the Short Circuit Ratio (SCR) [16] are
used to determine the size of the series reactor. In practice, this is limited to a range of 0.5 H

to 1.0 H [20].

While the current waveform improves with increasing inductance (i.e. size of the reactor),
[20], there have been some reports suggesting that increasing the inductance of the reactor
slows down the control response and reduces the resonance frequency which makes

current control a more difficult task [20].

Tests conducted in 1989 and 1990 on a weak inverter station indicated that increasing the
size of the series reactor increased the fault detection time from 16 ms to 25 ms [30]. From
these results, and in terms of the stability of the HVDC link, an increase in fault detection
time is not desirable. Nevertheless, a reduction in the fault detection time can be achieved
using fast signal processors [30]. Table 3.1 shows the typical values of HVDC transmission

line series reactors.

Table 3.1 Typical Values of HVDC Line Series Reactors

Series Reactors

S/No | SCR Rectifier side (H) | Inverter side (H) | Reference
1 3.5 0.3-0.8 - [30]

2 3.5 - 0.3-04 [30]

3 15-27 |- 0.6-2.2 [30]

4 - 0.75 0.75 [25]

5 - 0.5-1.0 0.5-1.0 [20]

6 3.5-145 |0.75 0.75 [28]

7 3.2-10 0.04-0.08 0.04 - 0.08 [31]

8 3.5 0.6-0.8 04-22 [29]

' SCR is the ratio of the Short Circuit Level (MVA) of the AC system at the converter bus to
the Rated DC power (MW)
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CHAPTER 4

LOAD FLOW ANALYSIS

Load flow (power flow) analysis can be defined as a process which is aimed at ascertaining
the voltage magnitude, voltage angle, active power and reactive power at various nodes in a
power system operating under steady state conditions. This analysis assists system
engineers to determine the stress on the power system in terms of its loading and its
operation with respect to normal conditions. Furthermore, load flow analysis gives an
indication of areas in the power system that may need capacity expansion due to increase in
load demand. Several methods have been developed to analyse the load flow condition on
power systems which includes Gauss-Seidel, Newton-Raphson, decoupled and the fast
decoupled load flow method. These methods are mainly deployed on HVAC systems.
Moreover, for systems with HVDC transmission lines the Newton-Raphson method has been
adapted to include the DC parameters that originate from the HVDC transmission scheme
[6, 32]. The advantages and limitations of the above methods can be found in [6, 16, 32].
There are three fundamental bus type classifications in load flow analysis. The first bus type
is the swing bus which is also referred to as the reference or slack bus. At this bus, the
voltage magnitude and the phase angle are specified. The second bus type is the PV bus,
also known as the generator or voltage controlled bus. Here the voltage magnitude and the
active power are specified. The third bus type is the PQ bus, also known as the load bus. At

this bus the active and reactive powers are specified [6].

4.1 HVAC LOAD FLOW

In this section, the Newton-Raphson load flow method will be used to determine the HVAC
load flow. This method, which is also adopted by DigSILENT, uses an iterative technique for
solving a set of simultaneous nonlinear equations. In doing this, rectangular or polar
coordinates can be used in defining the bus voltages and line admittances. In this thesis, the

polar coordinates will be used.
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Assuming a power system with bus 1, 2, 3.....n
The net complex power injected at bus k is given as
Sk = P = jQr = Vil = [Viel £ = 81 Zioq Yy Vil 2(Oyi + 6) (4.1)
where 6,; is the angle of the admittanceYy;.

6; and & are the phase angles of the bus voltages V; and V,, respectively
When separating the real and imaginary parts of equation 4.1, we get

Py = X1 Vi ViVielcos(By; + 8; — 6x) (4.2)

= |Vi¢Yielcos (Briy + Xiver Vi ViVielcos(By; + 8, — 8 ) k = 2,3,....,N (4.3)
Qx = — X1 Vit ViVl sin(6y; + 8; — 6) (4.4)
= —|szYkk|Sin (Hkk) - Ziv#:k |Yki Vin|Sin(9ki + 51' - 5k) k= 2, 3, e, N (45)

Equations 4.3 and 4.5 give a set of non-linear algebraic equations in terms of the voltage

magnitude in pu and phase angle in radians which are all independent variables.

Assuming that all system busbars are PQ bus except the slack bus, the active and reactive
power at each bus is specified. This means that each of the other buses with the exception

of the slack bus has two variables §; and |V |, to be calculated in the load flow solution.

Therefore, the power mismatches APk(i)and AQ,(ci)are the difference between the

scheduled and calculated values of the active and reactive power respectively at bus k in the

i"™ iteration. This is given by equation 4.6.
ApY = pgeh — pY
(4.6)
AQ,((D = Qsch — Igi)
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For the load bus:

While

Pt <0

and

Qi <0

Pt <0

and

Qi >0

if the load is inductive.

if the load is capacitive.

For each load bus we have two of these equations given by (4.3) and (4.5), and one equation

given by (4.3) for each PV bus. Expanding equations (4.3) and (4.5) in Taylor’s series about

the initial estimate and neglecting all higher order terms will result in equation 4.7.

APV
AQYP

AQP)

[op{)
25,

ap(d
25,
aQd

a4,

2P

L 06,

— A52(l') -

AsY
AR

ar)  ap®  ap]
a6y 9|z a|vp|
@ @ ®
ap)  ap’  ap{
ady  0|Vz| O|Vp|
anl) anl) anl)
aéy  0|Vz| 9|V
20? a0 9l
aéN |V, 9|V

AV

(4.7)

In equation 4.7, bus 1 is excluded in the matrix because it is assumed to be the swing bus.

We can summarise equation 4.7 above, as written in equation 4.8.
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20l = [ L] (4.8)

Matrix J is called the Jacobian matrix whose elements are partial derivatives of equations

4.3 and 4.5 with respect to 6,50 and |Vk(i)| . The Jacobian matrix gives the linearised
relationship between changes in voltage angle and voltage magnitude with the small

changes in the real and reactive power [6, 19].

For voltage controlled (PV) bus, the voltage magnitudes are known. Therefore, if m buses of
the system are voltage-controlled, m equations involving AQ and AV and corresponding
columns of the Jacobian matrix are eliminated. Accordingly, there are n-1 real power
constraints and n-1-m reactive power constraints and the Jacobian matrix is of order (2n-2-

m) x (2n-2-m).

The diagonal and off-diagonal elements if J; are

ap .
a_allz: j= 1]:/:k|Yk]Vk 'ISln (Qk] +5]_6k) (49)

apk |Yk]Vk |Sln(9k1 + 6 - 6}() ] *k (410)

The diagonal and off-diagonal elements if J, are

0Vl

= 2|VieYur| cos(Bpx) + X0o1 jr [Yiej ViIsin (Ox; + 8; — 6x) (4.11)

a|V| = |VijVi | cos (i + 8 — 81) j#k (4.12)
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The diagonal and off-diagonal elements if J3 are

2Q
—66’; = Z?’:Ljik |YijVie Vilcos (Ox; + &5 — bk) (4.13)
0Q i

The diagonal and off-diagonal elements if J4 are

(7] . .
a|§:| = =2|Vi Y| sin(Br) — Z?’:Ljik |Yy; Vilsin (6 + 6; — &) (4.15)
;3’; =- |ijVk |Sin (Okj + 65 — k) j*k (4.16)

Once the Jacobian Matrix J has been calculated, the new estimates for bus voltage

magnitude and angle are given by:

(1) _ £ 4 7D
5 =60 4+ a6

> (4.17)

WEP = P+ AP )
In case of PV bus there are some limits imposed on the reactive power

The next step will be to re-evaluate equations 4.3 to 4.17 using the new values obtained in

equation 4.17 as the initial condition for the next iteration. This will be repeated until the
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power mismatches given in equation 4.6 are less than the specified tolerance which is

usually € = 1075.

4.2 HVAC-HVDC LOAD FLOW

Conventional iterative techniques for load flow calculations are used mainly for AC systems
which include Gauss Seidel, Newton-Raphson and the fast decoupled techniques.
Correspondence with DigSILENT shows that the algorithm used for HVAC-HVDC load flow
calculation is similar to the one given in section 4.1. In this section, the decoupled Newton’s
load flow method will be used for the HVAC and HVDC load flow in HVAC- HVDC power

systems [32, 33]. However, this algorithm still needs to be tested using software like matlab.

4.2.1 AC - DC System Bus interrelation

In general, AC power systems can be defined in terms of a set of independent variables as

seen in equation 4.18.

v,o1" (4.18)
where \7is a vector of all the AC system bus voltage magnitudes

O is a vector of all the AC system busbar voltage angles.

Assuming that there is a power system with bus k, the active and reactive power at bus k is
given by equations 4.2 to 4.5, but for convenience it has been reproduced in equations 4.19

t0 4.22

P = 2iL |V ViVielcos (B + 6; — 61) (4.19)

= IVkZYkklcos (Hkk) + Zévik |Yki VinICOS(Hki + 51' - (Sk) k= 2, 3, .,N (420)

Qk = — X1 Vi ViVie|sin(6y; + 6; — k) (4.21)
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= —|szYkk|Sin (Hkk) - Ziv#:k |Yki Vin|Sin(9ki + 51' - 5k) k= 2, 3, e, N (422)

To accommodate the HVDC system in the conventional Newton-Raphson’s load flow
method for an AC power system, certain modifications need to be made. New equations
with variables have to be included in the conventional algorithm. The new variables for an

HVAC-HVDC system are defined as
V,8, X1 (4.23)
Xis a vector of all the DC variables.

At the converter terminals, the real and reactive power is given by equations 4.24 and 4.25.

L
P - PT(AC) = PT(DC) (4.24)
L
O, - QT(AC) = QT(DC) (4.25)
Where:

Preacy is the injected real power at the terminal busbar as a function of AC system

variables

Qrac) is the injected reactive power at the terminal busbar as a function of AC system

variables

Pr(pcy is the injected real power at the terminal busbar as a function of the DC system

variables

Qr(pc) is the injected reactive power at the terminal busbar as a function of the DC system

variables

Pk is the real power absorbed by the system load
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Q% is the reactive power absorbed by the system load .

The injected DC power Pr(pc)y and Qr(pcy can be written as functions of DC system variables

and the converter AC terminal busbar voltage in equation 4.26 and 4.27.

PT(DC) =f(V;, X) (4.26)

Orivey =V, X) (4.27)
Where V7 represents the AC terminal busbar voltage

The equation derived from the AC-system condition is summarised as

AP(V,6)
AP.(V,0,X)
AQ(V,0) =0
AQ,(V,60,X)

L _ (4.28)

Where the mismatches at the converter terminal buses are indicated by equation 4.29 as:

R=(,,X), =0 (4.29)
k=1,... m, where m is the number of converters present in the system.

To improve the performance of the calculation algorithm and decoupling of the AC and DC
system variables, the angle reference for the DC system variables are chosen separately

from that of the AC system variables [32].

Therefore, the general solution of the AC-DC power flow problem can be written in

equation 4.30 [16, 20] as:
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AP(V,0)
AP, (V,0,X)
AQ(V,0) =0 (4.30)
AQ,(V,0,X)
R(V,,6,X)

4.2.2 Identifying the Matrix of DC Variable, [Y]

In order to identify the matrix of DC variables we shall consider figure 4.1 which details the
AC side to the rectifier station of a HVDC scheme. The angles are with reference to the DC

system.

To determine)?, the vector of DC variables, several basic assumptions which are generally
accepted in the analysis of steady-state AC-DC converter operations are required. Such
assumptions include that the AC system voltages and converter operation are balanced and
the DC side voltage and current have no component of the AC voltage and current

respectively. Furthermore, the HVDC converter transformer is assumed to be lossless.

Vs L
r @ . a By |_,,
5 I.£0 ZS V4
d
I
c

Figure 4.1 HVAC- HVDC Converter Terminal [32]

In figure 4.1,

lgand Vg are converter DC current and voltage respectively

a is the transformer off — nominal tap ratio

a is the converter firing angle
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lp and Is are the converter transformer’s AC current on the primary and secondary sides,

respectively.

EZy is the secondary voltage of the converter transformer

V£ is the AC terminal voltage ( with phase angle referred to the DC system reference).

All the aforementioned variables are possible candidates for the matrix of DC variables. It
should be noted that the real and reactive power are not included because they are both

dependant on the variables listed above [32].

It should be noted that only two independent variables are sufficient to model a HVDC
converter which is operating under balanced conditions from a known terminal voltage
source. However, the control specifications of HVDC converters are such that a range of
variables are used. Since the control specifications (e.g., constant power) in HVDC
converters are usually a function of independent variables, the matrix of DC variables must
be chosen such that it contains all the necessary independent variables that will also satisfy

the control requirements [19, 32].

Examples of HVDC control specifications are given in equation 4.31.

a—a” =0 )
1,-1,”=0
(4.31)
cosa—cosa. =0 s
V,*1,—P,." =0
/

Where P,¥ is the specified DC power
a is the converter firing angle
I; and I;p are the actual and the rated converter DC current , respectively.
a and a®P are the actual and the specified converter transformer off-nominal tap

ratio respectively
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Therefore, the derived matrix of DC variables is given in equation 4.32.

[X]=1[Vy,14a cosa] (4.32)

4.2.3 Further Definitions towards Prpc)and Qrpc)

To avoid per unit to actual value conversion and to unify convergence tolerance for both AC

and DC system quantities, a per unit system is adopted for the DC quantities.

To do this the same power and voltage base parameters are used on both AC and DC sides
of the converter. As a result the direct current base obtained directly from (MVAg/V;) has to

be multiplied by the AC current base.

For a smooth DC and neglecting commutation overlap, the r.m.s fundamental component of

the phase current is related to I; by equation 4.33.

I = gld (4.33)
When the commutation overlap and per unit are taken into consideration, equation 4.33
can be written as equation 4.34.

32

I k=1, (4.34)
V4

s(p.u) =

Therefore, the per unit relationship for the variables in figure 4.1 can be defined as follows

in equation 4.35 and 4.36.

32

[ =k—1, (4.35)
T

I, =al (4.36)
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Equation 4.35 gives the relationship between the converter AC side current magnitude and
the direct current. Equation 4.36 relates the current magnitude on both sides of the

converter transformer through the off-nominal tap ratio.

The DC voltage can be written in terms of the AC source voltage referred to the transformer

secondary side in equation 4.37.

Vd=

ﬂaVTcosa] - [i IdXC] (4.37)
/4 [

Where V7 is the AC source voltage.

The DC power is related to the transformer secondary power in terms of fundamental

components, as given in equation 4.38.
Valy = Elgcosy (4.38)

The primary real power for a lossless transformer is equal to the DC power as given in

equation 4.39

Valg = Vrl,cosp (4.39)

So far, equations 4.33 to 4.39 have been derived in terms of the converter variables.

The equations for Py and Qp. can be written as;

QT(DC) = VTIpSin¢ (440)
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PT(DC) == VTIpCO.Sd) (441)

Substitution equations 4.35 and 4.36 in equation 4.40;

2 .
Qrwe) = Vr— kalgsing (4.42)

Substitution equations 4.35 and 4.36 in equation 4.41;

3
PT(DC) = VT gkaldcos¢ (443)

4.2.4 Combined AC-DC solution and Simplification

The combined AC-DC solution takes into account the interdependence of AC and DC system
equations to solve the complete AC-DC system. Hence equation 4.31 can be re-written as

equation 4.44 where J is the Jacobian (the matrix of partial derivatives) [16, 32].

AP(V,8) A

AP,(V,0,X) A8,

A0W.6) |=|i]av (4.44)
AQ,(V,0,X) AV,

R(V,.0,X) AX

By applying the fast decoupled assumptions to all elements of the Jacobian matrix which are

related to the AC system, we get the following:
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Where:

APV _Bl B 0 0
AP, 1V B "B 0 O
AQ/V |=|0 0 B" B"
AQT/V 0 0 Bn Bnii
7 0 0 0 BB
. 1
B',=———form=#k

km

1
B,=%—
H mkakm
B",,=-B,, for mz#k

B, = ZBkm

mwk

BB"=0R/9V,

[B’] and [B”’] are kept constant

[AA’]:Vi[aAPT /90X ]

a

0
AA'
0
AA"
A

11 AO

A8,

| AV

AV,

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)
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1 1 -
=—[0P,sc,  0X 1+ —[0Py e, 10X (4.52)
VT VT
hence,
1 _
[AA']=0+ V—[aPT(DC) /09X ] (4.53)
T
Similarly,
[AA'"] = i[aAQT /90X ] (4.54)
VT
1 _
=—[00; e, /90X | (4.55)
VT
[A]=0R /0X (4.56)
B". = i[aAQT 19V, ] (4.57)
VT
1 1
=—00; e,/ OVy +—I[00; pc, / IV ] (4.58)
VT VT

This method proposed by [32] from equation 4.18 to 4.58 should be coded in Mathlab and

tested on the hybrid HYAC-HVDC system model that is developed in this thesis.
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CHAPTER S5

HVDC TRANSMISSION AND CONTROL

In order to fully maximize the benefits of HVDC transmission, adequate control measures
must be adopted to coordinate the behaviour and performance of the rectifier and the

inverter. This will prevent system collapse or damage to network components.

