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Synopsis:

This paper presents a performance of a bipole HVDC link
based on line commutated converter (LCC) with a Voltage
Source Converter (VSC). Connecting a VSC based link in a
bipole fashion with an LCC based link has never been prac-
tically implemented yet.

In implementing such a system, as the commutation process
is different for the two. Therefore, study of issues such as
the control of the links, commutation failures and harmonics
are important for the proper operation of the system.

The control strategy for both the LCC and VSC links has
been presented. The VSC control is based on PWM tech-
niques which enables it to have full control of the active and
reactive power exchanged with the ac grid. However the
LCC is controlled by adjusting the firing angle of the con-
verter and can only control the active power exchanged with
the ac grid.

The LCC link has a higher probability to commutation fail-
ures than the VSC. Hence, the performance of the bipole
link has been studied during normal operation and faulty
conditions. The faults which have been simulated deal with
both ac and dc side faults. For ac side faults, single phase
to ground, reduction in the amplitude and distortion of the
voltages and three phase to ground have been simulated. For
dc side, line to ground and sudden rapid increase in the dc
current have been simulated.

The results obtained by using the simulation program,
PSCAD are presented at the end. The results show that the
link operates satisfactorily during normal operation. During
faulty conditions, depending on the type of fault, the results
show that the link either operates through one line or is com-

\pletely down in worst fault case, three phase to ground.
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Chapter 1

Introduction

This chapter discusses about the background of the project, a brief overview description of

the system, the goals of the project, its limitation and overview of the thesis.

1.1 Back Ground

Transmission of electrical power can be accomplished in two different ways, by using al-
ternating or direct current, both via overhead lines or underground cables. Nowadays, a
majority of the transmission systems use HVAC however for long underground or subma-
rine transmissions, HVDC connections are preferred. This is the case in this project. The
project is concerned with the transmission of power between Denmark and Norway using
an HVDC link. At the moment, the existing HVDC links between the two countries are
Skagerrak(SK)1, SK2 and SK3. SK1 and SK2 operate in bipole mode with SK3.

A new HVDC transmission link, SK4 is planned between the two for the near future and
feasibility studies are being conducted by Energinet.dk and Statne. It is assumed that the
new link will work in bipole mode with the existing SK3 HVDC link. The SK4 link is at
500KV DC and with a power rating of 715MW. The bipole link is based on Voltage Source
Converters (VSC) at Skagerrak 4 (SK4) and line commutated current source converters
(LCC) at SK3.
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Figure 1.1: Denmark to Norway HVDC link.

1.2 System overview

For the transmission of large amount of power through undersea cable, HVDC transmission
is preferred to HVAC [3] as it is more economical. The system under consideration is an
HVDC link between Denmark and Norway. At present, there are a large number of HVDC
links in the scandinavian countries. Example of this type of link is the Skagerrak HVDC
link, which was first established in 1977 with a capacity of S00MW. The Skagerrak was
implemented in a bipole fashion, where SK1 and SK2 were in bipole with SK3. The bipole

mode of connections.

The connections SK1,SK2, and SK3 were made in view of strengthening the network of
both countries and for mutual benefits. The benefits gained from the interconnection may
arise [3], due to the differences in means of generation, where production in Norway is from
hydropower and Denmark is with coal fired plants. Denmark may use the power from Nor-
way for peaking capacity and Norway can take power from Denmark during dry years. But
with the deregularization of the electricity market, links which have been implemented re-
cently are based on business decisions where there may be an advantage in power exchange

between markets with different price structures [3].

To extend the power exchange between the countries, the transmission system operators
Energinet.dk from Denmark and Statnet from Norway, are working in a new project. The
project extends the Skagerrak link with SK4 link, which has a capacity of 715MW at 500KV
DC. SK4 may be implemented in three different possible ways,

3
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e SK4 based on conventional thyristor based converter in bipole mode with SK3

500 kv DC

350 kv DC

300 kv 400 kv

Figure 1.2: SK4 based on conventional thyristor.

e SK4 based on VSC converter on a monopolar mode

500 kv DC

300 kv 400 kv

Figure 1.3: SK4 monopolar mode.

e SK4 based on VSC converter in balanced bipole with SK3

500 kv DC

350 kv DC

300 kv 400 kv

Figure 1.4: SK4 based on VSC in balanced bipole with SK3.

The option that is analysed in the project is, SK4 based on VSC converter in balance bipole
mode with SK3. Moreover, SK1 and SK2 will be made to operate as a bipole. The converter

to be used for SK4 may be a multilevel converter or a modular multilevel converter.
Figure 1.5, illustrates the layout of SK4 in bipole with SK3.

4
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Figure 1.5: Sk4 and SK3 layout.

The HVDC Skagerak links are connected at Tjele in Denmark and Kristiansand in Norway,
a distance of 240Km apart. SK4 will be using underground sea cable for a distance of
127Km and the rest on land.

1.3 Problem statement

The main objectives of this thesis are concerned with the performance study of the SK3
HVDC link working in bipole mode with SK4. The SK3 link is based on LCC converter
which is prone to commutation failures. SK4 is based on VSC technology and is assumed
to operate in bipole mode with SK3. These configurations, where an LCC based link and

VSC based link are operated in bipole, has never been implemented practically before.

5
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The implementation of the system in such an arrangement raises questions that have to be

answered. The project attempts to answer the following questions:

e The power flow control for an LCC and VSC based converters are accomplished in
different manner. The power flow direction control mechanisms in both cases is done
in different ways and this raises the problem of how to control the transmission of

power between the link ?

e In case of faults such as commutation failure occur in the LCC, How will the bipole

link perform ? Faults occurring could be on the ac side as well as on the dc side.

e A commutation failure measurement on SK3 has been done by the transmission sys-
tem operator energinet and validation of SK3 model is made in regards to the mea-

surement data.

e The harmonics that is created by the two systems, that is LCC and VSC are different.
How will the harmonics created by the two converters influence the system and can

be managed?

An attempt has been made to analyse the above situations for the system discussed.

1.4 Delimitation

1.5 Thesis overview

chapter two : presents the background of HVDC consisting of the historical background,
starting with indicating the main milestones in HVDC history. The commonly used HVDC
configurations are discussed, and the main technologies used for conversion purposes, line
commutated converters (LCC) and voltage source converters (VSC) are introduced. At the

end a comparison between the two is made.

chapter three : discusses about multilevel converters, the main multilevel circuit configu-
rations are presented. The pulse width modulation technique, (PWM) that are commonly
used for the multilevel converter are also discussed. Then the principle of operation of an

LCC converter and VSC converter is presented in the end.

Chapter four : discusses about the latest type of converter, the modular multilevel converter.
The chapter covers the structure of the converter and it principle of operation and finally it

modulation method.
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Chapter five : explains the control methods that are applicable for the LCC converter as well
as the VSC. The control methods employed in the SK3 LCC converter are explained. Then

the control methods used for the SK4 VSC converter are explained.

Chapter six : presents the validation of the SK3 model commutation failures. First a descrip-
tion of the SK3 system model is given, then the measurement data given for the validation
of the model are presented. Next, the results from the simulation model are discussed and

finally a comparison between the measured data and the simulated results is made.

Chapter seven : presents the description of the layout for the SK4 model in bipole with SK3
model. Then different cases of faults, such as single phase to ground, three phase to ground
and on dc side, rapid increase of the current have been presented. And finally a conclusion

for the behaviour of the system under those conditions is given.



Chapter 2
High Voltage Direct Current

This chapter is an introductory chapter to HVDC, discussing about the milestones in the
history of HVDC, a comparison between HVAC and HVDC, also the basic HVDC config-
urations are discussed. The main technologies used for the conversion of AC to DC and
vice versa are the line commutated converter and voltage source converter, and this are

introduced and a comparison is made between the two.

2.1 Introduction

2.1.1 History of DC transmission

The first generated power is claimed to be in the DC form by Thomas Edison. At the same
time, the first transmission system was also direct current operated at 110V by Edison in
1882 [15, p. 1]. However for long distance transmission, HVDC was not competitive with
HVAC at the time. This is because, HVAC has the advantage of being transformable from
one level to another, and this led to the domination of HVAC transmission systems. But
now a days with advances in converter technology, HVDC transmission system is being
preferred in certain applications. This section points out which evolutions made feasible the

use of the HVDC technology today :

e Experiments with thyratrons in America and mercury arc valves in Europe before
1940 [26, p. 1].

e First commercial under sea cable HVDC connection was established between the
island of Gotland and the Sweedish mainland in 1954 using mercury arc valve [31, p.
5].
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The appearance of first solid state semiconductor valves, thyristors in 1970. The
technology was used for the first time in 1972, the first back to back asynchronous

interconnection between Quebec and New Brunswick, Canada [26, p. 1].

Micro-computer control of HVDC equipment from 1979.

Highest DC transmission voltage link at +/- 600kV established in Itaipu, Brazil, 1984.

First connection using voltage source controlled (VSC) in Gotland in 1997.

2.1.2 Comparison of HVAC and HVDC

To make a decision on which system to select for transmitting power, a number of factors can
be taken in to consideration. The main factors that may be taken are such as: transmission

costs, technical considerations and the reliability/availability of the transmission system.

Transmission costs

The comparison may be made depending on infrastructure and operational costs [18, p. 5].
A bipole HVDC using two conductors of opposite polarity can transmit the same amount of
power as three AC cables of the same size. This implies for transmitting the same amount of
power, HVDC requires less number of conductors, less number of towers and smaller right

of way.

Since HVDC uses two conductors, the conductor losses are also decreased by two-third.
Moreover the absence of skin effect, the lower amount of dielectric losses and less sig-
nificant corona effect contribute to the better efficiency of DC transmissions. There is no
need of reactive power compensation in DC lines, however, it should be noted that CSC-
HVDOC stations require reactive power. For an HVDC transmission, the costly parts are the

converters and the associated filters.

Figure 2.1, shows the variation of transmission cost with the distance for an AC and DC

transmission system.
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Costs A
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Figure 2.1: Break even distance.