Moreover, HVDC control also prevents large fluctuations in the direct current due to
possible variation in the AC system voltage. Other benefits of adequate HVDC control
include reduced system unplanned downtimes, maintaining the DC voltage close to 1.0 per
unit values as may be required by industry regulations, and the prevention of commutation

failures.

In [19] it was stated that under the normal operation of a HVDC transmission link, the AC
systems should operate at a high power factor. Moreover, the HVDC converters should
operate under a low firing angle and an extinction angle. According to [19, 20], the
minimum firing angle allowed for the rectifier is 5% but ideally the minimum firing angle
ranges from 15° to 20° with a maximum of about 75° while for the inverter, the typical
operating extinction angle is 15° for 50 Hz systems [19, 20]. All these can only be achieved

through adequate control measures.

Furthermore, current and voltage controls which are normally separated and handled by
separate converters allows for a complete control over the whole system which includes
reactive power, active power, DC voltage and current. Under normal operation, the rectifier
controls the flow of DC current using a control mode called Constant Current (CC) control
mode while the inverter controls the DC voltage using a control mode called the Constant

Extinction Angle (CEA) control mode [19].
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5.1 IDEAL STEADY STATE V-1 CHARACTERISTICS OF HVDC CONTROL

The converter control voltage and current characteristics are illustrated in figure 5.1 which is
called the V-l characteristics curve. The current is shown on the horizontal axis while the

voltage is shown on the vertical axis.

v
A
¢ ( CEA) Duverter
\EE r/
D

+—— [ CC)Rectifier

Figure 5.1 Ideal Steady State V-l Characteristics

Normally, a converter is designed to function as a rectifier or inverter and hence, its
operating condition is defined by the point E shown in figure 5.1. This satisfies both the
rectifier and the inverter functions [17, 19]. To control the DC current (lg) on the HVDC
transmission line, the current order loq (i.€. the desired current set point) can be adjusted,

thus changing the rectifier characteristics.

The direct current Iy on the HVDC transmission line is defined as a function of the converter
resistance, the AC voltage and firing angle of the rectifier, the AC voltage and extinction

angle of the inverter and the resistance of the HVDC line as given in equation 5.1.

;= V..cosa—=V,  cosy
‘ Rcr +RL _Rci (5 1)
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Where:

Vyor is the ideal no-load direct voltage at the rectifier
V4oi is the ideal no-load direct voltage at the inverter
o is the ignition delay (firing) angle

Yis the extinction advance angle

R, reactance of the rectifier
R, reactance of the inverter

R, resistance of the HVDC transmission line.

When the measured current I, on the HVDC line is less than the current order Iy (i.e. the

desired current set point), the current regulator decreases the firing angle of the rectifier
which leads to an increase in the DC current on the HVDC line. For the inverter, the tapping
of the inverter transformer can either be lowered or raised. It should be mentioned here
that during the process of transformer tap adjustment the extinction angle of the inverter
alters, but the Constant Extinction Angle (CEA) regulator immediately resorts to the

required extinction advance angle (y ).

In actual systems, the rectifier current control may not be a perfect straight line as depicted
in figure 5.1, but has a negative slope as indicated in figure 5.2. This is especially the case
with current regulators that uses proportional controllers. These regulators are built with an

infinite gain and hence contribute to the negative slope as reflected in figure 5.2 [19, 34].
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Figure 5.2 Actual V-l Characteristics of HVDC Converters

5.2 ACTUAL V-1 CHARACTERISTICS OF HVDC CONTROL

The rectifier uses Constant Current (CC) control to maintain the DC power on the HVDC link.
The DC voltage is set by the inverter and the rectifier adjusts to maintain the current flowing
in the HVDC line. Moreover, there is a minimum firing angle allowed for rectifier operation
which is about 5° [19]. This means that Constant Current control cannot be fully adopted to
control the power on the HVDC link when the rectifier is in a state where the firing angle
needs to be reduced below 5° [13, 19]. In actual HVDC schemes the rectifier is equipped
with the capability to operate under the two modes, namely, Constant Current and Constant
Ignition Angle. In figure 5.2, the Constant Current control region is shown by line AB and the

Constant Ignition Angle by line FA.

When there is a reduced voltage at the inverter side as represented by F'A’B in figure 5.2,
the current and the power reduces to zero for a short time. To avoid this, the inverter

operation is modified to DGH as seen in figure 5.2.

In figure 5.2, H represents the current order of the inverter 1 ,,, and B represents the

current order of the rectifier/ ., . The difference between the two points is the current
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margin (/,, ) as given in equation 5.2. The current margin is normally set to a value that lies
within 10% to 15% of the rated current. Equation 5.3 shows the current margin as a fraction
of the rated current. This is done to avoid overlapping the inverter and rectifier

characteristics.

I, = Iord(R) - Iord(l) (5.2)
I, =Al (5.3)
Lowairy = onacry = Al s (5.4)

Where I = Rated current

A = Positive real number between 0.1 and 0.15.

Under steady-state operation, the rectifier is set to control the current while the voltage is
controlled by the inverter which is represented by E in figure 5.2.

During large transients conditions such as a large reduction in voltage, the rectifier switches
to the CIA while the inverter switches to the CC which represents E’ in figure 5.2. This

process is called the mode shift [13, 19].

5.3 DUAL CHARACTERISTICS OF HVDC CONVERTERS

Since there is a possibility of power flow reversal on HVDC transmission lines by reversing
the polarity of the voltage, each converter is equipped with both rectifier and inverter

characteristics. This characteristic is represented by figure 5.3.
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Figure 5.3 Dual Characteristics of HVDC Converters

Each of the converter characteristics is in three segments, namely, CC, CEA and CIA, which
correspond to an operating condition when the minimum firing angle is reached [16, 27].
The dotted line in figure 5.3 shows the transfer of power from converter 2 to converter 1,

where converter 1 is the rectifier and converter 2 is the inverter. This operating condition is
indicated by E,. When the margin is reversed by making the current order setting of

converter 1 exceed that of converter 2, the flow of power is from converter 1 to converter 2

where converter 1 is the rectifier and converter 2 is the inverter. This operating condition is
defined by E. The current remains the same under the two operating conditions but it is

the voltage polarity that changes.

5.3.1 Current and Voltage Limits

During the operation of HVDC links the AC and DC voltage as well as the current may change
due to faults or because of changes in the operating conditions. As a result, the converters
may not be able to function at its rated capacity (i.e., voltage, current and power). Hence, it

is important to consider the following limits, these being the maximum and minimum
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current limit as well as the maximum and the minimum voltage limits. Control of the current
order limit is commonly referred to as the voltage-dependent current-order limit (VDCOL)

[19, 21, 27].

5.3.1.1 Maximum Current Limit

When excessive current (greater than 1.3 times the full load current) is allowed to flow
through the converter valves, the thermal level of the valve increases beyond the rated
thermal level and may damage the valve. According to [19], to prevent this, the maximum
allowable current flowing through the valve is normally set to a maximum of 1.2 to 1.3 times

the full load current, i.e. 20% to 30% more than the full load current.

5.3.1.2 Minimum Current Limit

When the alternating current supplied to the valve is at a very low value, for example, about
0.2 per unit of the full load current value, ripples in the current may give rise to an
intermittent supply of current which becomes very significant in a twelve-pulse operation.
This intermittency causes high voltages in the transformer windings and the DC reactors

[19].

Furthermore, the low DC current observed will give rise to small overlap angles in the
converter which is not a favourable operating condition. When the overlap angles are too
small, the sudden shoot of the DC voltage leads to an increase in the stress levels of the
converter valves. When the maximum stress level is exceeded, the converter breaks down.
Another consequence of the sudden shoot of DC voltage across the converter due to very

small DC current is the flashovers across the terminals of each converter bridge [18].

5.3.1.3 Voltage-dependent Current-order Limit (VDCOL)

In the event of the voltage at the rectifier decreasing to about 30% of the rated voltage the
reactive power at the inverter increases to accommodate the sudden decrease in the

rectifier voltage. This increase in inverter voltage increases the reactive power absorbed by
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the inverter which may reduce the power factor of the inverter end AC system. In addition
to this, the increase in gamma (extinction angle) at the inverter increases the reactive power
absorption by the inverter leading to possible voltage instabilities. To prevent these
problems associated with low voltages, the VDCOL is used. The VDCOL operates by reducing
the maximum allowable current depending on the DC voltage level. Hence, the maximum
current is a function of the DC voltage. When the DC voltage goes below a pre-determined
value, the maximum allowable current is reduced to prevent voltage instabilities [11, 35].
Other methods of HVDC control include DC voltage and DC power control. For the DC
voltage control scheme, other converter station parameters are moderated to keep the DC
voltage at the set point. Similarly for the DC power control, the rest converter station

parameters are moderated to keep the transmitted DC power constant [19, 20, 50].

54 HVDC CONTROL RESPONSES TO DC AND AC FAULTS

Power systems with HVDC transmission schemes are not completely infallible to faults. The
stability of such power systems are affected by DC line faults and converter faults. In AC
systems, relays and circuit breakers are used for fault detection and clearance. In fact, most
of the faults in DC systems are self-clearing or are cleared through the action of converter
controls [19]. In some cases, though, it may become necessary to take a bridge or an entire

pole out of service.

5.4.1 Responses to DC Line Faults

The most common type of fault on DC lines is the pole-to-ground fault. This fault blocks
power transfer on the affected pole with the rest poles remaining intact. During this fault
the short circuit causes the rectifier current to increase while the inverter current decreases.
The rectifier current control acts to reduce the direct voltage and also to reduce the current
back to the current set point (normal operation current level). At the inverter side of the
scheme, the current level reduces below its current reference value (1,4 — I,,)- This causes
the inverter to change from CEA control to CC control. As a result, the voltage of the
inverter reduces to zero and then reverses its polarity as shown by line B in figure 5.4 [17,

19, 30, 42, 47].
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Figure 5.4 Voltage Profile on a DC line

After the fault under normal control action the fault arc is not extinguished while limiting
the fault current to the current margin [19, 48]. The fault is detected with a fast-acting line
protection by the drop in DC voltage and current at the rectifier and the inverter
respectively. After the fault has been detected, the angle beta of the inverter is changed to a
maximum limit of 80° to allow the inverter voltage reduce to zero but not to reverse polarity
as explained under normal control action. At the rectifier side, the rectifier firing angle is
changed above 90°. This is shown by line C in figure 5.4. Although the current in the pole
may attempt to change polarity, this will not be done successfully as a result of the
unidirectional current characteristics of converter valves. Consequently, the current is
reduced to zero in a very rapid manner. This process is called ‘forced retard’. Following this,
the DC line is restarted with time for de-ionisation taken into consideration. Typically, the
total time it takes for fault clearance and return to service is between 200 to 300 ms [19, 42,
48].

5.4.2 Responses to DC Converter Faults

Most of the converter DC faults lead to a complete shutdown of a valve group or a pole.
During this time, a fast reduction in the DC current to zero is required while the firing angle
at the rectifier is shifted to at least 90° or higher into the inverter region. The time taken to

reduce the current to zero can be as small as 30 ms [19].
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5.4.3 Responses to AC System Faults

The DC system response to an AC fault is faster than that of the AC system. The DC system is
capable of self sustenance through the AC system fault or in severe cases, there will be a

reduction in power or a complete shutdown till the AC system recovers from the fault [19].

5.4.3.1 Rectifier Side AC System Faults

When the AC fault is a distant 3-phase fault at the rectifier AC side there will be a reduction
in the rectifier commutation voltage. This will lead to a reduction in the DC voltage and
current. The current regulator will decrease the firing angle to restore the current by
increasing the voltage. However, if the firing angle reaches its minimum value, the control
measure will switch the rectifier from CC mode to CIA mode while the inverter changes to
CC mode. The VDCOL regulates the transfer of current and power depending on how low
the voltage at the rectifier drops during the rectifier side AC fault. Although in theory DC
power may be transmitted via the HVDC transmission line when the rectifier voltage is very
low, the resulting increase in reactive power consumption may be damaging to the
generator of the AC system. This is mainly because the inverter would have to change from

CEA to CC mode by lowering its voltage and increasing 8 [19, 48].

5.4.3.2 Inverter Side AC System Faults

When the AC fault is a distant three-phase fault at the inverter AC side there will be a
reduction in the inverter commutation voltage while the direct current increases. In this
case the CC at the rectifier and the CEA at the inverter stays in control. In the event when
the low AC voltage persists, tap changers will mediate in restoring the converter firing angle
and the DC voltage. If the reduction in AC voltage is significant, this may lead to a temporary
commutation failure at the inverter without adequate control, It takes about 1 to 2 cycles to
clear the commutation failure [19] if the inverter were operating at a gamma angle of 18°.
The power that is transmitted via the HVDC line during the low voltage operation will lead
to an increase in the reactive power consumption which may lead to the reduction in the

direct current with the aid of the VDCOL. During low voltage operations, several
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commutation failures may occur and, therefore, valves may be blocked and bypassed until
the AC voltage recovers. The restoration of the system post fault depends on the strength of

the AC system and the AC/DC interconnection.
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CHAPTER 6

ROTOR ANGLE STABILITY

Power system stability can be defined as

the ability of an electric power system, for a given operating condition, to regain a

state of operating equilibrium after being subjected to a physical disturbance, with

most system variables bounded so that practically the entire system remains intact

[3,19].

Power System Stability can be classified into three broad streams which are; Voltage

stability, Frequency Stability and Rotor Angle Stability, the last of which is the main focus of

this thesis. Figure 6.1 shows the classification of power system stability.

Power System
Stability

Rotor Angle Frequency
Stability Stability

Small-
Disturbance
Angle Stability

Short Term Short Term Short Term Long Term

Voltage Stability

Large- Small-
Disturbance Disturbance
Voltage Stability Voltage Stability

Figure 6.1 Classification of Power System Stability

Long and Short Long and Short
Term Term
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According to [1], voltage stability is the ability of a power system to maintain steady
voltages as all busbars in the system after been subjected to a disturbance. Frequency
stability refers to the ability of a power system to maintain steady frequency following a
severe system disturbance which results in a significant imbalance between load and
generation. The highlighted part in the classification of the power system stability diagram

in figure 6.1 is the rotor angle stability which is the core focus of this thesis.

Rotor angle stability is, therefore, the ability of synchronous machines in a power system to
remain in synchronism after being subjected to a disturbance. Frequency stability is a
separate branch of power system stability. This is done to cater for large load-generation
imbalance post a system disturbance. To achieve synchronism in a power system with
interconnected synchronous machines, the stator voltage and current of all the machines
must have the same frequency [19]. Also, the rotor mechanical speed of each of the
machines must be synchronised to this frequency. This stability also depends on the ability
of the machines to maintain equilibrium between the electromagnetic torque and the
mechanical torque [21]. The movement of the rotor is governed by the Newton’s second

law of motion given in equation 6.1 [1, 42].
Jo, )=T @&)-T,@)=T,(t) (6.1)
Where:
J =total moment of inertia of the rotating mass, kg m?
o= rotor angular acceleration, rad/s?
Tm = mechanical torque, Nm
Te= electrical torque, Nm
T,= net accelerating torque, Nm

The rotor angular acceleration is given by equation 6.2.
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a, (1) =—n-" (6.2)

Where 6, is the rotor angular position.

After substituting equation 6.2 into equation 6.1, converting from toque to power, the
swing equation can be given in per unit as:

2
dé‘z(t):P

mp.u

2H®, (1) ®-P,,, =P, (0 (6.3)

pu

Where:

H= normalized inertia constant

P,= accelerating power

P., and P, = mechanical and electrical power.

Under equilibrium conditions the relationship between the exchange of power and the rotor
angles of interconnected synchronous machines in a power system is called the power
versus angle relationship [19]. To illustrate this non-linear relationship, a power system with

one motor connected to a generator is considered in figure 6.2.