From figure 2.1, it can be seen that AC system tend to be more economical for distances
below the breakeven distance and DC system become economical above the break even
distance. The breakeven distance depends on factors such as the transmission medium and
local factors. For over head transmission, the breakeven distance is around 400 - 600km,
where as for a cable, it is much less, around SOKm. The local factors could be permits, cost

of laborers, and so on.

Technical considerations

HVDC systems have the advantage of being able to fully control the power flow, improving
the dynamic and transient stability of the AC networks connected to it and can limit fault

currents in the DC line [18, p. 7].

Some limitation of HVAC systems are:

e Distance limitation: The power carrying capability of an AC line is inversely propor-
tional to the transmission distance where as DC is not affected by the distance[15, p.
2].

e Line compensation: AC transmission lines require compensators which reduce the

problem of charging currents

e Asynchronous connection: HVDC controllability allows to connect AC grids of dif-

ferent frequencies.

e Frequent tripping : large power oscillations in the AC grid can lead to frequent trip-

ping and disturbances can be transmitted from one system to another.

10
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All of the above problems can be overcome with an HVDC link. However, HVDC has
it’s disadvantages also. These disadvantages are high cost of converters at the moment,
harmonic production due to the converters, inability of voltage level transformation, and

complexity of controls.

However, advances in HVDC technologies, such as increased ratings of IGBTs and GTOs,
application of multilevel converters, and digital electronics for control purposes, have re-
duced the importance of these problems except for the level transformation. The use of
HVDC transmission has been in the rise and this trend is expected to increase significantly in
the future, creating HVDC grids with multiterminal systems which are integrated in HVAC
grids.

Reliability and availability

For reliability comparison of HVDC and HVAC, the bipole HVDC and double three phase
AC line are assumed for comparison. The criteria used to asses the availability and reliability
is related with the cost of the system. This criteria takes in to account, tower structure and
right of way, insulators and losses. Datas for the availability of each system at different
power levels and their frequency of departing from their specified levels is documented by
CIGRE and IEEE. The datas indicate that both systems are comparable. For an HVDC, the
availability is above 90 percent [18, p. 10][4, p. 260].

2.2 HVDC Configurations

The basic configurations which are employed in HVDC transmission systems are the monopole,

bi-pole, back to back and multi terminal [28].

Back-to-back configuration : is the simplest one as the converters on both sides are located
at the same place. There is no need for long distance cables. This type is used where there

is asynchronous power systems. The basic set up of these system can be seen in figure 2.2.

o Tl | e
HE

Converter

Figure 2.2: Configuration of a back to back system.

11
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Monopole system : contains a single DC line connecting two AC grids. Here the return
path is provided by the earth but in applications such as HVDC light, a cable return is used.
This system operates in negative polarity as harmonics and the corona effect is less [18, p.

12]. The system configuration can be seen in figure 2.3.

+ +

Figure 2.3: Configuration of a monopolar system.

Bi-pole connection : uses a double DC line with voltages of opposite polarity. Each line has
a converter of the same rating connected in series. The junction between the two converters
is grounded on both sides of the link. This is the commonly used configuration in HVDC
transmission [28, p. 40]. It has the advantage that when one line has a fault then power
can still be transferred through the other line. Moreover the currents flowing in both poles
are equal during normal operation resulting in a zero ground current. The HVDC link
considered for this project is of this type and is further discussed in the second chapter.

Figure 2.4, illustrates the set up of this system.

Figure 2.4: Configuration of a bi-polar system.

Multi-terminal connection : consists of multiple converters which makes possible the con-
nection of a number of AC grids through an HVDC link. The connections between convert-
ers could be in a parallel or in series. Figure 2.5 shows the series and parallel configuration

of multi terminal system.

12
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Figure 2.5: Configuration of a multi-terminal system for (a) series and (b) parallel.

The serial configuration is used for small power tappings, and one converter is made to
control that the current flowing across the converters is the same. The parallel configuration
is the commonly applied where at least one of the converters is made to control the DC
voltage. A combination of series and parallel connection results in a hybrid multi-terminal
system. For multiterminal links, the parallel configuration with three terminals has been
implemented in a number of projects, terminals more than that have not been implemented
yet. [23, p. 160].

2.2.1 Applications of HVDC transmission

HVDC transmission has been applied in many countries and with specific justification for

its use. Some of the reasons which made it applicable are discussed below .

e [ong distance transmission : For transmission systems above the breakeven distance,
HVDC is more economical. This is applicable for overhead and cable medium of
transmission. Examples of such projects include, Itaipu in brazil with the highest
HVDC transmission level of 600KV, other applications with similar reason can be
found in India and China [26, p. 10].

e Asynchronous connection : to connect two AC systems of different frequencies,
HVDC is the best solution. The back to back connection is widely used for this

application and has been implemented in many countries [26, p. 2,3].

e Stability purposes : due to the fast controllability of HVDC power, HVDC links
improve the overall stability of an HVAC system which may be prone to disturbances.

Examples of such applications include IPP link in the USA and others.

e Environmental reasons : Using cable, HVDC is more attractive than HVAC. This may
be, because of less visual impact, less effect on sensitive wildlife environment, and
no relevant electromagnetic fields. An example is the Gotland HVDC link in Sweden
[31, p. 7].

13
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23 LCC

Line commutated current source converters (LCC) employ thyristors to convert AC to DC
and vice versa. LCC converters can be in their basic form as a six pulse bridge or Graetz
bridge and twelve pulse bridge which is made up of two six pulse bridges connected in

series.

The six pulse bridge is comprised of six thyristor valves which results in six switching
operations per period. The twelve pulse bridge has the advantage of handling an increased
voltage level and decreased harmonics levels both on the AC and DC side of the system. The
harmonics which appear on the AC side are of nP+ /—1, where P is the pulse number and n
=1,2,3...,. On the DC side, the harmonics that may appear are of the order nP. The twelve
pulse bridge has the advantage of reduced harmonics, where the 5th and 7th harmonics
don’t appear on the ac side and 6th on the dc side. This is accomplished by feeding the two
six pulse bridges with two converter transformers, where one of the transformers is in Y/Y
arrangement and the other one is in Y/A arrangement to make the three phase AC source to

be displaced by 30 degrees [28, p. 33]. This can be seen in figure 2.6.

Both six pulse and twelve pulse LCCs require a synchronous voltage source, which is a set
of three phase, sinusoidal waveforms at the fundamental frequency and with controllable
phase angle for their normal operation. LCC operate with the current lagging the voltage
and this demands for reactive power supply to the converters. The reactive power required

is supplied by the ac filters, shunt banks or series capacitors which are part of the system.

The common set up of an HVDC station with a LCC for a twelve pulse converter can be

seen in figure 2.6.

Reactor

Transmission cable
Y-Y
Ac bus
csc DC filters }
converter
Y-a I J
Ac filters Converter : : -
1 transformers L1 —||. .||—
Shunt Control
capacitor system

Figure 2.6: Set up of an HVDC CSC.
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The figure shows in general the converter station and the transmission line. The converter
station consists of : shunt banks, AC filters, converter transformers, LCC, reactor and DC

filters.
Converter station

The LCC is the main part which converts the AC to DC and vice versa and is made with
thyristor valves. A single thyristor has the ability to carry currents up to 4KA and can also
block voltages up to 10KV [26, p. 2]. The thyristors can be arranged in series or parallel
manner to increase their current and voltage handling capability. Thyristors arranged in
such a manner are known as thyristor valves. Thyristors once switched on require a negative

voltage at their terminals to switch off.

Converter transformers are used for adapting the voltage level to that of the converter and

for galvanic isolation. They also contribute to the commutation reactance.

AC and DC filters, are used to filter out harmonics on the AC and DC side respectively
which are created by the converter. The AC filters together with the shunt bank are also
used to supply reactive power to the converter for its normal operation and to improve the

power factor.

The reactor on the DC side is used to smooth the ripples. Moreover, it is used to prevent

commutation failures, limit DC fault currents and prevent resonance of the DC circuit.
Transmission line

Transmission medium used may be overhead lines or DC cables. For an overhead transmis-
sion line, the bipolar arrangement is usually used with opposite polarities. HVDC cables
commonly used are of the type, solid cable, self contained fluid filled cable and extruded

XLPE(cross linked polyethylene) cables.

24 VSC

Self commutated voltage source converter (VSC) was introduced in the 1990s and the first
VSC-HVDC was implemented in Sweden in 1997, transmitting power between Hellsjon
and Grgngesberg [5, p. 1]. The VSC HVDC is known as HVDC light for ABB trademark
and HVDC plus for the siemens trademark, which are large companies involved in HVDC
business. It is made of either IGBTs ( Insulated Gate Bipolar Transistors) or GTOs (Gate
Turn Off thyristor) and uses PWM in the control of its operation. The IGBTs and GTOs

have the ability to turn on and off at will and have switching frequency up to 2KHz.
The VSC maybe a single level or multilevel. The single level VSC is made with the ba-
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sic Graetz bridge consisting of six IGBTs. This arrangement can be seen in figure 2.7.
The multilevel VSC is made of a serial combination of the single level to meet the desired

performance of the converter.

W o

Vabc

B i

Figure 2.7: Six pulse converter.

DC-

The common set up of the VSC station is illustrated in figure 2.8.

Transmission cable

Phase reactor

}7 ( ?(/) ) vsC
A . — | converter i

|
Converter Ac filters | ;'

[N

11

transformers

Control
system

= DC capacitors

Figure 2.8: Set up of an HVDC VSC.

The converter station consists of ac filters, converter transformers, reactor, VSC, dc capaci-
tors, dc filters and dc cables. The ac and dc filters are used to remove harmonics created by
the converter[31, p. 41]. The converter transformer is used for adapting the voltage level to
that of the converter rating, galvanic isolation and contributes to the commutation reactance.
The reactor is used to limit short circuit currents, provide active and reactive power control,
and to provide low pass filtering. The Dc capacitor is used for reducing the harmonics ripple
on the dc voltage, provide low inductance path for the turned off current and to store energy.
The VSC as mentioned is the main part which converts the ac to dc and vice versa. The

multilevel VSC is further explained in the next chapter.

16



CHAPTER 2 - High Voltage Direct Current

2.5 Comparison of LCC and VSC

HVDC transmission uses either LCC or VSC for the conversion process. Both systems
are being used at the present time and selection of which to use is usually determined by
economical and technical considerations. Some points are listed below for a comparison of

the two converter technologies:

Active and reactive power control - VSC has the capacity to control active and reactive
power independently as its control is based on PWM. Using PWM, it is possible to control
the magnitude and phase of the ac voltages to the desired level thereby controlling the active

and reactive power independently. This is not possible with LCC [18, p. 7].

Power reversal - LCC uses voltage polarity reversal to change the direction of power, which
may require switching devices for a multiterminal configuration. However VSC uses current

direction reversal[28, p. 39].

Black start - VSC permits black start, where if there is a total system shut down, the VSC
could be used to restart the system. whereas LCC needs external power supply to restart the

system[14, p. 1].

Converter placement in HVAC network - For VSC, the converter can be placed anywhere
in the network, be it in a strong or weak grid. However, LCC are placed in strong networks,
where, in the possibility of complete shutdown, there is a power supply which could enable

the system to restart [18, p. 26].

Filters - VSC uses less filters compared to LCC, this is also related to the use of the PWM,
which is used to generate a signal very close to sinusoidal. Moreover, VSC needs only one

converter transformer which makes the VSC station much smaller [26, p. 4].

Reactive power supply - LCC requires a reactive power supply for power factor correction

where as VSC does not require as it can be operated in any of the four quadrants[28, p. 39].

Losses - switching in VSC occurs at high frequency, frequencies up to 2KHz, which results
in higher switching losses compared to LCC, which switches in the line frequency of 50Hz
[18, p. 16].

Cost - as they use IGBT’s or GTO’s which are expensive semiconductor devices at the

present, VSC is much more expensive than LCC.

Maturity - LCC is a mature converter technology which has been in business since the

1970’s, where as the VSC has come to the industry a few decades ago, starting in 1990’s.

Taking in to consideration the many advantages mentioned for VSC, a lot of research and

development is being undertaken to bring the technology to a mature stage and to make it
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economical. LCC has been used for the last three decades and VSC is expected to be the

future converter technology.

The above introductory sections on LCC and VSC are further discussed in chapter three.
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Chapter 3

Multilevel converters

In this chapter, the different topologies of the multilevel converter are presented. Then dis-
cussion on PWM techniques employed for multilevel converters is presented. The principles

of operation of an LCC and VSC are also presented at the end.

3.1 Introduction

The converter that is assumed to be used for SK4 is a VSC based multilevel converter. The
two level converter has been widely used in the past, but with advances in semiconduc-
tors and requirement for higher power handling and quality, the multilevel power converter
(MPCs) has come to play a major role in HVDC transmission system. A MPC, basically
starts from a three level converter and produces as an inverter, a staircase voltage waveform.
In this section a comparative discussion of MPCs with respect to two level converter, the
commonly used circuit configurations and pulse width modulation(PWM) techniques used

for MPCs are presented.

3.1.1 Comparison of MPC to two level converter

In comparison to two level converters, the advantages gained from using MPCs in high

voltage HVDC transmission are:

e For MPC’s, switching losses are less. This is because, the switching frequency for
multilevel power converters can be lower than that of a two level. The higher the
switching frequency, the higher switching losses for the converter. This results in an

overall power loss which is less than in two level converter [13, p. 1].
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e The multilevel produces the AC output in three or above levels as a staircase wave-
form and this results in less harmonics. A comparison of the two level and three level
converters, voltage and current output for an inverter operation can be seen in figure
3.1[13,p. 3]
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Figure 3.1: Comparison of two and three level converters (a) two level (b) three level.

It can be seen that, the voltage and current output from the three level converter are

much better in quality with respect to harmonics.

e As the MPC has higher number of levels, the dV/dt is decreased, hence less stress
on cables and electromagnetic compatibility (EMC) problems are reduced [17, p. 1].
Common mode voltages can cause premature insulation failures and this problem is

reduced as the voltage is produced in smaller steps with low dV/dt [1, p. 2].

e As the number of levels increases in MPCs, the voltage handling capability also in-
creases and this reduces the need of transformers which are used with the two level
in high voltage applications [1, p. 2]. For an MPC’s, the number of voltage handling
capacity is limited by the voltage unbalance problems, circuit layout and packaging
requirements. The highest MPC’s implemented is for a back to back intertie applica-

tion with six levels [27, p. 1].
The disadvantages that may be faced in using of MPC'’s are:

e as the number of levels increases, MPC’s are more complex to control

e MPC’s are more expensive as it requires more number of diodes and semiconductor

switches (thyristors or IGBTs) [17, p. 1]
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Regarding the control of MPC’s, as mentioned above, MPC’s with six levels has been suc-
cessfully controlled and implemented for a back to back connection. Levels above six have
been discussed theoretically in a number of literatures but have not found practical appli-
cation. Hence considering the above mentioned advantages of MPCs over the two level,
MPCs are becoming the attractive choice for an HVDC transmissions and is a good choice

for this project.

3.1.2 Classification of MPCs

MPC’s can be classified according to their power flow direction capability, number of phases

and circuit configurations. Figure 3.2 shows the different MPC’s available in the market.

MULTILEVEL POWER CONVERTERS

v

Undirectional Bi-Directional
Power Flow Power Flow
Single-Phase Three-Phase Single-Phase Three-Phase

Midpoint Cascaded Modified

Boost Cascaded NPC VIENNA SEPIC Cuk Series Modified Diode- Capacitor Ser_ies Diode- Capacitor Series
Boost H-Bridge H-Bridge Clamped Clamped H-Bridge Clamped Clamped H-Bridge
ac NPC NPC dc NPC NPC
Isolation Isolation

Figure 3.2: MPC classification.

Discussions on the unidirectional, single phase and three phase and bidirectional, single
phase MPC’s can be found in the literatures [1, p. 2]. The possible MPC configurations
that may be suitable for this project are the bidirectional, three phase diode clamped, flying
capacitor (FCC), and cascaded H-bridge (CHB) MPC’s. These three configurations are

discussed taking in to account their circuit behavior, advantages and disadvantages.

Diode clamped (neutral point clamped converter - NPC)

NPC requires one DC bus, and voltage levels are produced by summation of the voltage
across several capacitors. The capacitors can be seen in figure 3.3, which illustrates the
circuit configuration of a three level diode clamped MPC. In comparison to the other types

of MPC, the advantages and disadvantages of this configuration are presented:
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Figure 3.3: Three phase three level diode clamped MPC.

Advantages :

e requirement of one DC bus results in less capacitance requirements of the converter

and capacitors can be precharged as a group [17, p. 8]

e has become a mature solution, with high performance in terms of harmonics spec-

trum, low switching losses and is economical. [9, p. 1]

e provides excellent control over power flow and is the topology of choice in most

HVDC transmission applications [1, p. 2].

Disadvantages :

e large number of diodes are required when the number of levels increases [27, p. 3]

e balancing capacitors is a challenge for high number of levels [27, p. 3]

Operating principle: An m level converter consists of m — 1 capacitors on the dc bus and
produces m levels of the phase voltage. The number of diodes required for each phase is
(m —1).(m — 2) [27, p. 3]. As an example for a three level NPC, in inverter operation, the
switching states are given in table 3.1 [33, p. 144].
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switching status

of devices at phase A

Switching state S1 S2 S3 S4  Inverter terminal voltage
P ON ON OFF OFF +E
O OFF ON ON OFF 0
N OFF OFF ON ON -E

Table 3.1: Switching states for a three level NPC.

When the upper switches for leg phase a are on, the inverter terminal voltage is at positive
E which is equal to the voltage with respect to the neutral at the upper capacitor. When the
lower two switches conduct, the inverter terminal voltage is at -E and the O state represents
when the two inner switches are conducting and the inverter terminal voltage is zero. Figure

3.4 shows the switching states, gate signals and inverter terminal voltage.
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Figure 3.4: Three level diode clamped MPC voltage output.

Flying capacitor clamped

FCC requires isolated DC supplies for the DC bus, and structure of the circuit is similar as
NPC, except the clamping diodes are replaced by capacitors. This was done to simplify the
neutral point voltage balancing [1, p. 5]. Loss of neutral point voltage balancing can cause

unwanted harmonics. The circuit configuration of FCC can be seen in figure 3.5.
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Figure 3.5: Three phase three level flying capacitor MPC.

FCC has the following advantages compared to the NPC and CHB configurations:

e Phase redundancies are available for balancing the voltage levels of the capacitors
[17, p. 9]. This implies for a valid switch combination, there is always an equivalent

voltage output.
e Real and reactive power flow can be controlled [17, p. 9].

e The large number of capacitors enables the inverter to ride through short duration

outages and deep voltage sags. [17, p. 9]
The disadvantages it faces are:

e Control is complicated to track the voltage levels for all of the capacitors. Also,
pre charging all of the capacitors to the same voltage level and startup are complex.
Moreover for high power applications, its use is limited due to large current stresses

on the capacitors [1, p. 5].

e Switching utilization and efficiency are poor for real power transmission.[17, p. 9][27,
p. 4]

e The large numbers of capacitors are both more expensive and bulky than clamping
diodes in multilevel diode-clamped converters. Packaging is also more difficult in

inverters with a high number of levels [1, p. 5].

Cascaded H-bridge

CHB requires isolated DC source for each level. Application area for this type has been in

grid interface for photovoltaic generators, wind and other renewable energy sources, where
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there is a distributed power generation [1, p. 6]. The circuit configuration of this type can

be seen in figure 3.6.

Figure 3.6: n-level H bridge MPC.

CHB has the following advantages compared to NPC and FCC [27, p. 5]:

e requires the least amount of components to produce the same amount of voltage levels

e modularizing and packaging is simple

The main disadvantage it faces is that, it requires separated dc sources which limit its appli-

cation.