Line

Figure 6.2 Power System Single Line Diagram

In figure 6.2 the power transferred from the generator to the motor is a function of the
rotor angular separation (8) between the generator and the motor. This separation is
caused by three factors namely, the generator internal angle (6g); the angular difference
between the terminal voltages of the generator and the motor; and the internal angle of the

motor. The model presented in figure 6.2 can be expanded as shown in figure 6.3. For
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steady state analysis, the synchronous reactance is used with the assumption that the

internal voltage is equal to the excitation voltage [19].

E: | L Ew
Er Erz
Figure 6.3 Linearised Model of the Power System

The power transferred from the generator to the motor is given by equation 6.4

p ="M gins (6.4)
Xr

where: XT = X(;+ XL+ XM

Xr is the total reactance, X;; is the reactance of the generator, X; is the transmission line inductive

reactance and X, is the reactance of the machine.

The phasor diagram showing the relationship between the generator and the motor

voltages is given in figure 6.4.
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Figure 6.4 Phasor Diagram of Generator and Motor Voltages
O is the generator internal angle (angle by which the generator rotor angle leads the stator angle)
6y is the motor internal angle (angle by which the motor rotor angle leads the stator angle)
6, is the angular separation between voltage at Ez and Er,

6 is the angular separation between the rotor angle of the generator and the rotor angle of the

motor
Erq is the voltage at terminal, T; and Er, is the voltage at terminal, T,
Ey is the motor internal voltage and E; is the generator internal voltage

I is the current .

The corresponding power-angle relationship is shown in figure 6.5. The representation in
figure 6.5 is that of an idealised model. The power transfer varies as the sine of the angle.
When the effects of controllers such as Automatic Voltage Regulators (AVRs) and Power
System Stabilizers (PSS) are taken into account, the shape of the curve in figure 6.5 will vary

slightly.
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Figure 6.5 Power-angle Curve

When the angle is zero, there is no power transferred. As the angle increases from zero to
900, the amount of power transferred reaches its maximum. Any further increase in it will
lead to a decrease in the amount of power transmitted. Similarly, in a multi-machine power
system, the relative rotor angular displacement affects the interchange of power as well as

the complex relationship between the load distribution and the power generation [19].

6.1 SMALL SIGNAL STABILITY

6.1.1 Introductory Concepts to Small Signal Stability

Small signal stability refers to the ability of a power system which is subject to small
disturbances to maintain synchronism. Such disturbances include continuous and small
variations in load and generation. As a result of these disturbances, instability in the system
can arise due to lack of either synchronising torque, which manifests as a steady increase in
generator rotor angle, or the lack of sufficient damping torque which manifests as rotor

angle oscillations with increasing amplitudes [19].

When a generator without an AVR is connected to a power system the instability
experienced is normally due to the lack of sufficient synchronising torque. This manifests as
an oscillatory mode as shown in figure 6.6. Figure 6.7 shows the stable system with positive

damping and synchronising torque.
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Figure 6.6 Oscillatory Instability with Positive Tp and Negative Ts
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Figure 6.7 Stable System with Positive Tp and Ts

With the addition of AVRs the problem of small signal stability becomes that of sufficient
damping. The instability in the presence of AVRs manifests as oscillations with increasing

amplitudes. This is shown in figure 6.8.
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Figure 6.8 Oscillatory Instability with Positive Ts and Negative T,

Power system oscillations can be classified into the following categories: local modes, inter-

area modes; control modes; and torsional modes.

e Local modes or machine modes: these modes are linked with the swinging of the
units at a generating station with respect to the rest of the entire power system

® Inter-area modes: these modes are linked with the swinging of several machines in
one part of the power system against machines in other parts of the power system.
This mode is caused by a weak tie with connecting areas of a power system.

e Control modes: these modes are linked to generating units and controllers. Poorly
tuned exciters, speed governors and HVDC converters and SVCs are possible sources
of control modes.

® Torsional modes: these are linked to turbine-generator shaft system rotational
components. This may be caused by interactions with excitation controls, speed
governors and HVDC controls [19].

6.1.2 State-space Representation

The behaviour of a power system can be described by a set of n first order nonlinear

differential equations as shown in equation 6.5.
X, = fi(xq, X2, sy Xyt Ug, Up,y oo, Ups € i=12,...,n (6.5)
Where n is the order of the system and r is the number of inputs.

Equation 6.5 can be written in the vector-matrix notation as shown in equation 6.6.
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x = f(x,ut) (6.6)

In equation 6.6, u is a column vector of inputs to the system, x is the state vector and time is
denoted by t. The derivative of the state variable with respect to time is denoted by x. For
an autonomous system, the derivatives of the state variables are not explicitly functions

with respect to time. Hence, equation 6.6 simplifies to equation 6.7.
x = f(xu) (6.7)

To get the output variables of the system, vector y can be written in terms of the state

variables and the input variables in the form [19]:

y=gxu) (6.8)
Where
Vi 917
Y2 9>
y=| and g=
'Ym 'gm'

6.1.3 Linearisation

In this section, equation 6.7 is linearised. Assuming X, is the initial state vector and u, is the
input vector corresponding to the point of equilibrium about which the analysis of small-
signal stability is to be carried out, then x, and u, satisfies equation 6.7 and can be written

in equation 6.9 as;

xp = f(xo,up) =0 (6.9)
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By assuming x = x¢9 + Ax andu = uy + Au to perturb the system in equation 6.9,

where A4 represents a small deviation, then

X = fl(xg +A4x), (uy + 4u)] (6.10)

Based on the assumption that the perturbation is small, the nonlinear function f(x,u) can
be expressed in terms of the Taylor’s series expansion. A further assumption used in the
Taylor’s series is that the terms involving higher order powers of Ax and Au are neglected

[19]. Hence,
Xi = X0 + A%, = fi[(x, + Ax), (U + 4Au)] (6.11)
The complete linearization of the system is given in Kundur [19].

6.1.4 Eigenvalue Analysis of Small Signal Stability

In this thesis, the analysis of small signal stability will be carried out using eigenvalues and

modal analysis.

Assuming a matrix A of dimension n x n represents the state matrix of a synchronous
generator, the values of s (the Laplace operator) which forms the solution set to equation
6.12 are the eigenvalues of the matrix A, where equation 6.12 is called the characteristic
equation of A. The number of solutions in the solution set determines the number of modes

that the generator operates in.
det (sl-A) =0 (6.12)

An examination of the solution will give an insight into the stability, speed, damping and
frequency of oscillation of the generator. The time it takes for the synchronous generator to
reach its final value or set point can also be determined from the eigenvalues. Eigenvalues

can be drawn on the s-plane to determine the small signal stability of a mode [19].

According to Kundur [19], LyapunnoV’s first method of eigenvalue analysis in the s-plane is

as follows:
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i. When the eigenvalues have negative real parts, the original system is
asymptotically stable; and
ii. When at least one of the eigenvalues has a positive real part, the original system

is unstable.

When the real part of an eigenvalue is zero, it is not possible on the basis of the first

approximation to say anything about the stability [19].

For a complex pair of eigenvalues A, as represented by equation 6.13, the real part gives the
damping while the imaginary part gives the frequency of oscillation. The frequency of

oscillation (f) in Hz is given by equation 6.14. Figure 6.9 shows a complex pole drawn on the

s-plane.
A=atjw (6.13)
w
f= pom (6.14)
0 tiw
\X'\
o/ ™
o]
/.X,A’

Figure 6.9 Complex eigenvalue on the s-Plane
0 is the damping angle.

The decay rate of the amplitude of an eigenvalue is called the damping ratio and is also

represented by equation 6.15.

f=r~% (6.15)
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6.2 TRANSIENT STABILITY

This refers to the ability of a system to maintain stability and return to its normal operating
condition after it has been subjected to large disturbances. The location and magnitude of
the disturbance, therefore, are important in the analysis of transient stability. Possible
causes of disturbances could be three-phase faults, line to ground faults, loss of network
elements such as generators, etc. [16]. These large disturbances normally upset the rotor

angle of generators from their state of equilibrium.

Under steady state equilibrium conditions the mechanical power and the electrical power of
the generator in equation 6.3 are the same while the speed of the generator remains
constant [26]. There is thus no accelerating power, which means the rotor angle of the
synchronous machines in the interconnected power system will be stable at a fixed angular
position. When a power system experiences a disturbance, such as a three-phase fault or
the loss of a generating unit, the equilibrium between P, and Py, is lost and the speed of the
generator changes. In a case where the mechanical power, Py, , is greater than the electrical
power P, at a certain instant in time, the generator accelerates from an old rotor angle
value &1, to a new value corresponding to 6, such that 6,> §;. Furthermore, if P, is greater
that P,, the generator decelerates. This process is continued until a new equilibrium

position is reached if the system is stable, or the system will loose its stability.

When an interconnected power system is perturbed or is under a certain defined
disturbance, the speed of the generator differs according to the location and size of the
both the disturbance and the generator. If the speed of one of the generators is faster than
the others in the interconnected system at any moment in time to, the angular position of its
rotor relative to that of the slower machine will advance. This will lead to the transfer of the

load from the slower generator to the faster generator [1, 26, 36].

Page | 60



Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

CHAPTER 7

SIMULATION RESULTS FOR THE SINGLE MACHINE
INFINITE BUS (SMIB)

Figure 7.1 and figure 7.2 show the single line diagram of the power system that was used in
case 1 and case 2. Area 1 has one generator (G1) which is connected to bus 1 (the infinite
bus). Area 2 has one generator (G2) which is connected to bus 4 (the PV bus). The only
distribution station is connected to area 2 at bus 4. The AC side of the rectifier and inverter
are connected to bus 1 and bus 4, respectively. The HVDC line is connected between the DC
side of the rectifier and the DC side of the inverter via 0.86 H series rectors at bus 2a and
bus 3a, respectively as shown in figure 7.1. Series reactors are used to smooth the DC
current waveform on the HVDC transmission line and to reduce the impact of line faults on
the converter station [38, 40]. The HVAC transmission line is between bus 2 and bus 3 as
shown in figure 7.2. The transformer reactance and other system parameters are given in

Appendix B.

Load flow convergence problems were encountered when modelling the tap changers in the
built-in transformer of the converter model. To solve this problem, the converter model was

used with an external transformer which did not have a tap changer.
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Figure 7.1 Single Machine Infinite Bus Power System Model
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Figure 7.2 Single Machine Infinite Bus Power System Model

The simulations in this section are divided into three parts; load flow, transient stability and
small signal stability. In each of these parts double circuit HVDC transmission and Hybrid

HVDC-HVAC transmission are be considered in separate cases for power transmission.
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7.1 LOAD FLOW

7.1.1 Case 1: HVDC Transmission

In this case study, a double circuit HVDC transmission line is used for power transmission.

Tables 7.1 and 7.2 show the voltages and powers at all the system busbars. The distribution

centre connected to bus four supplies a load of 2442 MW at a power factor of 0.9. Current

control is adopted at the rectifier to control the flow of the DC current, while the inverter is

operating under the extinction angle control. The DC current order is set to 3.86 kA, which

at 500 kV will allow the transmission of about 2000 MW via the HVDC transmission line.

Table 7-1 Bus Voltage Magnitude and Angles (Case 1)

Element | Rated Voltage (kV) Actual Voltage (kV) | Voltage (p.u) | Voltage angle (°)

Bus 1 345 362.25 1.05 0
Bus 2a 500 523.4 1.05 *N/A
Bus3a 500 509.15 1.02 *N/A
Bus 4 230 230 1 0

*N/A: Not applicable

Table 7-2 Active and Reactive Power (Case 1)

Element Bus | Active Power [MW] | Reactive Power [Mvar]
G1 1 1995 791
G2 4 502 384
HVDCTX 1 2a 997 0
3a 970 0

HVDCTX 2 2a 997 0
3a 970 0

Rectifier AC Filters 1 0 6.6
Inverter AC Filters 4 -0.09 210
Rectifier Cap Bank 1 0 881
Inverter Cap Bank 4 0 2100
Rectifier 1 1995 1680
2a -1995 0

Inverter 3a 1940 0
-1940 1511

Distribution Centre 2442 1183

Page | 63



Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

The negative sign at the inverter AC filter means that the inverter absorbs 0.09 MW which
adds to the total system losses in MW. The DC power injected through the series reactor to
the HVDC transmission line from the rectifier is indicated by the negative 1995 MW at bus
2a. Also, the negative sign at the inverter on bus four indicates that 1940 MW of AC power
was inverted to AC power by the inverter. The per unit voltage at the rectifier DC bus is 1.05
pu corresponding to 523.40 kV as indicated in table 7.1, which results in 1940 MW being
transmitted to the distribution centre as can be seen in table 7.2. The rest of the 502 MW is
supplied by G2. From Table 7.2, the losses in both HVDC transmission lines TX1 and TX2 can
be found to be 54 MW. Major sources of reactive power demand in this case are the
rectifier and the inverter. The reactive power needed was supplied by G1, G2, the AC filters

and the capacitor banks.

7.1.2 Case 2: Hybrid HVAC- HVDC Transmission

In case 2, a hybrid combination of a single HVAC line in parallel with a single HVDC
transmission line is used to transmit power from area one to area two. This means that
HVDC TX1 and HVAC are used in Figure 7.1. The distribution centre supplying a load of 2442
MW at 0.9 pf is connected to bus four in area two. Current control is adopted by the
rectifier to control the flow of DC current on the DC transmission line while the inverter is

operating under the extinction angle control.

The DC current order is set to 1.98 kA which at 500 kV will theoretically allow about 1050
MW to be transmitted via the HVDC transmission line and the rest of the power will be
transmitted via the HVAC transmission line. The flow of power in the HVDC line is controlled
by adjusting the current order at the rectifier. The current order was chosen to be 1.98 kA
so as to split the amount of power transmitted between the HVDC and the HVAC
transmission lines almost equally. Table 7.3 and table 7.4 show the voltages and powers at

all the system buses.
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Table 7-3 Bus Voltage Magnitude and Angles (Case 2)

Element | Rated Voltage(kV) | Actual Voltage (kV) | Voltage (p.u) | Voltage Angle (°)
Bus 1 345 362.25 1.05 0

Bus 2 500 525.06 1.05 -0.1

Bus3 500 500 1 -28.57

Bus 2a 500 511.91 1.02 N/A

Bus3a 500 496.16 0.99 N/A

Bus4 230 230 1 -28.68

The maximum bus voltage is 1.05 pu at bus one and bus two and the lowest voltage was

observed at bus 3a as 0.99 pu as indicated in table 7.3. Since the power transmitted (949

MW) via the HVAC transmission line is close to the SIL of the line (1000 MW), the amount of

reactive supplied by HVAC transmission line is low. This means that the reactive power

absorbed by the inductive reactance of the HVAC transmission line is slightly lower than the

reactive power generated by the capacitive reactance of the transmission line [16]. The

exact amount of power that flows through the two transmission lines, the active power

supplied by G1 and G2, and the reactive power compensation are given in table 7.4.

Table 7-4 Active and Reactive power flow (Case 2)

Element Bus | Active Power [MW] | Reactive Power [Mvar]
G1 1 2024 554
G2 4 500 407
HVDC TX line 2a 1075 0
3a -1042 0
HVAC TX line 2 949 -65
3 -900 -35
Rectifier AC Filters 1 0 6.6
Inverter AC Filters 4 -0.09 210
Rectifier Cap Bank 1 0 330
Inverter Cap Bank 4 0 1400
Rectifier 1 1076 956
2a -1076 0
Inverter 3a 1045 0
4 -1045 868
Distribution Centre 4 2442 1183
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As in case 1, the negative sign at the inverter AC filter means that the inverter absorbs 0.09
MW which adds to the total system losses in MW. The DC power injected through the series
reactor to the HVDC transmission line from the rectifier is indicated by the negative 1076
MW at bus 2a. Also, the negative sign at the inverter on bus four indicates that 1045 MW of

AC power was inverted to AC power by the inverter.

Table 7.4 shows the active and reactive power at several busbar. It can be seen from Table
7.4 that the reactive power supplied by G2 is about 81.4% of the real power. This is
particularly high under normal operating conditions, while the power factor of G2 is 0.78.
The maximum amount of reactive power that G2 can generate is 842 Mvar. To reduce the
reactive power supplied by generator G2 (i.e., increasing its power factor), additional

capacitor banks will be needed.