A comparison between the three configuration for a three level converter depending on their

physical components is given in table 3.2 [1, p. 5].
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Topology NPC FCC CHB
Number of power switches 12 12 8
Switch diodes(free wheeling) 12 12 12
Clamping diodes 6 0 0
Clamping capacitors 0 3 0
Dc link capacitors 2 2 2

Neutral point voltage balance complex simple  very simple

Modularity complex complex simple

Table 3.2: Three level converter topologies comparison.

The choice of which topology to use depends on the ac side voltage of the converters, size
of the capacitor on the dc side required, and converter complexity [6, p. 3]. The NPC,
has lower number of reactive components and is preferred from economical aspect, but the

choice for which type of topology will be used in this project has not been made yet.

3.1.3 Modular multilevel converter

With advances in multilevel converters, the type of multilevel converter that is attracting
attention is the modular multilevel converter (M2C). The m2c is discussed in chapter four,

considering its structure, principle of operation and it modulation technique.

3.2 PWM techniques for MMC

The control mechanism for VSC based converters is based on pulse width modulation
(PWM). The PWM techniques which are employed for the two level converter can also
be used for MPC’s. These techniques are modified to accommodate for the increase in the
level of the converters. The most commonly used type of PWM techniques used in MPC
are: Carrier based PWM (CPWM), space vector PWM (SVPWM), and selective harmonic
elimination PWM (SHEPWM) [17, p. 15]. Other techniques do also exist but the following

discussions are on the three main techniques.

3.2.1 Carrier based PWM

Carrier based PWM can be implemented in two ways, sub harmonic PWM and switching
frequency optimal PWM.

A. Subharmonic PWM (SHPWM)
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SHPWM is the commonly used technique in industrial applications and employs several
triangle carrier signals and one reference signal per phase to produce an output [17, p. 15].
For an m level converter, m — 1 carriers with the same frequency fc¢ and the same amplitude
Ac, are used in such a way that they are near each other but without crossing each others
bands. The reference waveform has peak to peak amplitude Am, frequency fm and its
zero crossing centered around the middle of the carrier set. The reference is continually
compared with all the carrier signals. If the reference signal is greater than the carrier
signal, then the active device corresponding to that carrier is switched on and if it is less

than, then the active device is turned off [20, p. 1].

Figure 3.7 illustrates SHPWM, as such it shows the five set of carriers for a six level diode
clamped MPC, the sinusoidal reference waveform and the corresponding output for an in-

verter operation. The amplitude modulation for the figure is 0.8.

3

2
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0.0000 0.0833 0.0167
time (s)

Figure 3.7: Carrier based PWM [17].

B. Switching frequency optimal PWM (SFOPWM)

SFOPWM is similar to SHPWM but extends in a way that, the reference voltages are de-
termined by taking the instantaneous average of the maximum and minimum of the three
original reference voltages and subtracts this value from each of the individual reference

voltages. This is shown by equations 3.1, 3.2.

mazx (Ve Vi, V) + min(Vy', V', V)

5 (3.1

V:)ffset =

Va*chFO = Va*bc - V;)ffset 3.2)

The offset voltage centers all of the three reference waveforms in the carrier band and en-
ables the modulation index to be increased by 15 percent before the overmodulation region
is reached [20, p. 2] [17, p. 18].
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Amplitude modulation index : For low amplitude modulation indexes, the MPC does not
make use of all its levels and at very low values, it operates as a two level converter. When
the amplitude modulation index is above 1, over modulation occurs which results in pulse

dropping. The amplitude modulation index and the frequency ratio in MPC’s are defined by
[17,p. 17]:

A
M= m — 1) A, (3.3)
my = j{n (3.4)

Figure 3.8 shows the output voltage for an inverter operation at modulation indexes of 0.5

and 0.15.
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Figure 3.8: Comparison of output at different modulation indexes (a) modulation index 0.5 (b)

modulation index 0.15.

The minimum modulation index, that an MPC controlled with CPWM uses all its levels can

be determined by:

— m—3 (3.5)

For the CPWM, the active devices in the top and bottom positions are switched much more
often than the ones in the intermediate positions. One method to balance the switching of
these active devices so that the switching stress is reduced is by varying the frequency of
the carrier signals as shown in figure 3.9 [17, p. 18][20, p. 5]. The figure shows an output
using SFOPWM at m, = 0.85, my = 15 for band2 and m; = 55 for band]l.
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Figure 3.9: Modified Sinusoidal PWM [17].

Moreover to improve the switching stress during low modulation index, the redundant out-
put states of an MPC can be used. For example the diode clamped MPC has line to line

redundancy states which can be used to reduce the stress [20, p. 5].

3.2.2 Space Vector PWM (SVPWM)

A MPC can generate output from a number of levels. These output levels are represented in
a space vector in SVPWM. Each switching state of the phase legs produces a defined set of
three phase voltages, which can be represented in the space vector plane. The points in the
space vector represent a particular three phase output voltage of the converter. The vector
space for a six level MPC can be seen in figure 3.10 . For example, the point (3,2,0) on
the space vector plane implies that, phase a is at 3V dc, phase b is at 2V dc and phase c is at
OV dc with respect to ground [17, p. 26].
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Figure 3.10: Space vector plane for a six level converter.

The operation of the SVPWM can also be illustrated using the model of a multiplexer.
Figure 3.11 shows the switching states connected at their specific levels, and that can be

extended to other levels also.

|Ci
5
Vs .
i
.
! i
4i4; L
7 Ves
b, !
L3
. h,=3 Viao
i ;
i Lo
3v_|
Vs
i
L
i v,
Ici Lb0o
2v_|
Ve .
i
L1,
|cl
vl
o Ver
g,

Figure 3.11: Multiplexer model of SVPWM.

An algebraic representation of the output voltage with respect to the switching states and

the dc link capacitors is given in [19, p. 3] as:

Vach = Habcvc (36)

where:
Vaveo = [VaoVioVeo] " (3.7)
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Ve = [VaViaViz..Ven) T (3.8)

hal ha2 ha?) han

H - hbl hb2 hbg h[m (39)
hcl hc2 hc3 hcn
haj =Y 6(ha — J) (3.10)

J
where h is the switch state and j is an integer from O to n and where 0(z) = 1 ifz > 0,
o(x) =0ifx < 0.
For an m level converter, the number of possible switching combinations is m?>. The number
of unique states is given by m3 — (m — 1)3 and the redundant switching states are (m —
1)3. The redundant switching states are the ones where a particular output voltage can be

generated by more than one switch combination. As the modulation index decreases, the

number of redundant states available increases [20, p. 3].

In tracking the reference voltage, SVPWM, takes the three nearest triangle vertices V1,V5,
and V3 to the reference voltage V'*, which are selected to minimize the harmonics content
of the output. The time required to be at this vectors so that their sum equals that of the

reference is calculated by [11, p. 3]:

V* = VlTl +V2T2 +73T3 3.11)

Te=Ty+ 1T+ 15 (3.12)

Where T is the switching period.

Equation 3.11 consists of the real and imaginary in the dq reference frame and can be decou-
pled to its components. Taking these two equations, the time for each of the three vertices

can be calculated.

3.2.3 Selective harmonic elimination PWM (SHEPWM)

To produce an output voltages with minimized total harmonics distortion level (THD), se-

lective harmonics elimination PWM is used. The THD is minimized by eliminating the
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particular harmonic levels by producing an appropriate conducting angles. The fourier se-

ries of an output voltage can be expressed as [17, p. 2]:

4
V(wt) = % Z[cos(nel) + cos(nBs)... + cos(nbs)]  wheren =1,3,5,... (3.13)

n

When the above equation is normalised with respect to Vdc, the magnitude of the fourier

coefficients is given by:

4
%[cos(n&l) + cos(nbs)... + cos(nbs)]  wheren =1,3,5,...  (3.14)
n

H(n) =
Then the conducting angles can be chosen such that the THD is minimum. For example for
an 11 level converter, the 5th, Tth, 11th and 13th harmonics can be eliminated by selecting
an appropriate conducting angles [25, p. 3] . From the fourier series, equation 3.14 can be

modified for the harmonics mentioned as such:

cos(b1) + cos(562) + cos(563) + cos(504) + cos(505) = 0 (3.15)
cos(7601) + cos(702) + cos(7603) + cos(7604) + cos(705) = 0 (3.16)
cos(1161) + cos(1162) + cos(1163) + cos(11604) + cos(11605) = 0 (3.17)
cos(136;) + cos(13603) + cos(13603) + cos(1304) + cos(1305) = 0 (3.18)
cos(61) + cos(2) + cos(#3) + cos(8s) + cos(05) = bmy (3.19)

The above equations are nonlinear and can be solved with iterative methods, such as Newton-
Raphson method. By defining the modulation index, the appropriate conducting angles can
be determined. The calculated angles can be used so that the 5th, 7th, 11th and 13th

harmonics components will not appear in the output.

The SHEPWM can be implemented in two ways, the fundamental switching frequency and
virtual stage PWM. For fundamental frequency switching method, the switching angles is
equal to the number of dc sources while for the virtual is not. The virtual method is a
modified version of the fundamental switching method to increase the range of modulation
indexes that can be used [17, p. 30]. A voltage output for the virtual method is shown in
figure 3.12.
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Figure 3.12: SHEPWM for a three level converter.

The next sections deals with the principle of operation of LCC and after that with VSC.

3.3 Principle of operation of LCC

The twelve pulse bridge line commutated converter, is used commonly in industrial applica-

tions for rectification, where the power flow is from the AC to the DC and inversion, where

power flows from the DC to the AC side. The bridge is made up of twelve thyristors, with

four thyristors in each leg. The thyristor valves are used as switching devices in which,

when they are forward biased and receive a gate pulse, they start to conduct and turn off

when they are reverse biased.
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Figure 3.13: 12 pulse LCC.

The converter performs its function as a rectifier or inverter by line commutating. Commu-
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tation is the process of transferring of current between two thyristor valves while both of
them are conducting current simultaneously [32, p. 13]. The electrical angles which are im-
portant in the operation of an LCC are shown in figure 3.14. These angles are measured on
the ac side and their values determines the operation of the LCC as an inverter and rectifier
[32, p. 14].