7.1.3 Effect of DC line Loading on Load Flow

The table 7.5, below, shows the effect of HVDC line loading on the voltage angle across bus
one and bus four which are the terminating AC buses for both HVAC and HVDC

transmission.

Table 7-5 HVAC and HVDC Transmission Line Current Loading for the Transmission of 2000 MW

Line Parameter Level 1 Level 2 Level3 Ilevel4 Level 5 Level 6
DC line Current (kA) 3 2.5 2.1 1.8 1.4 1
Active Power-HVDC (MW) 1582 1297 1074 911 698 491
Active Power-HVAC (MW) 418 703 926 1089 1302 1509
Total Transmitted Power (MW) 2000 2000 2000 2000 2000 2000
Voltage Angle Diff between Bus 1 and 4 (deg) 14.81 25.43 34.26 41.28 51.66 64.59

Level 1 to level 6 in table 7.5 represent the various current control settings of the HVDC
converter station from 3 kA to 1 kA. At each of these levels the total amount of power
transmitted by the HVAC and HVDC line is 2000 MW. For instance, when the current control

was set to 2.5 kA in level 2, the amount of power that was transmitted via the HVDC line
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was 1297 MW, and 703 MW via the HVAC transmission line. Under this setting, the voltage

angle difference between bus one and bus four is 25.43°,

Figure 7.3 illustrates the results in Table 7.5. It can be argued that in cases where there is a
need to reduce the voltage angle difference between bus one and bus four, the HVDC line
current can be increased to increase the amount of power that flows via the HVDC
transmission line. This seems to be one of the major advantages of the Hybrid HVAC-HVDC

transmission line configuration.

Effect of HVDC line loading on Power Flow in the Hybrid HVAC-
HVDC System
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Figure 7.3 Effect of HVDC Line Loading on Power Flow in a Hybrid HVYAC-HVDC Transmission Scheme

7.1.4 Comparison of HVDC and HVAC-HVDC

Major sources of reactive power demand in case one and case two are from the converter

stations. Reducing this demand will, in turn, reduce the total reactive power demand.

In case one, the reactive power demand by the converter stations was 3191 Mvar, and 1824
Mvar in case two. The reactive power required by the converter stations was reduced in
case two because half of the real power transmitted was via the HVAC transmission line.
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In both cases the delivered real power to the distribution centre is the same at 1942 MW.
Since the transmission line losses in the two cases are different, the transmitted power in
each case is different. From the results presented in tables 7.1 to 7.4, it can be concluded
that case one, where HVDC only was used for transmission, has the lowest transmission line
losses. The transmission loss in case one was found to be 54 MW as calculated from the
values in table 7.2. In case two, the loss in the HVAC line was 49 MW while the loss in the
HVDC transmission line was 33 MW. The total loss in transmission in case two is 82 MW, as

calculated from the values in table 7.4.

The transient stability in section 7.2 and the small signal stability in section 7.3 are based on

the load flow results presented in section 7.1.

7.2 TRANSIENT STABILITY

Transient stability, which is a subset of rotor angle stability, is considered in this section. The
transient stability of the SMIB power system under different transmission configurations
and different faults is considered [8, 36, 41, 42]. The configurations used are the same as
discussed in section 7.1. That is, HVDC transmission and hybrid HVAC-HVDC. The faults
considered are DC faults at the rectifier (bus 2a), the inverter (bus 3a) of the HVDC line and
a three-phase AC fault to ground at the generator G1 terminal. In each of these fault

conditions, two transmission configuration cases are considered.

In case one, which uses HVDC transmission, the HVDC transmission line was scheduled to
deliver about 2000 MW over 500 km to area two, with current control at the rectifier and

extinction angle control at the inverter. The current order of the rectifier was set at 3.84 kA.

In case two, hybrid HVAC-HVDC transmission lines were used. The HVDC transmission line
was scheduled to deliver about 1000 MW over 500 km to area two, with current control at
the rectifier and extinction angle control at the inverter. The current order of the rectifier

was set at 1.98 kA. The HVAC line transmitted 1000 MW.

The results obtained were exported from DigSILENT into MS Excel and then interfaced with

Matlab for plotting.
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7.2.1 Effects of DC Converter Faults on Transient Stability

At one second into the simulation, a 50 ms DC fault was applied at the DC terminal of the
rectifier (bus 2a). Following that, another simulation was run and at one second, a 50 ms DC
fault was applied at the DC terminal of the inverter (bus 3a). The effects of both rectifier and
inverter DC faults on the transient stability as well as the recovery of the voltage level at the

generating stations in area one and area two are investigated.

7.2.1.1 Case 1: HVDC Transmission Line

Only the HVDC transmission section in figure 7.1 was used in case one. The simulation

results obtained in this case are shown in figures 7.4 to 7.11.

The pre-fault value of the rotor angle of G1 is around -752. When the fault was initiated at
one second into the simulation for both the rectifier and the inverter fault, the rotor angle
of G1 increased from -752 to 1702 momentarily and decreased to -1709. At four seconds into
the simulation, the rotor angle increased steadily till it reached a steady state after 60
seconds. The final steady state value of the rotor angle for G1 after the rectifier DC fault was
found to be 50° more than the final value of the rotor angle for G1, after the inverter DC
fault. Figure 7.5 shows the terminal voltage of G1. It can be seen that the terminal voltage at
G1 during the rectifier DC fault is 0.1 pu less than the terminal voltage at G1 during the
inverter DC fault as seen in figure 7.5. This is because G1 is closer to the rectifier station. The
impact of both the rectifier and the inverter fault on the settling time for the terminal
voltage at G1 is the same. At 4.3 seconds into the simulation, the terminal voltage settled at

1.05 pu.

The results shown in figures 7.4 to 7.7 are obtained from G1 in area one.
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Figure 7.4 Case 1: Effects of Converter Fault on the Rotor Angle of G1
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Figure 7.5 Casel: Effects of Converter Fault on the Terminal voltage of G1
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G1 Active Power during Rectifier and Inverter Fault
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Figure 7.6 Case 1: Effects of Converter Fault on the Active Power at G1

It can be observed from figure 7.6 that the effect of both the inverter and the rectifier fault
on the active power generation at G1 is fairly the same as the two curves overlap. Of critical
importance is the active power shoot at the time of the fault. At the time of the fault the
active power at G1 increased first from 1995 MW to 3800 MW and then decreased to -500
MW. After about four seconds the active power returned to its pre-fault value of 1995 MW.
Furthermore, as seen from figure 7.7, the reactive power at G1 increased from 791 Mvar to
about 4500 Mvar (469 %) during the inverter fault and to 4600 Mvar (482 %) during the
rectifier fault. This is because the rectifier had a greater proximity to G1 as opposed to the
inverter which is 500 km away from G1. At four seconds into the simulation, the reactive

power returned to its pre-fault value of 791 Mvar.
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Figure 7.7 Case 1: Effects of Converter Fault on the Reactive Power at G1

The results shown in figure 7.8 and figure 7.11 were obtained from G2 in area 2.

G2 Rotor angle during Rectifier and Inverter Fault
‘855 T T T T T
_86 [ —
— Rectifier DC Fault
@ ~ ~ ~ ~ Inverter DC Fault
O -86.5+ :
Q2
(<)
C
@
b
_9 -87+ -
o)
o
-87.51- |
-88 | | | | |
0.5 1 1.5 2 25 3
Time (sec)

Figure 7.8 Case 1: Effects of Converter Fault on the Rotor Angle of G2

On the other side of the power system, the rotor angle of G2 remained at -87° during both

rectifier and inverter faults under the HVDC transmission configuration as seen in figure 7.8.
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The scheduled active power generation at G2 is 500 MW which is added to the 1900 MW
delivered by the HVDC transmission line to the distribution centre. During both faults G2
increased its current output from 0.18 pu to 0.72 pu to increase its active power generation
to meet the load demand as seen in figure 7.9. It took eight seconds for the active power
generation to stabilise at 502 MW. Due to the HVDC line between area one and area two,

G2 had to generate 502 MW to maintain the balance of power.

G2 Active Power during Rectifier and Inverter Fault
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Figure 7.9 Case 1: Effects of Converter Fault on the Active Power at G2

As opposed to G1 in area one where the reactive power increased, in this case the reactive
power at G2 decreased from 384 Mvar to -950 Mvar as seen in figure 7.10. This is because
G2 absorbed -950 Mvar out of the 2310 Mvar in the inverter side of the network. G2
absorbed so much reactive power because, the amount of reactive power needed by the

inverter decreased with the decrease in active power transmitted during the fault.
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Figure 7.10 Case 1: Effects of Converter Fault on the Reactive Power at G2
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Figure 7.11 Case 1: Effects of Converter Fault on the Terminal Voltage of G2

At G1, the voltage decreased for both converter faults. In area two, the terminal voltage of
G2 increased to 1.065 pu from 1.0 pu as shown in figure 7.11. It took about 12.3 seconds for

the terminal voltage to return to its pre-fault value of 1.0 pu.
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7.2.1.2 Case 2: Hybrid HVAC- HVDC Transmission

The simulation results obtained in this case are given in figures 7.12 to 7.19. The results
shown from figure 7.12 to figure 7.15 are obtained from G1 in area one. The rotor angle of
G1 remained unchanged during both the rectifier and the inverter faults. In case two both

the rectifier and the inverter fault did not affect the rotor angle of generator G1 shown in

figure 7.12.
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Figure 7.12 Case 2: Effects of Converter Fault on the Rotor Angle of G1

The rectifier and the inverter faults caused the active power at G1 to shoot to 4000 MW and
then it dropped to 1000 MW. After the fault the active power at G1 oscillated for about
eighteen seconds before settling down at 2000 MW as shown in figure 7.13. This led to the
transmission lines being overloaded. Also, the rectifier fault had less impact on the active
power generation at G1, as is seen by the difference in the oscillations of the active power in

figure 7.13.

In respect of the hybrid transmission the rectifier DC fault caused the terminal voltage at G1

to drop to 0.47 pu, while it dropped to 0.67 pu during the inverter fault, as shown in figure
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7.14. This is different from the result in case one, where the voltage at G1 dropped to 0.45

pu and 0.55 pu during the rectifier and the inverter fault respectively.

G1 Active Power during Rectifier and Inverter Fault

4000 - -

3500 - -

3000 - =

— Rectifier DC Fault
Inverter DC Fault
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1000 -
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Figure 7.13 Case 2: Effects of Converter Fault on the Active Power at G1
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Figure 7.14 Case 2: Effects of Converter Fault on the Terminal Voltage at G1
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G1 Reactive Power during Rectifier and Inverter Fault
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Figure 7.15 Case 2: Effects of Converter Fault on the Reactive Power at G1

In figure 7.15, the reactive power increase at G1 during both the inverter and the rectifier
faults is lower than what is seen in case one. In this case (case two), the HVAC line
transmitted about 800 Mvar towards bus two from bus three during the fault, as more
power was transmitted via the HVAC transmission line. The results shown in figures 7.16 to

7.19 are obtained from G2 in area two.

The inverter DC fault had a greater effect on the rotor angle of G2, as shown in figure 7.16.
It can be seen that the difference between the peak of the first swing for the rotor angle
during the inverter fault is about 8° more than the peak of the first swing for the rotor angle
of G2 during the rectifier fault. The rotor angle stabilised for both rectifier and inverter

faults in about twenty seconds.

As in the case of the rotor angle of G2, the inverter DC fault also has a bigger impact on the
active power generation as seen in figure 7.17. The amount of active power generated by
G2 in figure 7.17 during both the rectifier and inverter faults in this case is about 500 MW

less than the active power generation by G2 in case 1 (see figure 7.9).
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G2 Rotor Angle during Rectifier and Inverter Fault
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Figure 7.16 Case 2: Effects of Converter Fault on the Rotor Angle at G2
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Figure 7.17 Case 2: Effects of Converter Fault on the Active Power at G2
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G2 Reactive Power during Rectifier and Inverter Fault
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Figure 7.18 Case 2: Effects of Converter Fault on the Reactive Power at G2

Figure 7.18 shows the reactive power generated at G2. It can be seen that generator G2
absorbed less reactive power (200 Mvar) under both rectifier and inverter DC faults as
compared with case one (figure 7.10). Although the settling time for the reactive power at
G2 in case one was about ten seconds faster when compared with that in case two, the
reactive power absorbed during the fault in case two is too high. The effect of the inverter
DC fault is higher than the effect of the rectifier DC fault, as seen in figure 7.17 and figure
7.18. Figure 7.19 shows the terminal voltage at G2. It can be seen that the terminal voltage
at G2 in this case had more oscillations and took about nine seconds more than in case one
to settle to the pre-fault value of 1.0 pu. Also the terminal voltage increases to 1.025 pu as
compared with 1.065 pu, as in case one. Since the amount of active power that was
transmitted via the HVDC lien dropped during the fault, the amount of reactive power
needed by the converters dropped. Hence there was a temporary excess of reactive power
between the generators and the converters. Hence, it is assumed at this stage that this is

why the terminal voltage at the time of the faults increased first before decreasing.
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G2 Terminal Voltage during Rectifier and Inverter Fault
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Figure 7.19 Case 2: Effects of Converter Fault on the Terminal Voltage at G2

7.2.2 Effects of Generator 3-phase Fault on the Transient Stability
At one second into the simulation a three-phase fault was applied at the terminal of
generator G1 for 50 ms. The effect of the three-phase to ground fault on both generators,

G1 and G2 are investigated.

7.2.2.1 Case 1: HVDC Transmission

The simulation results obtained in this case are given in figures 7.20 to 7.27. The results
shown in figure 7.20 to figure 7.23 are obtained from G1 in area one. The pre-fault value of
the rotor angle of G1 in figure 7.20 is around -75% When the fault was initiated at one
second into the simulation, the rotor angle of the G1 oscillated between -170° to 170° for

about twenty seconds and slowly settled down to -182 after 90 seconds into the simulation.

During the fault the terminal voltage of G1 dropped to O pu as seen in figure 7.21, which

corresponds to the decrease in active power to 0 MW as shown in figure 7.22.
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G1: Rotor Angle during 3-phase Fault at G1
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Figure 7.20 Case 1: Effect of G1 3-Phase Fault on the Rotor Angle of G1
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Figure 7.21 Case 1: Effect of G1 3-Phase Fault on the Terminal Voltage of G1
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G1: Active Power during 3-phase Fault at G1
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Figure 7.22 Case 1: Effect of G1 3-Phase Fault on the Active Power at G1

Because the capacitor banks and AC filter, which provide reactive power compensation at
the rectifier side of the HVDC transmission line in area one, are fixed they were still
providing reactive power while the converter was not operating (i.e., was not transmitting

power to area one during the fault). As a result, G1 absorbed about 800 Mvar of the excess

reactive power that was generated.
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G1: Reactive Power during 3-phase Fault at G1
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Figure 7.23 Case 1: Effect of G1 3-Phase Fault on the Reactive Power at G1

The results shown from figures 7.24 to 7.27 were obtained from G2 in area 2. In figure 7.24
the rotor angle of generator G2 in area two is constant at -86° throughout the simulation. As
mentioned in section 7.2.1, the HVDC transmission line serves as a ‘wall’ between area one

and area one, thus the oscillations in area one has a minimal affect on area two.

G2: Rotor Angle during 3-phase Fault at G1
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Figure 7.24 Case 1: Effect of G1 3-Phase Fault on the Rotor Angle of G2
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Since power was not delivered to area two through the HVDC transmission line during the

fault, the terminal voltage at G2 increased from 1.0 pu to 1.06 pu in order to meet the

distribution centre load requirements in area two, as shown in figure 7.25. The active power

supply from G2 increased from 500 MW to 2700 MW as shown in figure 7.26.

Both the terminal voltage and the active power at G2 returned to pre-fault values at 17

seconds and 6.5 seconds respectively once the fault was cleared.