(a) (b)

Figure 3.14: Electrical angles (a) rectifier operation (b) inverter operation.

If the Delay angle o (firing angle) is less than 90 degree, then the converter operates as a
rectifier and if it is above, the converter operates as an inverter. The advance angle (3 is the
angle between the instant of forward conduction and the next zero crossing of the commu-
tating voltage. The relationship between advance angle and delay angle can be expressed
mathematically as [32, p. 14] [22, p. 2]:

B=180—a (3.20)

The overlap angle p is the angle for the duration of the commutation process and is between
15-25 degrees [7, p. 30]. The extinction angle +y is the angle between the instant of the end
of current conduction and the next zero crossing of the commutating voltage. The extinction
angle depends on the advance and overlap angle and their relation can be expressed as [22,
p. 2

vy=083-pu (3.21)

During the rectification process, when a thyristor valve receives a gate pulse, and its forward
bias voltage is greater than the one conducting, it switches on. However the commutation
process does not occur instantaneously as the transfer of current is made through the con-
verter transformer reactance (leakage reactance of the transformer), known as the commu-
tation reactance. The sum of the currents transferred to the DC side is direct current output
and it is further filtered by the reactance on the dc side and the dc filters. The average output

voltage of the during rectification can be determined by [7, p. 30]:
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V2 L
Vout = 76\fVLL cos(ar) — OwLs
T

Iq (3.22)

Where :V,,,; is the voltage between the terminal + and terminal -, I is the current that goes
to the cable, V7,1, is the line-to-line rms voltage, L is per-phase leakage inductance of each

transformer, referred to the converter side, and « is the firing angle

During the inversion process, the commutation process takes place when the dc voltage
for the forward biasing of the thyristor valves is greater than the AC commutation voltage
derived from the AC system. Therefore the AC voltage supplied by the the AC system
determines the forward or reverse biase of the thyristor valves. The commutation process
is however, the same as that in the rectification process. The output voltage can also be

determined by equation , the firing angle « is replaced by the extinction angle ~ [7, p. 31].

Reversal of power is achieved by changing the polarity of the dc link. This is accomplished
through the firing control of the gate pulses. Change in direction of power is not possible

by changing the direction of current [32, p. 14].

Further discussion on how the control for an LCC is implemented is presented in chapter

five.

3.4 Principle of operation of VSC

The VSC is made using IGBTs or GTOs. These devices are self commutating switches
which can be turned on and off at will. The switching frequency for these devices is up to 2
KHz. Hence the commutation process is a forced one, where commutation may occur many
times per cycle and this characteristic enables the VSC to be controlled by PWM. Using
PWM, the VSC generates outputs which are close to sinusoidal and reduces the amount of

filters required to filter out harmonics [2, p. 1].

The control method using PWM, enables the VSC to operate in the four quadrants as shown
in figure 3.15, to operate as an inverter and rectifier [8, p. 29]. When it is operating as an
inverter, power is transferred from the DC side to the AC side , and when it operates as
a rectifier, power is transferred from the DC to the AC side. In both cases, the VSC can
operate by generating, positive reactive power to the AC grid or taking reactive power from
the AC grid.
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Figure 3.15: VSC four quadrant operation.

The VSC is able to operate at any point in the circle, where the radius of the circle is the
MVA rating of the converter [8, p. 29].

Figure 5.8 shows the single line VSC circuit diagram . From the figure, it can be seen that,
the exchange of active and reactive power between the converter and the AC grid can be
expressed by equations 3.23, 3.24. The voltage on the AC grid (U,) is taken as a reference
and on AC converter side (U,) at leading phase angle of 0.

_idc‘> _iload>
R L
_«M VSsC 1 [
converter c s
Ugabc —_— Ucabe T l
l labc l
Figure 3.16: Single line diagram of the VSC.
U,U.siné
p=2""__ 3.23
X, (3.23)
U,(U, — Uz cosé
Q= o(Uy — Uecosd) (3.24)

X

By varying the magnitude of U, and 9, the active and reactive power can can be adjusted
as desired. Changing the ¢ results in change of the active power exchanged between the

converter and the AC network and changing the magnitude of U, causes changes in the
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reactive power exchange. The possible exchange of the power between the converter and

reactor can be summarized as shown in figure 3.17 [18, p. 53][?, p. 29] .

A
Im
Uc1
AUl
- o1 >
Re 52 Ug
AU2
Uc2
\j

Figure 3.17: VSC exchange of power.

The figure shows the exchange of power depends on the converter voltage magnitude and
phase generated. Active power is transferred from AC side to DC (rectifier operation) when
the converter voltage is in phase lag to the AC grid voltage while if it is leading, power is
transferred in the reverse direction. For the reactive power exchange, if the magnitude of the
grid voltage is greater than the converter voltage, reactive power is taken by the converter

and if it is less, reactive power is generated to the grid.

Further discussion on how the control for a multilvel VSC is implemented is presented in

chapter five.

37



Chapter 4

Modular Multilevel converters
(M2C)

This chapter presents, the modular multilevel converter and discusses on its advantages
compared to the multilevel converter, its topology, principle of operation and modulation

techniques that are applicable.

4.1 Introduction

With advances in multilevel converters, the type of multilevel converter that is attracting
attention is the modular multilevel converter (M2C). The Multilevel converter, as discussed
in the previous sections, have the main advantage of handling higher level of voltage and
power with lesser harmonic distortions compared to the conventional two level converter.
However, as the number of levels increases in MPC, problems occur with the increase in
number of diodes for NPC and increase in number of capacitors with FCC, which makes
them difficult to assemble and build. Moreover, voltage imbalance occurs in the series
connected DC capacitors, which requires an external control circuit to balance them [12, p.
1].

Advantages of M2C compared to the non modular MPC are [21, p. 1] :

e Combining averaging control with balancing control enables the converter to achieve

voltage balancing without any external balancing circuit

e Modular realization: it is scalable to different power and voltage levels and is inde-

pendent of the state of the art of fast developing power devices
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e Multilevel waveform: is expandable to any number of voltage steps resulting in low

total harmonic distortion and dynamic division of voltage to the power devices
e High availability:

e Failure management: has a fail safe operation on device failures

4.2 classification of M2C

From their topologies, MMCs can be classified into [12, p. 2]:

1. double-star-configured MMCs;

g u-phase v-phase  w-phase

V1uT TVCIu
e

13iru .
=1y

u

1| iz
E— u

13}inu

b
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Figure 4.1: Structure of a double-star-configured MMCs.

2. astar-configured MMC

3. adelta-configured MMC
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Figure 4.2: (a) Structure of a star-configured MMC (b) Structure of a delta-configured MMC.
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4. the dual MMC
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Figure 4.3: Structure of dual MMC.

The above classification of MMCs can also be further categorized based on their use of
single-phase half-bridge or full-bridge converter-cells [12, p. 2]. The MMC that is ap-
propriate for this project is the star configured, half-bridge converter type topology and is

further discussed in the next sub topic.

4.3 Structure of M2C

To achieve the advantages mentioned in the introduction section, the M2C is made up of
submodules, which are made in modular form. The submodules are identical and this is a
prerequisite for this kind of system to operate normally. The converter consists of six arms,
two per phase (leg). An arm consists of submodules which are connected in series and one
reactor. The submodules consist of two switches and a local DC-storage capacitor with two
terminal connections. These parts can be seen in figure . This system avoids the central dc

link capacitors which exist in the other types of converter.
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PO
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(@) (b)
Figure 4.4: M2C (a) structure of M2C (b) structure of a submodule.

The sub module capacitance can be derived from,

1 1
W.==-.CU?> =— AWgsuy 4.1)
2 4e

c,nom

where U, ,,om is the nominal voltage across the capacitor, AWg)y is the energy of the sub-

module for every half period, and ¢ is the permittivity.
the capacitor value is determined by,

 AWsy
2.e.U2

c,nom

(4.2)

Depending on the direction of current through them, the capacitors either charge or dis-
charge in their operation. This results in variation of voltages across the submodules. These
creates high peak currents, which creates the need to use inductors to limit them. one induc-
tor is included in each arm and is also used to reduce harmonics. The dimensioning of the
inductors is made taking in to consideration, those differential currents which resulted due

to the unbalanced voltage across the submodules.

) d .
Uditf = Ude — (Uua + Ula) = Rarm-iaifs + Larm-azdiff (4.3)

where Uy; ¢ is differential voltage, i4; 5 is differential current, Uy, is the dc voltage, Uy,

and Uy, are the voltage across the upper and lower arm.

As the resistive part is negligible, the difference voltage is expressed in terms of the inductor

as,
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d .
Udgirr = Larm-%idiff 4.4)

To keep the differential currents as minimum as possible, and inductance of value 0.15 pu

is usually used.

4.4 Principle of operation

The submodules can be considered as a controlled voltage source [21, p. 1]. Regardless
of the sign of the current i, ;, the terminal voltage V. ; of each submodule can be switched
to either OV or to the voltage V. By switching a number of submodules in the upper and
lower arm, the voltage V; is adjusted. In a similar manner, the voltage V4 can be adjusted

to a desired value.

The relationship of the voltages V'd(t) and V ac(t) with respect to the number of submodules
per arm they have can be given by [21, p. 2]:

Vd(t) + 2Vac(t) < 2nV, 4.5)

Assuming the DC voltage used is constant, then:

Vd=nV, (4.6)

and the amplitude of the AC output voltage is:

Vac(t) < nV, 4.7)

The submodules are made in a way that, their voltage level is controlled independently.
The out put from one module is equal to zero or equal to the voltage across the capacitor
depending up on the switching state used. The switching states which are relevant for the

operation of the submodule are :

e state 1 : Both IGBTs are switched off, during this state, the submodule is on blocked
mode, this condition exists during shut down of the system and does not occur during

normal operation.

o state 2 : IGBT1 is on and IGBT2 is off, the voltage across the capacitor appears at the
submodule terminal and depending on current direction, the capacitor will be charged
through the diode or discharge through IGBT1.
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o state 3 : IGBT1 is off and IGBT?2 is on, zero voltage appears across the terminals and

the voltage across the capacitor remains the same.