G2: Terminal Voltage during 3-phase Fault at G1
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Figure 7.25 Case 1: Effect of G1 3-Phase Fault on the Terminal Voltage at G2
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G2: Active Power during 3-phase Fault at G1
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Figure 7.26 Case 1: Effect of G1 3-Phase Fault on the Active Power at G2

It can be seen from Figure 7.27 that during the fault G2 absorbed about 900 Mvar. Under
steady state conditions G2 generates about 400 Mvar. This is because the inverter reactive
power demand dropped during the fault as no power was transmitted through the HVDC
transmission line to area two. After the fault was cleared and the HVDC transmission was
restored, the reactive power demand by the inverter returned to its pre-fault value and
hence the reactive power that was absorbed by G2 was reduced. At 6.5 seconds G2 reactive

power generation reached its pre-fault value of about 390 Mvar.
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G2: Reactive Power during 3-phase Fault at G1
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Figure 7.27 Case 1: Effect of G1 3-Phase Fault on the Reactive Power at G2

7.2.2.2 Case 2: Hybrid HVAC-HVDC Transmission

The simulation results obtained in this case are shown in figures 7.28 to 7.35. The results

shown from figures 7.28 to 7.31 are obtained from G1 in area one. The effect of the

converter DC fault on the rotor angle of G1 (in figure 7.12 during the DC fault on the hybrid

system) resembled that on the rotor angle of G1 in figure 7.28 and thus remained

unchanged.
G1: Rotor Angle during 3-phase Fault at G1
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Figure 7.28 Case 2: Effect of G1 3-Phase Fault on the Rotor Angle of G1
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During the fault the terminal voltage of G1 dropped to O pu as seen in figure 7.29, which
corresponds to the decrease in active power to 0 MW in figure 7.30. Thus both the HVAC
and the HVDC transmission lines were not transmitting active power. After the fault was
cleared the active power generation at G1 returned to its pre-fault value of 2024 MW (see

load flow results in section 7.1).

Figure 7.31 shows the change in reactive power during the fault and after it was cleared. It
can be seen that during the fault G1 absorbed about 200 Mvar. Once the fault was cleared
the reactive power generated by G1 oscillated between -200 Mvar and 1200 Mvar, with
decaying oscillations, and reached its pre-fault operating condition of 555 Mvar in twenty

seconds.

G1: Terminal Voltage during 3-phase Fault at G1
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Figure 7.29 Case 2: Effect of G1 3-Phase Fault on the Terminal Voltage of G1
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G1: Active power during 3-phase fault at G1
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Figure 7.30 Case 2: Effect of G1 3-Phase Fault on the Active Power at G1

G1: Reactive power during 3-phase fault at G1
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Figure 7.31 Case 2: Effect of G1 3-Phase Fault on the Reactive Power at G1

The results shown from figures 7.32 to 7.35 were obtained from G2 in area two.
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G2: Rotor Angle during 3-phase Fault at G1
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Figure 7.32 Case 2: Effect of G1 3-Phase Fault on the Rotor Angle of G2

During the fault the rotor angle of G2 reduced from -127° to -168°. After the fault was
cleared the rotor angle oscillated between -168° and -105° before it settled at its pre-fault

value of -127% in twenty seconds.

In order to meet the distribution centre load requirements in area two during the fault, the
active power supply from G2 increased from 500 MW to 2400 MW, as shown in figure 7.33.
Once the fault was cleared the active power at G2 returned to pre-fault value in nineteen

seconds.

Contrary to case one (figure 7.25), the terminal voltage at G2 decreased during the fault
from 1.0 pu to 0.95 pu and oscillates, as seen in figure 7.34. The terminal voltage stabilised

after nineteen seconds into the simulation.

The reactive power at G2 during the fault increased from 407 Mvar to 1250 Mvar and
oscillated for about eighteen seconds after the fault was cleared. It then settled down at
about twenty seconds, as shown in figure 7.35. This increase is aimed at supplying the loads

which are connected to bus two. Otherwise the load demand will not be met.
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G2: Active Power during 3-phase Fault at G1
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Figure 7.33 Case 2: Effect of G1 3-Phase Fault on the Active Power at G2
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Figure 7.34 Case 2: Effect of G1 3-Phase Fault on the Terminal Voltage at G2
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G2: Reative Power during 3-phase Fault at G1
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Figure 7.35 Case 2: Effect of G1 3-Phase Fault on the Reactive Power at G2

7.2.3 Conclusions on the effect of Converter DC fault and 3-Phase AC Fault on the
Transient Stability of the SMIB Power System

The results presented in section 7.2.1 and 7.2.2, above, showed the impact of converter DC
fault and a three-phase fault on the transient stability of the SMIB power system, using the

two different transmission schemes. From these results, the following conclusions are

made.

Converter DC faults:-

When hybrid HVAC-HVDC was used for transmission, the amount of rotor angle, terminal
voltage and active and reactive power oscillations were increased when compared with the
use of HVDC transmission. This means that the Hybrid HVAC-HVDC system is more unstable
in terms of the number of oscillations. Nevertheless when using the hybrid HVAC-HVDC
system, the lower peak of G1’s first active power swing reduced by 1500 MW (i.e., from -
500 MW to 1000 MW), while the upper peak of G2’s first active power swing reduced by
500 MW (i.e., from 2800 MW to 2300 MW). As the generators recovered from the fault, the
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reactive power absorbed at G1 reduced from -900 Mvar to -250 Mvar and from -950 Mvar
to 180 Mvar at G2. The terminal voltage at G1 improved by an average of 0.07 pu and G2 by
an average of 0.0075 pu as the generators recovered from the fault. The rotor angle of G1

did not change while the rotor angle of G2 had large and decaying oscillations.

For both transmission schemes, the active and reactive power overshoot exceeded the

generating capacity of G1 and G2.
Generator three-phase fault:-

The use of Hybrid HVAC-HVDC transmission introduced more rotor angle, terminal voltage,
and active and reactive power oscillations as the generators (G1 and G2) recovered from the
converter DC fault. Nevertheless, the lower peak of G1’s first reactive power swing reduced
from -800 Mvar to -210 Mvar, while the upper peak was at 1250 Mvar. The lower peak of
G2’s first reactive power swing reduced from -900 Mvar to 40 Mvar, while the upper peak
was as 1200 Mvar. At G2 the terminal voltage overshoot during the fault reduced from 1.06

pu to 1.01 pu, while the active power overshoot reduced from 2800 MW to 2300 MW.

For both transmission schemes the active power at G1 reduced from 2000 MW to 0 MW
during the fault while the terminal voltage reduced from 1.05 pu to O pu. As in the case of

the DC converter fault, the generating capacities of G1 and G2 were exceeded.

In order to prevent the generators from exceeding their capacities during the fault they
must be disconnected by fast control and protection action. Otherwise, to prevent total
blackout, load shedding can be carried out at the distribution centre to disconnect non-
essential customers in order to meet the local generating capacity at G2, pending the

restoration of power import from G1.
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7.3 SMALL SIGNAL STABILITY

The DigSILENT round rotor synchronous generator model was used in the simulation. This
generator is modelled as a fifth order generator [37]. Hence, five modes are expected from
each of the generators in the result of the modal analysis of the small signal stability. The
IEEET1 AVR and IEEEST PSS controllers were added to the model of generator G2. The
function of the PSS is to add damping to the generator oscillations by controlling its
excitation using stabilising signal(s). The AVR has four state variables in its model which
yielded four modes, while the PSS has eight state variables in its model, which give eight
modes. The block diagram and the parameters of the PSS and the AVR are given in Appendix
D. Therefore the total number of modes expected from the modal analysis simulation result

is 22.

Tables 7.6 and 7.7 show the modes in case 1 (HVDC transmission) and in case two (hybrid

HVAC-HVDC transmission) respectively.

Table 7-6 Eigenvalues from Case 1: HVDC Transmission

Imaginary Damped Damping
Modes Real Part Part Magnitude | Frequency Ratio
1/s rad/s 1/s Hz

Mode 01 & 02 & 03 0 0 0 0 0
Mode 04 -999.9999 0 999.9999 0 1
Mode 05 -50.00787 0 50.00787 0 1
Mode 06 -33.19344 0 33.19344 0 1
Mode 07 -24.80938 0 24.80938 0 1
Mode 08 -22.33808 0 22.33808 0 1
Mode 09 -8.438625 0 8.438625 0 1
Mode 10 -8.0364 0 8.0364 0 1
Mode 11 -5.014393 0 5.014393 0 1
Mode 12 -3.322664 0 3.322664 0 1
Mode 13 & 14 -0.2546854 | +0.962995 0.996104 0.1532653 | 0.2556816
Mode 15 & 16 -1 0 1 0 1
Mode 17 -0.6475613 0| 0.6475613 0 1
Mode 18 -0.555615 0 0.555615 0 1
Mode 19 -0.1240529 0| 0.1240529 0 1
Mode 20 & 21 -0.06963148 | £0.003122 | 0.06970143 | 0.00049687 | 0.9989964
Mode 22 -0.0000001 0| 0.0000001 0 1
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The eigenvalues of the modes in table 7.6 show that all the 22 modes are stable. This is
because of the positive damping ratio and the negative real part of their eigenvalues. Modes
13 & 14 are oscillatory modes with a damping ratio of 0.26. The damping frequency of
modes 13 and 14 indicates that they are inter-area modes. The rest of the modes are
critically damped including the control mode (20 & 21). For a SMIB power system, local
modes are expected with a frequency within the range, [0.9 2.0] Hz. However, the infinite
bus may not be modeled as a large generator. While this is mandatory for small signal
stability, in load flow analysis, it is not mandatory as the amount of power that the machines
dispatch is what is used for load flow calculations. In SMIB model used for the simulation,
the rating of the two machines where the same, although the G1 (slack bus) dispatched
about 2000 MW while the G2 (PV bus) dispatched about 500 MW. Therefore, the frequency

of the electromechanical mode represented an inter-area mode.

Figure 7.36 to 7.39 shows the only two states and their participation factor to the

electromechanical modes (13 & 14) and (20 & 21). These states are speed and excitation

flux.
Participation factor of the speed state to Mode
(13 & 14)
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Figure 7.36 Speed participation factor to mode 13 & 14
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Figure 7.37 Excitation flux participation factor to mode 13 & 14
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Figure 7.38 Speed participation factor to mode 20 & 21

Page | 95



Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

G2

Gl

mode (20 & 21)

0.389

Participation factor of the excitation flux state to

Generator

0.4

0.6

0.8

Participation factor

1.2

Figure 7.39 Excitation flux participation factor to mode 20 & 21

From the participation factors, it can be concluded that generator speed had a greater

influence on mode (13 & 14) while the excitation flux had a greater influence on mode (20 &

21). There was no participation of the rotor angle to these states. For case two, with the

hybrid HVAC-HVDC transmission line, the eigenvalues obtained from the system are

presented in table 7.7.

Table 7-7 Eigenvalues from Case 2: Hybrid HVAC-HVDC Transmission

Imaginary Damped Damping
Mode Real Part Part Magnitude | Frequency | Ratio
1/s rad/s 1/s Hz

Mode 01 & 02 & 03 0 0 0 0 0
Mode 04 -999.9999 0 999.9999 0 1
Mode 05 -50.0075 0 50.0075 0 1
Mode 06 -33.19306 0 33.19306 0 1
Mode 07 -24.71876 0 24.71876 0 1
Mode 08 -22.10347 0 22.10347 0 1
Mode 09 & 10 -8.830152 0 8.830152 0 1
Mode 11 -5.041496 0 5.041496 0 1
Mode 12 & 13 -0.2106676 +3.106716 3.113851 | 0.4944492 | 0.06765501
Mode 14 -3.329756 0 3.329756 0 1
Mode 15 & 16 -0.2507619 +0.9680661 1.000017 | 0.1540725 | 0.2507577
Mode 17 & 18 -1 0 1 0 1
Mode 19 -0.6528545 0| 0.6528545 0 1
Mode 20 -0.1437174 0| 0.1437174 0 1
Mode 21 & 22 -0.07121907 | +0.00296276 | 0.07128067 | 0.00047154 | 0.9991358
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Three sets of oscillatory modes exist in table 7.7. These are modes 12 & 13, 15 & 16 and 21
& 22. Among these oscillatory modes, only modes 21 & 22 are critically damped with a
damping ratio of 0.99. Modes 15 and 16 are well damped while modes 12 & 13 are poorly
damped. Furthermore, mode 21 & 22 are slightly oscillatory with a vey low frequency of
0.00047 Hz and a damping ratio of approximately 1. All the modes excluding modes 01, 02
and 03 are stable as their eigenvalues have negative real parts. Figure 7.40 to 7.44 shows
the only two states and their participation factor to the electromechanical modes (12 & 13),

(15 & 16) and (21 &22). These states are speed and excitation flux.
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Figure 7.40 Speed participation factor to mode (12 & 13)
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Figure 7.41 Excitation flux participation factor to mode 12 & 13
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Figure 7.42 Speed participation factor to mode 15 & 16
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Figure 7.43 Speed participation factor to mode 21 & 22
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Figure 7.44 Excitation flux participation factor to mode 21 & 22

From the result of the participation factors, it can be concluded that generator speed had a
greater influence on the electromechanical mode (12 & 13); the excitation flux had no
influence on mode (15 & 16) and the excitation flux had a greater influence on mode (21 &
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22) when compared to the speed. Figure 7.45 shows the combined eigenvalue plot from
both case one and case two. From figure 7.45, it can be concluded that the hybrid system
has one more electromechanical mode (15 & 16), which is only influenced by the speed,
when compared to the HVDC transmission system. Each of the two cases has a mode with
an eigenvalue, whose real part is at -1000 and imaginary part is at zero. This eigenvalue is
far from the region of instability. Most of the eigenvalues from case one and case two are

clustered around the origin of the X-Y axis in figure 7.45.
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Figure 7.45 SMIB eigenvalue plot of HVDC Transmission and Hybrid HVAC-HVDC Transmission

Based on the findings above, it can be concluded that the HVDC transmission scheme has
less electromechanical modes when compared with the hybrid HVAC-HVDC transmission
scheme. The hybrid HVAC-HVDC transmission scheme introduced an additional
electromechanical. Hence, the hybrid HVAC-HVDC scheme is less stable and more

susceptible to small signal instability when compared to the HVDC scheme.
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CHAPTER 8

TWO-AREA MULTI-MACHINE (TAMM):

SIMULATION RESULTS

Figures 8.1 and 8.2 show the one-line diagrams of the power system for the hybrid HVAC-

HVDC and the double circuits HVDC respectively. In figure 8.1, area 2 is on the right with two

generating stations G1 and G2 connected to bus one and bus one respectively. Area one is

on the left side of the network in figure 8.1. This also has two generating stations, namely

G3 and G4. The two distribution centres in area two are connected to buses seven and

eight. The AC sides of the inverter and rectifier are connected to bus five and bus six

respectively. The HVDC line is connected between the DC side of the rectifier and the DC

side of the inverter, via a series rector at bus 6a and at bus 5a respectively, as shown in

figure 8.2. The HVAC transmission line is between bus six and bus five.
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Figure 8.1 The Entire Power Network Excluding the HVDC Scheme
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Figure 8.2 The Remote HVDC Scheme between Area 1 and Area 2

The simulation results are divided into three parts: the load flow, transient stability and
small signal stability. In each of these parts, both the HVDC transmission and the hybrid

HVDC-HVAC transmission schemes are considered.

8.1 LOAD FLOW
8.1.1 Case 1: HVDC Transmission

The first transmission considered for the Two Area Multi-Machine (TAMM) system is the
double circuit HVDC transmission line, as shown in Figure 8.2. Table 8.1 and table 8.2 show
the voltages and powers at selected system buses. Current control is adopted by the
rectifier to control the flow of the DC current, while the inverter is operating under the
extinction angle control (voltage control). The DC current order is set to 3.84 kA on the

HVDC transmission line.
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Table 8-1 Bus Voltage Magnitude and Angles (TAMM, Case 1)

Element Rated Voltage | Actual Voltage | Voltage (pu) | Voltage angle (°)
Bus 1 22.00 22.00 1.00 0.00
Bus 2 22.00 22.00 1.00 0.35
Bus 3 22.00 22.00 1.00 0.11
Bus 4 22.00 22.00 1.00 0.00
Bus 5 500.00 494.80 0.99 -0.15
Bus 5a 500.00 506.88 1.01 N/A
Bus 6 500.00 494.65 0.99 -1.31
Bus 6a 500.00 521.28 1.04 N/A
Bus 7 11.00 10.86 0.99 -1.41
Bus 8 11.00 10.82 0.98 -1.76

In this case there is no AC link between area one and area two, as such, the two areas are
almost isolated by the HVDC transmission line. Based on this, the two areas both need
individual voltage references. Since there are multiple machines in each of these two areas,
bus one is the slack (reference) bus for area two and bus four is the slack (reference) bus for
area one. The AC voltage as bus 6 is stepped down by the converter transformers before
conversion to DC. Similarly, the inverter DC voltage is stepped up to 500 kV by the inverter
transformer at bus 5. The total load connected to both distribution centres is 2443 MW. The
active power generated in area one of the power system is 2002 MW, while the active

power generated in area one is 497 MW as seen in table 8.2.

The active power on the HVDC line flows from the rectifier bus to the inverter bus. This
corresponds to the theory of DC power flow which states that, DC power flows from higher
bus voltage magnitude to lower bus voltage magnitudes. As seen in table 8.1, the rectifier
DC bus (bus 6a) voltage (1.04pu) is higher than the inverter DC bus (bus 5a) voltage (1.01
pu). The transmission line experienced a slight drop in transmission line voltage of 0.03pu
between the inverter and the rectifier which is 3% of the nominal voltage. High voltage
transmission lines ideally have a voltage drop less than 10% [19]. Regarding the flow of

reactive power, the total reactive power generated by all the generators in areas one and
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one is 1804 Mvar. The total reactive power compensation in area one and in area two are
617 Mvar and 392 Mvar respectively. The total reactive power generated in the system,

thus, is 2813 Mvar which was utilised by the loads and the converter stations.

Furthermore, the voltage angles become more lagging as power flows away from the
generating stations toward the double-circuit HVDC transmission line as indicated in table
8.1. In area one, the voltage angles became more lagging from 0° at bus 1 (G1) to -0.15° at
bus five and in area one it became more lagging from 0° at bus four (G4) to -1.31° at bus six.
However, as active power flows from bus six to bus five through the HVDC line via two
intermediate buses (6a and 5a), the flow now depends on the magnitude of the voltage on
the two intermediate DC buses. Although the voltage angle at bus five is leading with
respect to bus six, the DC power flows from bus six to bus five. Table 8.1 indicates that the
voltage magnitude at the DC rectifier bus (bus 6a) is 1.04 pu and that of the DC inverter bus

(bus 5a) is 1.01 pu. That is why power is flowing from bus 6a to bus 5a.

Table 8-2 Active and Reactive Power (TAMM, Case 1)

Element Bus Active Power (MW) | Reactive Power (Mvar)
G1 1 97 431
G2 2 400 461
G3 3 1000 435
G4 4 1002 477
HVDCTX 1 6a 1001 0
5a -973 0
HVDCTX 2 6a 1001 0
5a -973 0
Rectifier 2002 1190
Inverter -1946 1276
Distr Center 1 7 1064 74
Distr Center 2 8 1379 274
HV CAP 1 6 0 392
HV CAP 2 5 617
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The amount of active power transmitted via the HVDC transmission lines was found to be
2002 MW, of which 56 MW was lost in the transmission lines. In other words, 2002 MW is
sent from bus 6a (rectifier), but only 1946 MW is received at bus 5a (inverter). Since the
load demand at bus five is 2443 MW, the rest of the power demand (497 MW) is supplied by
G1 and G2. There was no real power loss in the HVDC converters.

8.1.2 Case 2: Hybrid HVAC-HVDC Transmission

Table 8.3 and table 8.4 show the voltages and powers at all the system buses. Current
control is adopted by the rectifier to control the flow of DC current on the DC transmission
line, while the inverter is operating under the extinction angle control. The current order
was chosen to be 1.98 kA so as to split the amount of power transmitted between the two
types of transmission lines almost equally. In this case the flow of power on the HVAC

transmission line is controlled by controlling the current order at the rectifier station.

Table 8-3 Bus Voltage Magnitude and Angles (TAMM, Case 2)

Element Rated Voltage | Actual Voltage | Voltage (pu) | Voltage angle (°)

Bus 1 22.00 22.00 1.00 0.00
Bus 2 22.00 22.00 1.00 0.30
Bus 3 22.00 22.00 1.00 38.60
Bus 4 22.00 22.00 1.00 38.49
Bus 6 500.00 498.11 1.00 37.19
Bus 5 500.00 497.69 1.00 -0.19
Bus 6a 500.00 507.43 1.01 0.00
Bus 5a 500.00 492.58 0.99 0.00
Bus 7 11.00 10.89 0.99 -1.79
Bus 8 11.00 10.93 0.99 -1.44

From table 8.3 it can be seen that all the bus voltage magnitudes are within the set
acceptable range between 0.95 pu and 1.10 pu. The slack bus in area one is set to be bus
one (G1) and since there is a HVAC transmission line between area one and area two, the
voltage reference in area one is also taken with respect to G1 in area 2. With regards to AC
power flow between bus 6 and bus 5, bus 6 angle is leading with respect to bus five. Hence,

AC power flowed from bus six to bus five. Between these two busbars is also the HVDC
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transmission line with the rectifier DC bus (bus 6a) and the inverter DC bus (bus 5a).
Because the determinant of DC power flow is the voltage magnitude, DC power flows from

rectifier DC bus (area one) to inverter DC bus (area two).

Table 8-4 Active and Reactive Power (TAMM, Case 2)

Element Bus Active Power (MW) | Reactive Power (Mvar)

G1 1 128 190

G2 2 400 204

G3 3 1000 156

G4 4 1000 170
HVDC TX 6a 1005 0
5a -975 0

HVAC TX 6 995 -26

5 -940 128

Rectifier 1005 686

Inverter -975 725
Distr Center 1 7 1064 67

Distr Center 2 8 1379 267

HV CAP 1 6 0 398

HV CAP 2 5 0 872

As in case one, the voltage angle becomes more lagging as power flows away from the
generating stations towards the Hybrid HVAC-HVDC transmission line. The power loss on

both the HVAC and the HVDC transmission lines between bus six and bus five is 85 MW
(i.e. losses on HVDC 1005-975=30 MW, losses on HVAC= 995-940=55MW) and it is higher
than the loss in case one (56 MW).
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8.2 TRANSIENT STABILITY

Transient stability is considered in this section. The two-area power system of figures 8.1
and 8.2 are examined to determine the transient stability of the power system in each of
the transmission configurations. Two-fault conditions are considered, namely, converter DC
fault and the three-phase to ground fault at the terminal of generator G4. The system
configuration is similar to that used for the load flow calculation in section 8.1. In each of
these fault conditions, two transmission configuration cases are considered. In case one
which uses HVDC transmission, the HVDC transmission line was scheduled to deliver about
2000 MW over 500 km to area one with current control at the rectifier and extinction angle

control at the inverter. The current order of the rectifier was set at 3.84 kA.

In case two hybrid HVAC-HVDC transmission lines were used. The HVDC transmission line
was scheduled to deliver about 1000 MW over 500 km to area one with current control at
the rectifier and extinction angle control at the inverter. The current order of the rectifier

was set at 1.98 kA. The HVAC line transmitted 1000 MW.

8.2.1 Effects of DC Converter Faults on Transient Stability

At one second into the simulation, a 50 ms DC fault was applied at the DC terminal of the
rectifier. Following that, another simulation was run and at one second, a 50 ms DC fault
was applied at the DC terminal of the inverter. The effects of both rectifier and inverter DC
faults on the transient stability as well as the recovery of the voltage level at the generating

stations in area one and area two are investigated.

8.2.1.1 Case 1: HVDC Transmission Line

The simulation results obtained in this case are given in figures 8.3 to 8.10. The results
shown from figure 8.4 to figure 8.7 are obtained from G3. Figure 8.3 shows the rotor angle
of G3. It can be observed that during the 50 ms rectifier and inverter DC faults, the rotor
angle of G3 increased from -87° to about -70°. After the fault was cleared, the rotor angle
oscillated between 180° and -180° before it reached a steady rotor angle of -110° and -145°

for the inverter and rectifier DC faults, respectively. Also, the rectifier DC fault had a greater

impact on the rotor angle of G3. It took about ten seconds longer for the rotor angle of G3
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to drop from 180° to -180° during the rectifier fault as compared to the inverter fault. Also,
the final rotor angle of G3 after the rectifier fault is 30° larger than the final rotor angle of

G3 after the inverter fault.

G3 Rotor angle During Rectifier and Inverter Fault
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Figure 8.3 Case 1: Effects of Converter Fault on the Rotor Angle of G3

The effect of the rectifier fault is also larger than the effect of the inverter fault at the
terminal voltage of G3. During the inverter fault, the terminal voltage of G3 dropped to 0.73
pu while it dropped to 0.63 during the rectifier fault as seen in figure 8.4. After 7.5 seconds,

the terminal voltage at G3 stabilised for both rectifier and inverter DC faults, respectively.
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G3 Terminal voltage During Rectifier and Inverter Fault
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Figure 8.4 Case 1: Effects of Converter Fault on the Terminal Voltage of G3

During both rectifier and inverter faults, the active power generation increased momentarily
to a high of 3050 MW from 1000 MW (this is about the normal value), as shown in figure
8.5. After this increase, the active power dropped to -100 MW and increased till it reached
its pre-fault value of 1000 MW. This was reached in 4.5 seconds as reflected in figure 8.5.
Figure F.3 in Appendix F shows the current waveform of G3. The current increased from 0.6
pu to 3.1 pu during the rectifier fault and from 0.6 pu to 2.8 pu during the inverter fault.
This indicates that the capacity of G2 was exceeded during the both rectifier and inverter DC
faults while using the HVDC transmission line. Hence, in practice, this increase in active

power generation is not acceptable.
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G3 Active Power During Rectifier and Inverter Fault
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Figure 8.5 Case 1: Effects of Converter Fault on the Active Power of G3

As shown in figure 8.6, the reactive power generated by G3 increased from 497 Mvar to
3600 Mvar during the rectifier fault and from 497 Mvar to 3100 Mvar during the inverter
fault. This is mainly because the recovery of the rectifier during both inverter and rectifier
faults requires reactive power and as such, the generator has to supply it. At two seconds
into the simulation, the reactive power generation by G3 is restored to its pre-fault value of

435 Mvar.
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G3 Reactive Power During Rectifier and Inverter Fault
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Figure 8.6 Case 1: Effects of Converter Fault on the Reactive Power of G3

From figure 8.7, it can be seen that the rotor angle of G2 oscillated between -86.9% and -
87.2° (which damped out in eight seconds), in order to balance the load demand of 2442
MW with the aid of active power supply by G1 during both rectifier and inverter faults.
Because G2 is closer to the inverter side, the effect of the inverter DC fault on the rotor

angle of G2 is greater than that of the rectifier DC fault.
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G2 Rotor angle During Rectifier and Inverter Fault
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Figure 8.7 Case 1: Effects of Converter Fault on the Rotor Angle of G2

Figure 8.8 shows the terminal voltage at G2. The terminal voltage at G2 increased during the
faults. This is because, during the rectifier and inverter DC faults, the reactive power
required by the converters dropped due to the drop in active power transmitted via the
HVDC line. Figure 8.9 shows that the active power generation at G2 increased from 400 MW
to 1500 MW during the fault. The rest of the power needed by the distribution centres
during the fault was supplied by G1. Figure F.2 in Appendix F shows the current waveform of
G2. The current increased from 0.25 pu to 0.85 pu for both rectifier and inverter faults. As a
result, the capacity of G2 was not exceeded while using the hybrid HYAC-HVDC transmission

line.
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Figure 8.8 Case 1: Effects of Converter Fault on the Terminal Voltage at G2
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Figure 8.9 Case 1: Effects of Converter Fault on the Active Power of G2
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G2 Reactive Power During Rectifier and Inverter Fault
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Figure 8.10 Case 1: Effects of Converter Fault on the Reactive Power at G2

From figure 8.10 it can be seen that the reactive power at G2 decreased. This is because
there was excess reactive power supplied during the converter faults, and this was absorbed
by G1 and G2 as the inverter station was not running at its capacity. The reactive power at
G1 is shown in figure F.13 in the Appendix. The excess reactive power came from the

capacitor banks which injects a relatively fixed amount of reactive power into the system.

8.2.1.2 Case 2: Hybrid HVAC- HVDC Transmission Line

The simulation results obtained in this case are shown in figure 8.11 to figure 8.18.

Figures 8.11 to 8.14 show the results obtained from generator G3. The effect of both
rectifier and inverter faults on the rotor angle of G3 is shown in figure 8.11. The rotor angle
of G3 before the fault in case two is -44°. Furthermore with the hybrid HVAC-HVDC scheme,

the time taken for G3’s rotor angle oscillations to stabilize has decreased by 25 seconds.
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Figure 8.11 Case 2: Effects of Converter Fault on the Rotor Angle of G3

As in case one, the effect of the rectifier fault is greater on the terminal voltage of G3 as

compared with that of the inverter fault, as shown in figure 8.12. During inverter and

rectifier faults the terminal voltage of generator G3 decreased to 0.8 pu and 0.65 pu

respectively before increasing to the pre-fault voltage of 1.0 pu.
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G3 Terminal Voltage During Rectifier and Inverter Fault
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Figure 8.12 Case 2: Effects of Converter Fault on the Terminal Voltage at G3

Figure 8.13 shows the active power generation at G3. It can be seen that the active power
generation of G3 during both faults is very similar to that of case one, in that the active
power increased from 1000 MW to 3050 MW during the fault. The major difference,
however, is that the post-fault waveform in case (figure 8.6) is smoother when compared
with case two. This means that with the HVAC line in transmission in parallel to the HVDC
line, the active power restoration of G3 has more oscillations and takes 15 seconds longer to
settle down than in case one. Figure F.7 in Appendix F shows the current wave form of G3.
From the current waveform, it can be seen that the increase in active power generation is
directly proportional to the increase in current output. During the rectifier DC fault, the
current increased from 0.6 pu to 2.8 pu, while it increase from 0.6 pu to 2.3 pu during the

inverter fault.
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Considering the reactive power compensation in area one, G3 had to increase reactive
power generation during the DC faults. During the rectifier DC fault G3 generated 800 Mvar

more than it did during the inverter fault, as shown in figure 8.14.
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Figure 8.15 Case 2: Effects of Converter Fault on the Rotor Angle of G2

In area one which is close to the distribution centres, the rotor angle of generator G2 had
some decaying oscillations with small amplitudes as shown in figure 8.15. The rotor angle
oscillated between -86.85° and -87.01° which is a relatively small range as compared to case
one (figure 8.7). However, it took about fifteen seconds longer than in case one (figure 8.7)

to stabilise.

Figure 8.16 shows the increase in G2 terminal voltage during both inverter and rectifier
faults. After the fault was removed the terminal voltage decreased to 0.99 pu as it oscillated
with decreasing amplitudes until it reached the pre-fault value of 1.0 pu. Figure 8.16 also
shows that the impact of both rectifier and inverter DC fault on the terminal voltage of G2 is

almost the same. The terminal voltage of G2 reached its pre-fault value in 30 seconds.
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Figure 8.16 Case 2: Effects of Converter Fault on the Terminal Voltage at G2
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Figure 8.17 Case 2: Effects of Converter Fault on the Active Power of G2
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Figure 8.18 Case 2: Effects of Converter Fault on the Reactive Power of G2

Figure 8.17 shows that during the fault more active power is supplied by both G2 and G1 to
meet the demands of the distribution centres. The active power supplied by G2 increased
from 400 MW to 1190 MW during the inverter fault and from 400 MW to 1260 MW during
the rectifier fault. In other words, during the rectifier and inverter faults the generator G2
output power increased by 215% and 197.5% respectively. Figure F.6 in Appendix F shows
the current waveform of G2. The current increased from 0.25 pu to 0.78 pu during the
rectifier fault and from 0.25 pu to 0.7 pu during the inverter fault. This indicates that the
capacity of G2 was not exceeded during the both rectifier and inverter DC faults while using

the hybrid HVAC-HVDC transmission line.

8.2.2 Effects of 3-phase fault on Transient Stability

The system configuration in this section was explained at the beginning of section 8.2. At
one second into the simulation, a three-phase fault was applied at generator G4 terminals
for 50 ms. The effects of the three-phase to ground fault at the terminals of G4 on two
generating stations (G2 and G3) under both transmission configurations are investigated.
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8.2.2.1 Case 1: HVDC Transmission Line

The simulation results obtained in this case are given in figures 8.19 to 8.26. The current

waveforms are given in Appendix F:2.

Before the three-phase fault at G4, the rotor angle of G2 was at -87.01°. During the fault,

the imbalance of the electrical power in the system led to the oscillation of the rotor angle.

After the fault was cleared, it took about thirteen seconds for the rotor angle of G2 to

stabilise. The magnitude of the oscillations were between a small range [—87.20, —86.90], as

shown in figure 8.19.