This states can be observed in figure 4.5.

State 1 State 2 State 3

Figure 4.5: switching states of submodule.

For the converter, the total voltage of the two converter arms in one phase equals the DC
voltage. A converter arm represents a controllable voltage source, and by adjusting the ratio
of the converter arm voltages in one phase module, the desired sinusoidal voltage at the AC

terminal can be achieved.

The inductor in the arms is used for damping balancing currents, which may arise due to
differences on the dc voltage produced by the three phases which are connected in parallel
at the dc buses [21, p. 6]. Moreover, it is used to reduce the effects of fault arising inside or

external of the converter and reduce short circuit currents.
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Control

This chapter presents the control methods employed for the control of the LCC and VSC.
The control methods that are employed for SK3 are explained and then the control of SK4

based on vector control of VSC is discussed.

5.1 Introduction

HVDC transmission systems transport very large amount of power. In transporting this
power, a high coordination of control is required to accomplish this. The DC current and
voltage must be precisely controlled to effect the desired power transfer. It is necessary
therefore to continuously measure the system quantities. The parameters which are mea-
sured and monitored are on both the AC side and DC side and this include the AC currents
and voltages, active power and reactive power transferred through the link, and the DC

current and voltage. The main purpose of the controls are [18, p. 69]:
e Control power flow between the terminals,

e Protect the equipment against the current/voltage stresses caused by faults, and

e Stabilize the attached ac systems against any operational mode of the dc link.

The controls in general for both the LCC and VSC may be arranged in a hierarchical struc-

ture. As such they have a dispatch center, a master controller and local controllers.

The dispatch center is from where the order for level of power transfer is ordered and the
master controller is where, the coordination for the terminals is made. The local controller
is the controller located at one of the terminals. The coordination between these controllers

has to result in a feature which [18, p. 71]:
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e maintain maximum dc voltage, to reduce losses

limits the maximum dc current, to protect the valves from damage

e minimize reactive power consumption for LCC, LCC require reactive power of about

50 percent of the total rating of the converter, hence to reduce cost

enhance power system stability or control of frequency

For all the above cases the control system has to perform well under steady and dynamic

operation of the system.

5.2 SK3 LCC Control

The basic power control is achieved through a system where one of the converters controls

its DC voltage and the other converter controls the current through the DC circuit. The

control system acts through firing angle adjustments of the thyristor valves [18, p. 71]. The

control method that has been implemented in the SK3 system is the current margin method

of control. The control is implemented using the ABB MACH?2, which uses code generating
tool called HiDraw [16, p. 3] . Figure 5.1 shows a typical MACH2 which is used for the

control of LCC.
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Figure 5.1: Mach2 LCC Control.

The control which are coded in the MACH?2 include,
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e Voltage dependent current order limit (VDCL)
e Current control amplifier (CCA)
e Rectifier alpha minimum limiter (RAML)

o Inverter gamma O function (Gamma0)

The current control margin method is used where there is a defined limit of operation of the
dc system. Depending on the levels of the dc voltage and current, the controls which are
applicable for a rectifier operation and inverter operation, with their limitations is discussed

in the next subsections.
5.2.1 Hierarchy of controls

The control system in the LCC HVDC converter station generally has a hierarchical struc-
ture with three layers. These three layers, are referred as bipole control, pole control, and
converter unit control. The measurements made for control and protection purposes consist
of the 3-phase commutation ac voltages, the ac currents on the primary and secondary sides

of the converter transformer, and the dc current and dc voltage [18, p. 100].

The bipole control coordinates the power orders of the poles and distributes the power order
to the pole control. The arrangement of the controller can be observed in figure 5.2. The
bipolar controller receives a power order Po from the station operator. This is subjected to
a controlled rate of increase or decrease in order to protect the system from sudden changes
in desired power. Maximum and minimum power limits to the the power controller are
imposed. Then, the power order is divided by the DC voltage measured value to derive
a current order which is sent to the two Pole Controllers. A bias circuit is required to
counteract any problem due to a divide-by-zero function when the dc voltage may be zero
or low value. The output of this controller is then limited by Voltage Dependent Current

Limit (VDCL) for protection purposes.

P yiax
Ramp /

P 0 ® Io I o lim
——)_/— | » T » VDCL —»
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P

min - hias |T -
V4 .
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Figure 5.2: Characteristic of bipole control.
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For the pole controller, the input is the current order from the Bipole Controller. This can
be seen in figure 5.3. The current input is subjected to upper and lower limits for protection
purposes. After limitation, the current order is compared to the measured value of dc current
to generate an error signal. Another signal which modifies the current order is the current
margin which is required only at the inverter end to bias off the current controller so that
the gamma angle is within its rated value. The current controller uses the PI regulator to

provide dynamic properties to the control loop, and provides the alpha order at its output.

Redlnv4|

l’margin

Pl %

Figure 5.3: Characteristic of pole control.

The alpha order signal from the pole controls is used to generate the firing pulses for the

converter in the valve group controller.

Additionally, there is a station controller which looks after the switching of harmonic filters

and shunt capacitors depending on operating conditions.

5.2.2 Rectifier mode of operation

Alpha min characteristic at rectifier:

For a rectifier mode of operation, the alpha firing angle with respect to the dc voltage is

given by the equation [18, p. 75],

Vi = Vior.cosa — Rep Iy (5.1)
Where R, is the equivalent commutation resistance, Vy,, is the equivalent voltage at the
rectifier for the equivalent rectifier model in alpha control.

From the equation the maximum limit of the voltage is set when the dc current is zero and

alpha has a minimum value of zero. In practice, the minimum value of alpha is 2-5 degrees
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which ensures the converter valves have a minimum positive voltage for turning on. This

characteristic can be seen in the hatched area in figure 5.4.

Rectifier characteristic
- — - Inverter characteristic
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Figure 5.4: Operating characteristic of Id and Vd.

Figure 5.4, shows the operating DC current and voltage characteristics for an inverter and
rectifier mode of operation. With respect to this, the regions where the controls are applica-

ble are discussed comparing to the operating charactersic figure.
Constant dc current I; characteristic:

Depending on the current carrying capacity of the valves, a maximum upper limit of the
current is imposed. The I; constant characteristic is a straight line BC, as shown in the

figure 5.4. The zone of operation is also indicated.
Voltage Dependent Current Limit (VDCL) characteristic:

To sustain the dc power flow when the ac voltage at the rectifier bus is reduced due to a
fault, a limitation is set by the VDCL. The limit is set depending on the ac system. This
is implemented either by utilizing the horizontal portion, as defined by C'D, or a sloped

portion (as defined by C'D) as shown in figure 5.4.
I:n characteristic :

Inin limit is imposed because of two reasons. To maintain enough dc current in the valves

and to avoid reaching discontinuous current operation which could lead to dangerous tran-
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sient dc voltages. Typical minimum values are between 0.2-0.3 pu [18, p. 76].

5.2.3 Inverter Mode of operation

Gamma min characteristic:

To set the gamma minimum characterstic, the relationship between the dc voltage and

gamma for an inverter operation can be expressed as [18, p. 77],

Vi = Vigos. cosy — Res. Iy (5.2)

Where R,; is the equivalent resistance of commutation, Vj,; is the equivalent voltage at the

inverter for the inverter model in gamma control.

In figure 5.4, The line SR defines this mode of operation and is referred to as the Constant

Extinction Angle (CEA) control mode.
Constant current characteristic:

In figure 5.4, the line ST defines the Constant Current characteristic of operation at the
inverter. From the figure, it can be seen that, the constant current characterstic for the
inverter operation and rectifier operation are not the same. In order to maintain a unique
operating point of the dc link, a current margin exists. The current demanded by the inverter
is usually less than the current demanded by the rectifier. The difference is the current
margin which is typically about 0.1 pu; its magnitude is selected to be large enough so that
the rectifier and inverter constant current modes do not interact due to any current harmonics
which may be superimposed on the dc current. This is why the control strategy is termed

the current margin method [18, p. 77][32, p. 21].
Alpha-min in inverter mode:

The line TU as shown in figure 5.4, defines the alpha minimum in inverter mode characteris-
tic. This value is typically about 100-110 degrees, and is required to limit any inverter from
changing into the rectifier mode of operation. Furthermore, the value of 100-110 degrees
ensures a minimum dc voltage at the inverter during a fast start-up of the dc link with I; =
0.

5.2.4 Summary

The control system employed for an LCC in general can be summarized as shown in figure
5.5.
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Figure 5.5: Summarized characteristic of Id and Vd.

The main controls which have been implemented for the SK3 LCC as a rectifier and inverter
mode of operation are summarised blow. At the rectifier, Voltage Dependent Current Limit,
VDCL is made to limit the dc current as a function of either the dc voltage or the ac voltage.
The existence of the VDCL, assists the dc link to recover from faults. Id min limit, typically
0.2-0.3 pu is made to ensure that there is a minimum dc current flowing through the valves.
This is to avoid the possibility of dc current extinction, caused by the valve current dropping
below the hold-on current of the thyristors. If the current goes below the hold on current,

the current chopping would cause high overvoltages to appear on the valves.

At the inverter, alpha min limit is used to ensure that power reversal does not occur. The
inverter is not permitted to operate in the rectifier region, that is a power reversal may occur
due to current margin sign change. To ensure this, an alpha-minimum-limit in inverter mode

of about 100-110 degrees is imposed.

The control strategy that is selected is made depending on the criteria that enables a fast
and stable operation of the dc link while minimizing the generation of harmonics, reactive

power consumption and power transmission losses [18, p. 73][32, p. 22].
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5.3 SK4 VSC Control

5.3.1 Introduction

The VSC control mechanism is based on PWM . This gives the VSC an ability to control
the active and reactive powers independently. To achieve this ability in the VSC control,
the three phase voltages and currents in the ac grid are decoupled to their equivalent dq
components and the amplitude and phase of the signal is generated is varied by the PWM.
The VSC converters controlling mechanism in general is divided in to two. An inner loop
controlling the ac current and an outer loop which consists of an ac voltage controller, dc
voltage controller, active power controller, reactive power controller and frequency con-
troller [8, p. 34][24, p. 2]. A general diagram of the controller arrangements is given in
Fig.5.6.
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Figure 5.6: VSC general control diagram.