G2: Rotor Angle During 3-phase Fault at G4
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Figure 8.19 Case 1: Effect of G4 3-Phase Fault on the Rotor Angle of G2

Figure 8.20 shows that the terminal voltage of G2 increased slightly from its pre-fault value

of 1.0 pu to 1.035 pu for a short time during the fault before reducing to 0.998 pu and finally

to its pre-fault value of 1.0 pu in about seventeen seconds.
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G2: Terminal Voltage During 3-phase Fault at G4
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Figure 8.20 Case 1: Effect of G4 3-Phase Fault on the Terminal Voltage at G2

Figure 8.21 shows the active power generation at G2. The active power generated by G2
increased from 400 MW to 1490 MW (i.e., a 275% increase) during the fault. At four
seconds into the simulation, the active power generation reduced to 380 MW which is
below the pre-fault value before reaching the pre-fault steady state value at twelve
seconds. The reason for the active power increase to 1490 MW is because the HVDC was
not transmitting at its rated capacity during the fault and power had to be supplied to the
distribution centre by G1 and G2. The current waveform given in figure F.10, in the
Appendix, shows that the generator current increased from 0.354 pu to 0.85 pu. Hence,

with regards to the maximum current of 1.0 pu, the capacity of G2 was not exceeded.

Page | 122




Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

G2: Active Power During 3-phase Fault at G4
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Figure 8.21 Case 1: Effect of G4 3-Phase Fault on the Active Power at G2

Figure 8.22, shows G2 reactive power variations during the fault. It can be seen that the
reactive power at G2 decreased during the fault. This is because the reactive power
compensation was in excess during the time of the fault as the inverter was not running at

rated capacity (2500 MW). This result is similar to the effect of the effect of converter DC on
the reactive power profile at G2, as seen in figure 8.10.

Page | 123




Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

Reactive Power (Mvar)

500

G2: Reactive Power During 3-phase Fault at G4

Time (sec)

| N VANV~ -
400 - ‘ |
300 ‘ J |
| |
200 - ‘ | |
N
100 |- | |
f
0 * ‘ |
\
\
-100|- | |
|
200~ n |
-300 ‘ ‘ | | |
0 0.5 1 1.5 5 -

Figure 8.22 Case 1: Effect of G4 3-Phase Fault on the Reactive Power at G2

The fault at G4 had a larger impact on G3 than on G2. The loss of 1000 MW from G4 led to

the large swings in the rotor angle of G3 between +160° and -160°, as seen in figure 8.23.
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Figure 8.23 Case 1: Effect of G4 3-Phase Fault on the Rotor Angle of G3
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It can be seen from figure 8.24 that during the three-phase fault at G4, which led to the loss
of 1000 MW (half of the HVDC line capacity), generator G3 reached a very low voltage level

of 0.4 pu but stabilised very fast in less than one second.
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Figure 8.24 Case 1: Effect of G4 3-Phase Fault on the Terminal Voltage at G3

The drop in the voltage level at G3 led to the drop of the active power generation at G3
which is shown in figure 8.25. However, a steady state was reached in seven seconds. In
response to the decrease in the active power of G3 during the fault, the active power of G2

was increased to meet the power demand of the distribution centre.
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G3: Active Power During 3-phase Fault at G4
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Figure 8.25 Case 1: Effect of G4 3-Phase Fault on the Active Power at G3

Figure 8.26 shows the reactive power generation at G3. The reactive power supplied by G3
increased from 435 Mvar at pre-fault condition to 1800 Mvar during the fault. Figure F.11 in
Appendix F shows the current waveform of G3. The current output of G3 increased from,
0.6 pu to 3.6 pu during the 3-phase fault at G4, exceeding the maximum current output of
1.0 pu. To prevent this, G3 has to be cut off immediately to avoid the excess generation of
reactive power. Otherwise dynamic reactive power compensation will be needed in area

one, in order to supply the needed reactive power. The excess reactive power that was

generated by G3 was absorbed by G4 during the fault.
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G3: Reactive Power During 3-phase fault at G4
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Figure 8.26 Case 1: Effect of G4 3-Phase Fault on the Reactive Power at G3

8.2.2.2 Case 2: Hybrid HVAC-HVDC Transmission Line

The simulation results obtained in this case are given in figures 8.27 to 8.34.

Figure 8.27 shows the rotor angle oscillation during the perturbation in the power system
which was caused by the three-phase fault at the terminals of G4. The amplitude of these
oscillations is very similar to that of case one in figure 8.19 when only HVDC was used for
transmission. However, the major difference is the settling time of the system. In this case
(hybrid transmission), it took about 40 seconds for the rotor angle to stabilise as opposed to
case one where the rotor angle stabilised in about nine seconds. This operation is not ideal,

as power systems are expected to have faster settling times, as is the case in figure 8.19.
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G2: Rotor Angle During 3-phase Fault at G4
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Figure 8.27 Case 2: Effect of G4 3-Phase Fault on the Rotor Angle of G2

G2: Terminal Voltage During 3-phase Fault at G4
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Figure 8.28 Case 2: Effect of G4 3-Phase Fault on the Terminal Voltage of G2
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Figure 8.28 shows the terminal voltage at G2. Before the fault the terminal voltage of G2
was 1.0 pu. During the fault the terminal voltage oscillated between 1.013 pu and 0.98 pu.
After the fault the terminal voltage returned to its pre-fault value of 1.0 pu at about 35
seconds into the simulation. The difference between the terminal voltage in case one
(Figure 8.20) and that of case one is that in case 2 more oscillations are experienced as the
voltage returns to its pre-fault value. Also, in case 1, the voltage increased during the fault
but in this case the voltage decreased first before increasing during the fault. The increase in
the rotor angle oscillations in this case is due to the HVAC transmission line between the

two areas of the power system. This also led to the increase in settling time.
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Figure 8.29 Case 2: Effect of G4 3-Phase Fault on the Active Power at G2

Figure 8.29 shows the active power generation at G2. The active power increased to 1300
MW during the fault, before decreasing to its pre-fault value of 1000 MW with decaying
oscillations. The active power increase at G2 is about 100 MW less than the active power
increase in case one (figure 8.21) during the fault. This means that the impact of the three-
phase fault at G4 on the active power generation at G2 was reduced when the hybrid HVAC-

HVDC transmission line was used.
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Figure 8.30 shows the reactive power generation at G2. It can be seen from figure 8.30 that
G2 increased its reactive power generation from 210 Mvar to 510 Mvar during the fault and
absorbed about 50 Mvar shortly after. After the fault was cleared the reactive power
oscillated between 380 Mvar and -60 Mvar before settling down to its pre-fault value. This is
seen to be different from case one (figure 8.22), where G2 was absorbing reactive power
during the fault. Before the fault in case one generator G2 was generating 470 Mvar while in
this case, it was generating 210 Mvar. This is the reason why G2, in this case, absorbed less

reactive power when compared with what happened in case one.
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Figure 8.30 Case 2: Effect of G4 3-Phase Fault on the Reactive Power at G2

The results presented in figures 8.31 to 8.34 are taken from G3. Figure 8.31 shows the rotor
angle of G3. In figure 8.32, it can be seen that the amplitudes of the rotor angle oscillation
ranged from -25° to -57° and settled in about 33 seconds. Hence, under the hybrid
transmission, the impact of the three-phase fault at the terminals of G4 on the rotor angle
of G3 is lower than in case 1 (figure 8.23). Although the oscillations in case two are more
than the rotor angle oscillations in case one, the amplitudes of the oscillations are smaller
and damped out in about 45 seconds faster than in case one.

Page | 130




Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

G3: Rotor Angle During 3-phase Fault at G4
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Figure 8.31 Case 2: Effect of G4 3-Phase Fault on the Rotor Angle at G3

It can be seen from figure 8.32 that the terminal voltage at G3 has no significant difference
between that of cases one and two. In both cases, the terminal voltage at G3 dipped to a
very low potential of 0.4 pu. There are, however, more oscillations in Figure 8.32 than in

case one Figure 8.24. In other words, the system settles faster in case one than in case two.
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Figure 8.32 Case 2: Effect of G4 3-Phase Fault on the Terminal Voltage of G3
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Figure 8.33 shows the active power generation at G3. It can be seen that the active power
generation dropped to 200 MW following the low voltage dip during the fault. The major
difference between case one and case two is that the active power generation at G3
dropped to 0 MW in case one (figure 8.25), while it dropped to 200 MW in case two. As a
result the active power generated by G2 during the fault to meet the load demand is lower

than that in case one.
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Figure 8.33 Case 2: Effect of G4 3-Phase Fault on the Active Power at G3
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Figure 8.34 Case 2: Effect of G4 3-Phase Fault on the Reactive Power at G3
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Figure 8.34 shows the excessive increase in reactive power generation at G3 which is the
same across all the simulations that were conducted on the TAMM power system. In this
case the excess reactive power that was generated by G3 was absorbed by G4 (where the 3-
phase to ground fault occurred). The major setback in both cases is that the effect of G4
three-phase fault on the reactive power generation at G3 is very stringent. The normal
capacity of G3 was exceeded during both cases. Although the time during which the reactive
power increased to about 4600 Mvar in figure 8.34 (case two) and figure 8.26 (case one) are
very short, the generator alone cannot cope with this demand and there is a need for

(dynamic) reactive compensation. Otherwise the generators would be disconnected.

8.3 SMALL SIGNAL STABILITY

As in the case of the SMIB simulations, the DigSILENT round rotor synchronous generator
model was used in the simulation. This generator is modelled as a 5™ order generator [37].
Hence 5 modes are expected from each of the generator in the result of the modal analysis
of the small signal stability. The IEEET1 AVR and IEEEST PSS controllers were added to the
model of generator G2. The function of the PSS is to add damping to the generator
oscillations by controlling its excitation using stabilizing signal(s). The AVR has four state
variables in its model which is expected to yield four modes while the PSS has 8 state
variables in its model which should give eight modes. Therefore the total number of modes
expected from the modal analysis is 32 since the controllers were only added to one of the

machines, G2. The parameters of these controllers are given in Appendix D.

Tables 8.5 and 8.6 show the modes in case one (HVDC transmission) and in case two (Hybrid

HVAC-HVDC transmission) respectively.
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Table 8-5 Eigenvalues for the TAMM Power System Model in Case 1: HVDC Transmission

Imaginary Damped
Name Real Part Part Magnitude | Frequency Damping Ratio
1/s rad/s 1/s Hz

Mode 02 -30.02882 0 30.02882 0 1
Mode 03 & 04 -24.30482 1.960208 24.38374 0.3119768 0.9967635
Mode 05 -17.16799 0 17.16799 0 1
Mode 06 & 07 -0.8587247 7.546915 7.595613 1.201129 0.1130554
Mode 08 -13.783 0 13.783 0 1
Mode 09 -13.76398 0 13.76398 0 1
Mode 10 -1.521529 0 1.521529 0 1
Mode 11 -1.432745 0 1.432745 0 1
Mode 12 -1.47445 0 1.47445 0 1
Mode 13 -0.6308175 0 0.6308175 0 1
Mode 14 -0.07187722 0| 0.07187722 0 1
Mode 15 -0.112776 0 0.112776 0 1
Mode 16 -0.09747365 0| 0.09747365 0 1
Mode 17 -0.09108192 0| 0.09108192 0 1
Mode 18 -0.00000017 0 | 0.00000017 0 1
Mode 01, 19, 20,

21,22,23 & 24 0 0 0 0 0

In table 8.5, two sets of oscillatory modes exist. These are modes 03 & 04, 06 & 07. Mode 03

& 04 is an inter-area mode, which is critically damped with a damping ration of 0.99. Mode

06 & 07 is a local mode, whose damping ratio is 0.11. Modes 02, 05 and 08 to 18 are

critically damped and stable as their eigenvalues have negative real parts. Figure 8.35 to

8.36 shows the only two states (speed and excitation flux.) and their participation factor to

modes (3 & 4) and (6 & 7).
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Figure 8.35 Excitation flux participation factor to mode 3 & 4
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Figure 8.36 Speed participation factor to mode 6 & 7

Figure 8.35 shows the excitation flux participation to mode 3 &4. From the results obtained,
it is only the excitation flux that contributed to mode 3 & 4, with G3 and G4 as the highest
contributor. Other states like the speed and rotor angle did not contribute to this mode. In

mode 6 & 7, the only state that contributed to this mode is the speed from G3 and G4.

For case two, with the hybrid HVAC-HVDC transmission line, the eigenvalues obtained from

the system are presented in table 8.6.
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Table 8-6 Eigenvalues for the TAMM Power System in Case 2: Hybrid HVAC-HVDC Transmission

Imaginary Damped Damping
Name Real part part Magnitude | Frequency Ratio
1/s rad/s 1/s Hz

Mode 02 -30.02915 0 30.02915 0 1
Mode 03 & 04 -24.19782 | 1.780552 24.26325 0.2833836 | 0.9973037
Mode 05 -17.16492 0 17.16492 0 1
Mode 06 -13.77991 0 13.77991 0 1
Mode 07 -14.19595 0 14.19595 0 1
Mode 08 & 09 -0.8622598 | 7.536616 7.585781 1.19949 | 0.1136679
Mode 10 & 11 -0.231039 | 2.901493 2.910677 0.4617869 | 0.07937639
Mode 12 -1.480148 0 1.480148 0 1
Mode 13 -1.516516 0 1.516516 0 1
Mode 14 -1.498707 0 1.498707 0 1
Mode 15 -0.07239681 0 | 0.07239681 0 1
Mode 16 -0.1128598 0| 0.1128598 0 1
Mode 17 -0.09141712 0 | 0.09141712 0 1
Mode 18 -0.1021724 0| 0.1021724 0 1
Mode 19 0 0 0 0 1
Mode 01, 20, 21,

22,23 & 24 0 0 0 0 0

In table 8.6, three sets of oscillatory modes exist. These are modes 03 & 04, 08 & 09 and 10

& 11. Among these oscillatory modes, only mode 03 & 04 is critically damped with a

damping ratio of 0.99. Mode 08 & 09 (a local mode) has an acceptable damping ratio of

0.11, while mode 10 & 11 (an inter-area mode) is poorly damped with a damping ratio of

0.08. All the other modes are critically damped with a damping ratio of one, excluding

modes 01 and 20 to 24. Figure 8.37 to 8.39 shows the only state (speed) and its

participation factor to modes (3 & 4), (8 & 9) and (10 &11). These states are speed and

excitation flux.
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Figure 8.37 Speed participation factor to mode 3 & 4
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Figure 8.38 Speed participation factor to mode 8 & 9
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Figure 8.39 Speed participation factor to mode 10 & 11

From the results shown in figure 8.37 to 8.39, mode 10 & 11 had the highest speed

participation factor from all four generators at approximately 1 each. In mode 3 & 4, the

highest speed participation factor came from G1 and G2, each at approximately 1, while G3

and G4 had a lower participation of about 0.585 each. In mode 8 & 9, only G3 and G4

contributed each with a participation of approximately 1. Figure 8.40 shows the combined

eigenvalue plot from both case one and case two. From figure 8.40, it can be concluded that

all the eigenvalues of from case one and case two are highly correlated except for the

additional inter-area mode in case two which has no corresponding mode in case one.
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TAMM: Eigenvalue plot of both HVDC and Hybrid HVAC- HVDC Transmission
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Figure 8.40 TAMM Eigenvalue Plot from HVDC Transmission and Hybrid HVAC-HVDC Transmission

Based on the findings above, it can be concluded that the HVDC transmission scheme has
less inter-area oscillations when compared to the hybrid HVAC-HVDC transmission scheme.
The hybrid HVAC-HVDC transmission scheme introduced an additional inter-area mode.
Hence, the hybrid HYAC-HVDC scheme is relatively less stable and more susceptible to small
signal instability when compared to the HVDC scheme. For the Hybrid HVAC-HVDC
transmission scheme, only state that contributed to the oscillatory modes, is the speed.
While the excitation flux contributed to one of the modes for the HVDC transmission

scheme.

Page | 139



Power flow and rotor angle stability studies of HVAC-HVDC power system interconnections using DigSILENT

CHAPTER 9

Conclusions and Recommendations

Conclusions:

From the reviewed literature, it is concluded that relatively little published work was done in
the field of parallel hybrid HVAC- HVDC transmission when compared to HVDC transmission.
Hence, this thesis has made some significant contributions to the available literature on
hybrid parallel HYAC-HVDC power system interconnections. From the simulation results on
load flow and rotor angle stability using the SMIB and TAMM power system models, the

following conclusions were reached:

The load flow analysis conducted on the SMIB power system indicated that the voltage drop
across the HVDC transmission line for both transmission configurations was 0.03 pu. There
was a 42.8 % decrease in the amount of reactive power demand by the converter stations
with the hybrid HYAC-HVDC transmission. For both transmission schemes, the delivered real
power to the distribution centre was the same at 1942 MW. Given that the transmission line

losses in the two cases are different, the transmitted power in each case was different.

The loss in the HVDC transmission scheme was 28 MW lower than the loss in the hybrid
HVAC-HVDC transmission line. Nevertheless, the hybrid HVAC-HVDC transmission scheme
provided a solution for reducing the voltage angle difference between the terminating AC
busbar on the HVAC and HVDC transmission line, while keeping the total amount of power
transmitted constant. Consequently, the steady state stability margin is increased. This
seems to be one of the major advantages in terms of load flow, for the hybrid HVAC-HVDC

transmission line configuration.
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The transient simulation results indicated that the SMIB power system regained stability
faster when the HVDC line alone is used for transmission. This is due to the reduced number
of post fault rotor angle oscillations in the power system. The generators exceeded their
maximum capacity due to reactive power generation during the transients, hence, there is a
need for (dynamic) reactive compensation, or the generators which exceeded their

maximum reactive power generation would have to be disconnected during the fault.

Small signal stability analysis conducted on the SMIB power system showed that the HVDC
transmission scheme is less susceptible to small signal instability when compared to the

hybrid HVAC-HVDC transmission scheme.

The load flow analysis conducted on the TAMM power system indicated that, the voltage
drop across the HVDC transmission line was 0.03 pu when HVDC transmission was used, and
0.02 pu using the hybrid HVYAC-HVDC transmission line. There was a 57.2 % decrease in the
amount of reactive power demand by the converter stations with the hybrid HVAC-HVDC
transmission line. The power loss in transmission using HVDC was 29 MW lower than the

power loss on the hybrid HVAC-HVDC transmission line.

The transient simulation results showed that, the rotor angle response of the generators in
each area of the power system are similar, during the converter DC fault at G3.
Nevertheless, the rectifier fault was found to be more severe on the rotor angle stability
when compared to the inverter fault for the HVDC transmission scheme. The terminal
voltage dip at G3 during the rectifier DC fault was larger than the terminal voltage dip at G3
during the inverter fault across both transmission schemes. This dip however, was found to

be reduced with the hybrid HVAC-HVDC transmission scheme.

G2’s active power increase during both converter faults was reduced with the hybrid HVAC-

HVDC transmission line. Similarly, the reactive power drawn by G2 during the converter

faults was reduced with using the hybrid-HVAC-HVDC transmission line.
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Only G3 exceeded its capacity during the converter fault due to the additional active and
reactive power it had to provide. To prevent this, there is a need for (dynamic) reactive
compensation, or G3 would be disconnected during the converter fault. Similar to the SMIB
power system, the TAMM power system regained stability faster when the HVDC line alone
is used for transmission. This is due to the reduced number of post fault rotor angle

oscillations in the power system.

From the small signal stability analysis, it can be concluded that the hybrid HVAC-HVDC
scheme is relatively less stable and more susceptible to small signal instability when
compared to the HVDC scheme. For the Hybrid HVAC-HVDC transmission scheme, the only
state that contributed to the oscillatory mode is the speed. While the excitation flux

contributed to one of the modes in the HVDC transmission scheme.

Recommendations:

Based on the work that was carried out in this thesis, the following recommendations are
made:

The hybrid HVAC-HVDC transmission scheme is recommended for power transmission
between areas of a network. Nevertheless, it is recommended that this work should be
carried out in other simulation packages for validation. Localised application of DC faults
within the converter station and along different segments of the HVDC line can also be
carried out in further studies. This will enhance a more robust analysis of the interrelations

of DC faults on the entire power system.

Furthermore, a study on the presence of AC and DC harmonics in the power system using
both HVDC and hybrid parallel HVAC-HVDC transmission can be carried out to determine
the adequate filters that should be adopted. Further research should be carried out to
reduce the post fault oscillations in the hybrid HVAC-HVDC transmission scheme. An
investigation needs to be carried out to explain why the active power momentarily increases
at G3 and G4 when a DC fault occurs at both the rectifier and the inverter station. And
finally, more research needs to be carried out to explain why the post fault rotor angles in

most cases are different from the pre-fault rotor angle.
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APPENDIX A:

Short Circuit Ratio

For transmission systems that have HVDC transmission lines, the short circuit ratio (SCR) is
defined as the ratio of the short circuit MVA rating of the AC system and the rated MW of

the DC converter as seen in equation A.1 [19].

Short - Circuit level of AC system (MVA)
DC rating at the converter terminals (MW) (A.1)

SCR =

The short-circuit level in MVA of the AC system is given by the ratio of the commutation bus
voltage at the rated DC power and the Thevenin equivalent impedance of the AC system as

seen in equation A.2 [19].

ECICZ
SCMVA = Z_
TH (A.2)

Where E, = Commutation AC bus voltage at rated DC Power

Z ;= Thevenin equivalent impedance of the AC system

SC,;va =Short Circuit Level(MVA)

When the AC side components such as filters and shunt capacitors are taken into account in
order to obtain the total system strength which will reflects the new system impedance, the
SCR is called an effective short circuit ratio (ESCR) which is a better indication of the strength

of the AC system [38]. The ESCR is given in equation A.3.
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(SCMVA - QC)
(ConverterP,. rating)

ESCR=

(A.3)

When STATCOMS are added to the AC side, the Mvar injection of the STATCOM, Qs is added
to the SCyva of the AC side and hence the ESCR evaluation in equation A.3 will now be

modified and defined as seen in equation A.4 [2, 39, 40].

ESCR=—>Cm Qe = 05) (A.4)

(Converter P, rating)

In practice, the SCR is not a constant value due to changes in the AC system impedance
configuration as well as the amount of DC power transferred via the HVDC transmission link.
Therefore a new definition is formulated, namely, the Operating Effective Short Circuit

Ration (OESCR) [26].

The OESCR reflects the exact amount of Ppc transmitted and the online system impedance

as indicated in equation A.5.

EAC2 _ _
S -lQc-Qd]

TH(REAL)

OESCR =

DC(REAL) (A.5)

Finally, when the OESCR is calculated, the following parameters must be stated as the
OESCR takes them into account: the firing angle, commutation reactance X, extinction

angle (y) and the control scheme such as adopted by the HVDC converters [32, 39].
The strength classification of AC systems according to the ESCR is as follows: [19].

2<ESCR<3—= |ow

ESCR >3 — High
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APPENDIX B:

HV Transmission lines, Transformers and Synchronous Machines

Table B1: Transmission Line Parameters

[46]

Parameter HVDC-Line | HVAC Line
Susceptance, B (uS/Km) 4.35 0.45
Rated Voltage (kV) 500 500
Rated Current (kA) 3 3
System Type DC AC
Cable/OHL OHL OHL
1,2 Sequence Resistance (R') | 0.015 0.028
1,2 sequence Resistance (X') | 0.025 0.325
Length (km) 500 500
Table B2: Transformer Parameters
TR1,TR2, TR7,TR8 T9,TR10
Parameter TR3, TR4 TR5, TR6
Rated Voltage (kV) 22/500 500/11 500/230 230/500
Rated Power (MVA) 2000 1500 1400 1400
Zero Sequ Leakage Impedance, HV
side (z,HV) 0.51 0.51 0.51 0.51
Zero Sequ Leakage Impedance, LV
side z,LV 0.49 0.49 0.49 0.49
Zero Sequ Impedance, Short-circuit
Voltage uK0 (10%) 10 10 10 10
No Load Current (%)
No Load Losses (Kw) 0 0 0 0
Table B3: Generator Parameters
Parameter G1, G2 G3,G4
Reactive Power Limits (Mvar) -100, 900 | -500, 1200
Nominal App. Power (MVA) 1900 2700
Nominal Voltage (kV) 22 22
Power Factor (pf) 0.8 0.8
Inertia (H) 7.6 7.6
Vector Group YN YN
Stator Resistance (rstr) 0.01 0.01
d-axis Synchronous Reactance (Xd) 0.09 0.09
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Parameter G1, G2 G3,G4
g-axis Synchronous Reactance (Xq) 0.09 0.09
Transient Time Constant (Td') 8 8
Transient Reactance (xd') 0.3 0.3
d-axis Sub Transient Reactance (xd") 0.2 0.2
d-axis Sub Transient Reactance (xq") 0.2 0.2

APPENDIX C:

Transmission Line and Voltage Level Calculation

This was approached by calculating the Surge Impedance Loading (SIL) of HVAC transmission

lines at different voltage levels. The equations below show how the SIL was calculated

The Surge impedance Loading of a HVAC transmission line is defined as the real power a

transmission lines delivers when it is terminated by its surge impedance.

This power is the ratio of the rated line-line voltage of the transmission line to the surge

impedance of the transmission line as given in equation C.1.

V.2
SIL =—+-[W]

SI

Where V, = Sending end line-line Voltage

Z

Equation C.2 shows the characteristic impedance of a transmission line

zZ, = ’RTJG)L
joC

;= Surge impedance of the transmission line
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Where R = Line Resistance
L = Line Inductance
C = Line Capacitance

When the transmission line is considered lossless i.e., G is negligible and R <<<w@L , the
characteristic impedance of the line Z . can be redefined as the surge impedance Z, of the

transmission line in equation C.3.

When R <<<wL and R is neglected

jwL L
Zy = |2 = 2 (C3)
joC C

When a lossless transmission line is terminated by its SIL, it is expected that the reactive
power generated by the capacitance of the transmission line is equal to the reactive power

absorbed by the transmission line [26].

For the following line parameters;

X, =02708Q/km , . = 4.3333 ¢10° 5/ km
V, =500kV

R =0.028 Q/km (has been already neglected)

w=271F =314.159 @ F=50 Hz (C.4)
XL —3

L="L=0861910" H (C.5)
w
B, —6

C=—C=0013¢10° F (C.6)
w
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Hence for a single circuit HVAC transmission line,

L
Z, = \E =2575Q (C.7)

1% 2
SIL=—"-=971MW (C.8)

18
Hence, from equation C.8, the SIL for the HVAC transmission line is 971 MW at 500 kV.

From this result, it was determined that one HVAC line would transmit 1000MW while the
HVDC line would also transmit 1000 MW. Therefore in case one, two HVDC lines would
transmit 2000 MW while in case two, the hybrid HVAC and HVDC line would each transmit
1000 MW. The rest of the 442 MW required by the distribution centre will be provided by

local generation close to the distribution centre.
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APPENDIX D:

Appendix D contains the parameters and block diagram for the AVR and PSS that was used

in the simulations.

Table D.1 IEEET1 AVR Parameters [37]

Parameter Value

Tr: Measurement Delay (s) 0.02
Ka: Controller Gain (pu) 0.5
Ta: Controller Time Constant (s) 0.03
Ke: Exciter Constant (pu) 1
Te: Exciter Time Constant (s) 0.2
Kf: Stabilization Path Gain (pu) 0.05
Tf: Stabilization Path Time Constant (s) 1.5
E1: Saturation Factor 1 (pu) 3.9
E2: Saturation Factor 3 (pu) 0.1
Sel :Saturation Factor 2 (pu) 5.2
Se2: Saturation Factor 4 (pu) 0.5
Vrmin: Controller Output (pu) -10
Vrmax: Controller Output (pu) 10

vuel N
>
uszip Vrmax
1/sT " Limiter_int, werr
L v {K/(1+sT)} e EFdmax, EFdmin
I \ N
u .'/ \. verr ("~ \. %W\ P, Te
N R KaTa +
upss vf Vrmin K
Ke
s¢/[1+sT)} /—\
Kf, Tt I\'/
. Se(Efd), E1,5el,
Se [
EFdmax ,Sefdmax

Figure D. 1 IEEET1 AVR Block Diagram
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Table D.2 IEEEST PSS Parameters [37]

Parameter Value

Input Selector [1-6] 2
T1 Lead- lag 1st Derivative Time Constant [s] 0.05
T2 Lead- lag 2nd Delay Time Constant [s] 0.3
T3 Lead- lag 3rd Derivative Time Constant [s] 1.2
T4 Lead- lag 4th Delay Time Constant [s] 1
T5: Stabilizer Derivative Time Constant [s] 1
T6: Stabilizer Time Constant [s] 1
Ks: Stabilizer Gain [pu] -1
Kd: Derivatitor Factor [pu] 0.01
Al: Filter 1th Time Constant [s] 0
A2: Filter 2nd Time Constant [s] 0
A3: Filter 3rd Time Constant [s] 0.5
A4: Filter 4th Time Constant [s] 1
A5: Filter 5th Time Constant [s] 2
AG6: Filter 6th Time Constant [s] 1
Lsmin: Controller Minimum Output [pu] -0.1
Vcl: Controller Minimum Limit [pu] 0.8
Lsmax: Controller Maximum Output [pu] 0.1
Vcu: Controller Maximum Limit [pu] 1.1
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Figure D. 2 IEEEST PSS Block Diagram
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APPENDIX E:

Rectifier and inverter Data per six pulse converter

Table E.1 Rectifier data

Parameter Value
Rated Voltage DC (kV) 500
Rated Power (MW) 1000
Minimum Firing Angel (Deg) 15
Maximum Firing Angel (Deg) 80
Commutation Reactance 3
Automatic Firing Y
Current Set Point (kA) 2

Controller

Current Control

Table E.2 Rectifier data

Parameter Value
Rated Voltage DC (kV) 500
Rated Power (MW) 1000
Extinction Angle (Deg) 37
Minimum Firing Angel (Deg) 120
Maximum Firing Angel (Deg) 160
Commutation Reactance 3
Control CEA
Automatic Firing Y
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APPENDIX F:

Figures F.1 to F.12 in Appendix F, shows the generator current graphs for the TAMM power

system models during the converter DC faults and the 3-phase to ground fault at G4.

Appendix F:1 Converter DC fault with HVDC transmission line

Generator current graphs, during the converter DC fault while using the HVDC transmission

line.

G1 Current During the Rectifier and Inverter Fault
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0.6 |
0.55| |
0.5- ‘\‘ i

0.45- | =

Current (pu)

al ‘ 4
0 | - — - - Rectifer Fault

Inverter Fault

0.35-

0.3

0.25

0.2 L L 1 L
0.5 1 1.5 2 2.5 3

Time (sec)

Figure F. 1 G1: Current during Rectifier and Inverter DC Fault
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G2 Current During the Rectifier and Inverter DC Fault
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Figure F. 2 G2: Current during Rectifier and Inverter DC Fault

G3 Current During the Rectifier and Inverter DC Fault
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Figure F. 3 G3: Current during Rectifier and Inverter DC Fault
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G4 Current During the Rectifier and Inverter DC Fault
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Figure F. 4 G4: Current during Rectifier and Inverter DC Fault

Appendix F:2 Converter DC fault with hybrid HVAC-HVDC transmission line

Generator current graphs, during the converter DC fault while using the hybrid HVAC-HVDC

transmission line.

G1 Current During the Rectifier and Inverter DC Fault
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Figure F. 5 G1: Current during Rectifier and Inverter DC Fault
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G2 Current During the Rectifier and Inverter DC Fault
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Figure F. 6 G2: Current during Rectifier and Inverter DC Fault

G3 Current During the Rectifier and Inverter DC Fault
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Figure F. 7 G3: Current during Rectifier and Inverter DC Fault
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G4 Current During the Rectifier and Inverter DC Fault
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Figure F. 8 G4: Current during Rectifier and Inverter DC Fault
Appendix F:3

Generator Current graphs, during the 3-phase to ground fault at G4 while using the HVDC
and the hybrid HVAC-HVDC transmission lines

G1: Current During the 3-phase fault at G4 using HVDC and Hybrid Transmission
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Figure F. 9 G1: Current during 3-phase fault at G4
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: Current During the 3-phase fault at G4 using HVDC and Hybrid Transmission
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Figure F. 10 G2:

Current during 3-phase fault at G4

: Current During the 3-phase fault using at G4 HVDC and Hybrid Transmission
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Figure F. 11 G3

: Current during 3-phase fault at G4
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G4: Current During the 3-phase fault using at G4 HVDC and Hybrid Transmission
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Figure F. 12 G4: Current during 3-phase fault at G4

G1 Reactive Power During Reactifier and Inverter Fault
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Figure F. 13 G3 Reactive power during the DC fault at the converter station using the HVDC transmission

scheme with the TAMM power system.
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