5.3.2 Control method development

The vector control method is widely used for VSC control [24, p. 3]. This method takes
the abc to dq rotating reference frame to control the ac current. The phase angle required to

transform the abc to the dq is determined by a PLL (phase locked loop).

The inner current loop calculates the voltage drop across the reactor, that is used to establish

the exchange of active and reactive power with the ac grid. The outer loop controllers,
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consisting of dc voltage controller, active power controller and frequency controller are used
to generate the 74,y reference values and reactive power controller or ac voltage controller
can be used to generate the reference values for ig..r [24, p. 3][30, p. 4]. A general layout

of the control system on the ac side is shown in fig.5.7.
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power >

controller
T qu

abc-to-dq [————

PLL
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Figure 5.7: VSC ac side control diagram.

To develop the controllers, a model of the VSC on the ac side is developed. The single line

diagram of the model is shown in Fig.5.8.

—ldac P> —lioad™
L
R
_«M_rL VSC -1 [
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Ugabc E— Ucabe l
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Figure 5.8: Single line diagram of the VSC.

From the model, the three phase voltages can be written as [24, p. 3]:
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di,
Upa = Usa + iaR + Lé (5.3)
o
Ugpy = Uay + iy R + L£ (5.4)
di,
Uy = Use +icR + Ldit (5.5)

where : i,4,ip, i are the line currents and R, L are the resistance and inductance of the

reactor respectively.

Applying Park transformation on the equations 5.3, 5.4,5.5 and where = wt, the resulting

equations are:

i
Ugo = Ueo + ioR + L% (5.6)
. dig .
Ugd = Ucd'i_ldR—"LE +CULZq (57)
o
Ugg = Usq +igR + L% —wLig (5.8)

Where : Uyg, Ugq, Uyq are the zero, d axis and q axis components of the grid voltage, Uco,
Ucd, Ueq are the zero, d axis and q axis components of the converter voltage, ig, iq, ¢ are

the zero, d axis and q axis components of the ac current.

Assuming the converter to be lossless, the power on both the ac and dc sides is assumed to
be equal (P,. = Pj.). Taking this in to account, and neglecting the zero sequence order, the

power at the converter on the ac side can be determined by:

Pac = cqiq + Ucdid (59)

and the current on the dc side can be calculated by:

chiq + Ucdig

5.10
Un (5.10)

e =

where : i4. is the current on the dc side and Uy, is the dc voltage. And the current across

the load may be determined by:

chiq + Ucgiy B CdUdc

5.11
Ugc dt .11

Z.load =

Considering i4, i¢ and Udc as state variables, the state equations are:
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di, 1 R. o1
qu = Zqu — T g —wig = ZUCQ (5.12)
dig 1 R 1
T Uy — iy — wig — —U, 5.13
g~ e~ i~ wia— pU (5.13)
dUdc quq + Uqgiq Udc .
= - — Clijog 5.14
di CUy CRy, =~ 'toad (5.14)

Taking the above discussion in to account, next sections deals on the design of the inner

controller and the outer controllers.
Inner Current controller

By decoupling equations 5.12, 5.13 and introducing control input variables, X; and X:

Xqg=Ugyqg —wLig —Ugq (5.15)
Xy =Uyg—wlig—Ug (5.16)
and :
Xi4=(sL+ R)ig (5.17)
Xy = (sL + R)iq (5.18)

Where : s is the laplace operator and using equations 5.15 and 5.17, the inner current con-

troller can be developed.
Dc voltage controller

The DC voltage controller for a single VSC is implemented as a PI controller.

P

iqref = Kpdc(Udcref - Udc) + Uigq (5.19)

where: i4..r is the q component of the ac reference current, K4 is the proportional dc

gain, and Uy, is the dc reference voltage.
Active power controller

In most applications, the active power controller is implemented as an open loop controller.

The equation used is given by:

. o Pacref
fare = Ugq

(5.20)

For more accuracy, the controller can be modified to closed loop system.
Reactive power controller
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The reactive power controller is controlled in the same manner as the active power, as such

it uses an open loop control. The equation implemented in the controller is:

(5.21)

where : ig..s is the d component of the ac reference current, and Qe er is the reactive

power reference.
Ac voltage controller

From figure 5.8, it can be seen that, the voltage drop across the reactor is given by [8]:

AU = U, — U, (522)
AU = AU, + jAU, (5.23)
AU = RPZ,X’Q +lePJ hQ (5.24)

Where : AU, and AU, are drops due to the active and reactive parts respectively.

If the reactive part drop is less than the real:

AU, < AU, (5.25)

Then the voltage drop across the reactor can be approximated by:

_ RP+X,Q

AU
Ug

(5.26)

In ac networks, the inductive reactance is much higher than the resistive part, hence the
voltage drop across the reactor will depend mainly on the reactive power flow. Therefore

the grid voltage level will vary depending on the reactive power flow.
Frequency controller

Frequency deviations in the AC system indicate an imbalance in the active power flow. The
VSC has the capacity to adjust the frequency by controlling the active power transfer in the

system. The imbalance can be approximated by :

AP

A7 K (5.27)

Where : AP is the power unbalance, A f is the frequency variation and K is a constant.
PLL
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The phase locked loop is used to generate a synchronizing ¢ depending on the measured ac
source voltage. The 6 is used for the transformation of the abc quantities to dq quantities
and vice versa. When 6 is phase locked with the ac voltage source, then the dg reference is

synchronized with the three phase abc reference frame.

5.3.3 conclusion

The controller methods implemented for the VSC link is: for the converter found in Kristian
sand, active and reactive power control has been used and for Tjele active power and dc
voltage control method was used. An example of the active and reactive power control (PQ

control) structure implemented is shown in fig.5.9.

Inner current
controller

Active power
controller

H I L
Ps,ref 1\ » ‘ -F

)

F
PS

Reactive power
controller

(O [ |

Figure 5.9: Active and reactive power controller.

Figure.5.9 illustrates the active power part control and the reactive power part control. The
output id,ref and iq,ref is further used by the inner current controller to produce the Vd, re f
and V¢, ref. These are converted to abc reference frame and then used by the PWM to

generate the firing pulses required for the VSC.
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Description of SK3 and SK4 model

In this chapter, the models used in the simulation of the bipole HVDC link SK3 and SK4
are described. For SK3, the electrical LCC station components used are described and the
control part is further explained in the control chapter. For the SK4, the electrical models

and the control models used is described.

6.1 SK3 model Introduction

The SK3 model is an LCC based link. The link has been modeled by including all the
components that have been implemented in the real station and are identical to the system

used in the real station.

The model’s main electrical circuit representation of the HVDC link includes the following:

AC network

AC filters and DC filters

Converter transformers

LCC converter

DC smoothing reactors

e DC line

These components of the station and the DC line are discussed in the following sections.
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6.1.1 The AC network

At Tjele, the AC network is at 400k V, having a minimum short circuit capacity of 1700MVA.
At Kristiansand, the AC network is 300KV, with a minimum short capacity of 2500M VA.
The AC network for both of them is modeled with a three phase voltage source terminated

with an equivalent R-R/L impedance as shown in figure 6.1.

Figure 6.1: AC network model

The values used for the equivalent R-R//L impedance for Tjele and Kristiansand AC net-

works are given in tables 6.1, and 6.2.

Component value
R1 1.265 [ohm]
R2 10000000 [ohm]
L1 0.029 [H]

Table 6.1: Tjele R1, R2 and L1 values.

Component value
R1 5.94 [ohm]
R2 10000000 [ohm]
L1 0.191 [H]

Table 6.2: Kristiansand R1, R2 and L1 values.

6.1.2 Filters

The LCC converter that is used produces harmonics. The converter used at both ends is a
twelve pulse converter which generates harmonics on the AC and DC side. The harmonics
on the AC side are of the order, 12n+ /— 1 and on the DC side are of the order, 12n, where n
is 1,2,3 .... Depending on the requirements of the system operators, these harmonics have to
be reduced to an acceptable level. These level in denmark is a THD level of 3 percent. The
filters are implemented on the AC side of the converter and on the DC side. These filters

also are used to contribute to the supply of reactive power needed by the converter.
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AC filters

At Tjele, there are two 11th and 13th harmonic filters each 20 MVAr. Furthermore one
shunt capacitor bank of 80 MVAr is used. For Pole SK3, four 11th, 24th harmonic filters are
used. At Kristiansand, two 11th and 13th. harmonic filters each with 83 MVAr, and two HP
(high pass) filters, of 90 MVAr are used. The filters arrangement used for SK3 can be seen
in figures 6.2 for (a) is an 11th/13th filter with 83 MVAr and (b) HP24 filter of 90 MVArs
located at kristiansand and (c) HP 12/24 filter located at Tjele.
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Figure 6.2: (a) 11th and 13th harmonic filter (b) 24th harmonic filter (c) 12/24 Hp filters.

These filters are brought online depending on the steady and and dynamic conditions of the

system for a stable operation.

DC filters

At Tjele, there is a filter between the neutral bus and ground, made up by four 1 F capacitors.
There is also an active filter. The principles of the active filter is that harmonics in the DC-
lines of 3 is measured. A controller reproduces an equal current in counter phase. This
signal is then amplified in a high power amplifier and fed into the neutral bus end of the
passive DC-filter by a transformer, thereby removing the disturbances. The active dc filter

arrangement is shown in figure 6.3.
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Figure 6.3: Arrangement of active Dc filter for SK3

At Kristiansand, the DC-filters of conventional passive filters are also used. The filters used

at Kristiansand and Tjele for SK3 is shown in figures 6.4.
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Figure 6.4: Dc filter for SK3

Smoothing reactors: for Pole SK1 and pole SK2, the smoothing reactors which are equal
in both terminals are placed on the neutral side and is designed for 0.5 H at 1000 A. For
Pole SK3, the reactors are placed on the high voltage side and are designed for 225 mH at
1260 A.
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6.1.3 LCC Converter

A 12-pulse converter unit, is used at both ends of the link. The model implemented for the

converter can be seen in figure 6.5.
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Figure 6.5: LCC converter

The converter is made up of two 6-pulse Graetz converter connected in series. The converter
has in built phase locked loop (PLL) and the combus input node is used as an input for the
PLL. AO is alpha order (firing angle) input for the converter, KB is block/deblock input
control signal, AM is Measured alpha (firing angle) output and GM is Measured gamma
(extinction angle) output. All these signals are transferred between the converter and the

control circuit.

6.1.4 Converter transformers

At all terminals two 3-phase converter transformers are used per pole. At Tjele, the converter

transformers rating are given as in table 6.3. For the converter transformers at Kristiansand,
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the rating are given in table 6.4.

Pole Primary[kV] Secondary[kV] S[MVA]

SK1 150 109 154
SK2 150 109 154
SK3 400 143 256

Table 6.3: Converter transformer ratings at Tjele.

Pole Primary[kV] Secondary[kV] S[MVA]

SK1 275 109 154
SK2 275 109 154
SK3 300 143 256

Table 6.4: Converter transformer ratings at Kristiansand.

The modeling of the transformers have been done taking in to consideration their connection
type, transformer tapping, and transformer reactance. All the poles have two transformers
with YNyO- and YNd11-couplings. The transformer reactance was 0.22 pu. This is consid-

ered as typical for transformers used in HVDC links.

6.1.5 DC line

The route length of the link between Tjele and Kristiansand is 240 km. There is one cable
per pole, each with a single Copper conductor. The route consists of submarine underground
cables and overhead lines at both ends of the link. Therefore the model includes cable and
overhead lines to get an accurate response as possible. The cable is modeled as a Bergeron
model which can be seen in figure 6.6 for one of the distributed parameters with the DC
cable values from the manufacturer, values obtained from Energinet.dk. The overhead lines
moreover are modeled as Pi type on the Kristiansand and Tjele side. The models can be seen
in figure 6.6 for a) overhead line model on kristiansand side, b) cable model c) overhead line

model on Tjele side.
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Figure 6.6: (a) Model for overhead line (b) cable model (c) model overhead line.

The electrode stations, which are used to ground the links, are located on the shore at Tjele

and Kristiansand.

6.1.6 Modeling of HVDC Control

The controls implemented in the model for the converter firing include:

e Voltage dependent current order limit (VDCOL)
e Current control amplifier (CCA)
e Rectifier alpha minimum limiter (RAML)

e Inverter gamma O function (Gamma0)

These controls, how they are implemented and their use is discussed in the control chapter.

The next section describes the SK4 model used in the simulations.

6.2 SK4 model Introduction

The SK4 model consists of an electrical part and a control part. In the electrical part of the
SK4 model, AC network at Tjele and Kristiansand, the converter transformers, AC and DC
filters, the VSC converter, and DC line were modeled respectively. The following section

discusses the implemented models for each part.
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6.2.1 AC grid

The AC network used for SK4 is the same as for SK3. The AC network is modeled as a
source voltage of 400KV at Tjele with a short circuit rating of 1700MVA. At Kristiansand,
300KV, and short capacity of 2500MVA. The source voltage is terminated by an R-R/L
impedance which is also equal to the ones used at Tjele and Kristiansand. This values

are give in tables 6.1, and 6.2. These values are obtained from the transmission operator,

Energinet.dk.

6.2.2 Converter transformer

The converter transformers used are of the rating 400/150 KV, 500M VA at Tjele and 300/150
KV, S00MVA at Kristiansand. The transformer models used are an ideal ones and have a

leakage reactance of 0.22pu [22, p. 4]. The transformer is in a Y/Y arrangement.

6.2.3 Filter

The filters used on the AC side are of second order passive filters. The filter’s are tuned at the
switching frequency and multiple of the switching frequency to remove higher harmonics.
There are three filters tuned at the switching frequency of 8Mvars and three tuned at the
multiple frequency of 4Mvars both at Tjele and Kristiansand. A model of the filter used to

remove higher harmonics is shown in figure 6.7.

%z]
% Z]

F
E

Figure 6.7: Second order ac filter.

6.2.4 Reactor size

The reactor size between the converter transformer and the converter is assumed to be
0.15pu impedance of the system. To determine the size of the reactor, the short circuit
power rating of the grids is taken in to account. Typical values used from other systems has

been adopted, which is equal to 0.019H.
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6.2.5 Dcline

The dc cable that has been used is assumed to be similar to that of the one used by SK3
dc link. The dc line is modeled taking in to consideration the cable and the overhead lines.
This has been modeled as distributed Pi model with the values used for the model given in

figure 6.6.
6.2.6 VSC converter

The VSC model used is a three level multilevel converter type. The converter is made of
twelve IGBT’s. This type is chosen for simplicity’s sake and has been applied in many

projects at different power levels. A figure of the model used is shown in fig.6.8.
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Figure 6.8: three level multilevel converter.

The VSC has also been implemented using a two level converter and the same control

method is applicable.
6.2.7 Control Models

The control method implemented in the system is a vector control as discussed in the con-
trol chapter. The possible control methods that can be used for the converter are the outer
controllers: active power,reactive power, dc voltage, ac voltage and frequency control and
the inner current control. The control method used determines the mode of operation of the

converter and the models implemented in PSCAD are discussed in the following section.

Conversion of abc to DQ frame and vice versa

In the vector control method, the control is implemented in the DQ reference frame, hence
the measured voltage and current parameters at the ac side are required to be converted to
DQ reference frame for control purposes and in the end converted to abc reference frame to
be the input to the PWM. The model used is the abc-to-DQ and vice versa conversion model
in the PSCAD library.
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PLL

The PLL is required to determine the 6 of ac measured parameters which is used in the
conversion of abc-to-dq and vice versa. This block is also available in the PSCAD library

and has been used in the model.

PWM

The PWM used to generate the firing pulses for the converter is the carrier based PWM type.
The principle of operation of this type has been discussed in section 3.2 PWM Techniques
for MMC. The SHPWM has been implemented for the modulation technique. The switching
frequency is at 1.5KHz resulting in a frequency in a frequency ratio of 30. The amplitude

modulation index is at 0.8.

Outer loop controllers

The outer loop controllers which provide the id,ref and iq,ref can be arranged in different
configurations. For example the active power controller can be made to provide the id,ref
and the dc voltage controller to provide for the iq,ref. Similar arrangements can be imple-
mented using the other outer controllers so that the desirable mode of operation is achieved.

The following section shows the models implemented for each controller.

Active power controller

The active power controller is implemented as a feed forward as shown in fig. 6.9. The
measured active power and the target value are compared and the PI controller is used to

generate the current reference values required for the inner current controller.

st

Psref iF
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idq,ref

%

Figure 6.9: Active power controller.

Reactive power controller

The reactive power controller in a similar manner is modeled as a feed forward and can be

seen in fig. 6.10.
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Figure 6.10: Reactive power controller.

DC voltage controller

The purpose of the Dc voltage controller is to keep the DC voltage in the system at a constant
value. The target dc voltage level in this case is at 500 KV. The controller implemented is

shown in fig.6.11.

Dw E T idqref

Udc,ref

Figure 6.11: Dc voltage controller.

Inner current controller

The inner current controller determines the voltage dq inputs that are converted to abc to be

an input to the PWM. The control arrangement is shown in figure6.12.
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Figure 6.12: Inner current controller.

The id,ref and ig,ref are provided by the outer loop controllers and id and iq are dq equivalent

of the ac currents measured.

The next chapter presents, commutation failure in SK3 for model verification.
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Commutation Failure in SK3 for

model verification

Commutation failure for a converter can occur due to faults on the DC and AC side as
discussed in section 3.3. In this chapter simulations of commutation failure of the SK3
model due to drop in the voltage has been made to validate the model with measurement

values.

7.1 Introduction

When using LCC , a problem that may occur is commutation failure. All thyristor valves,
to block their forward bias require removal of the internal charges accumulated during their
conducting mode period. For example for an inverter, the period is defined by o+ u. Hence
the valves require a minimum extinction angle for the forward blocking to be successful. If
forward blocking fails, then the valve will conduct without firing gate pulse and commuta-
tion failure occurs. This results in the commutation process failure. The current will not be
able to transfer to the other thyristor valves and the line current return to the thyristor which

was conducting previously and had failed to block its forward bais [22, p. 1][29, p. 2].

Commutation failure for a converter operating as an inverter can occur due to faults on the
DC and AC side.

Causes from the AC side may be due to:

e due to the decrease in magnitude of one or more of the phases or distortions, causes

the extinction angle to be inadequate for commutation [22, p. 2]
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e a phase shift in the commutating voltage

o the value of the extinction angle prior to the commutation also determines the pos-
sibility of commutation failure. The higher the extinction angle is, the less is the
possibility of commutation failure. Typical steady state operating value of extinction
angle is 18 degrees, and increasing this angle reduces the possibility of commutation

failure [32, p. 18].

Causes from the DC side which result in commutation failure are related with the rapid
increase of the DC current. When the DC current increases in magnitude, it results in the
increase of the overlapping angle. Increasing the overlapping angle, reduces the extinction
angle and the decrease in the extinction angle may reach a point, where the valves can no

longer sustain their forward blocking [32, p. 18].

7.2 Measurement preconditions

The commutation failure measurements were made for a reduction in the voltage level at
Tjele for SK3 pole, which was the cause for the commutation failure. This drop in the
voltage has been emulated in the PSCAD model by adding line inductances between the
Tjele 400kV bus and the converter transformers as shown in figure 7.1. A 1H inductor
was used which resulted in the same average reduction of voltage as that of SK3 Tjele, 29

percent of the rated voltage during the real measurements.

DCP3 | ‘
Tiele CT Inductor

Neut

400 kV-bus
Figure 7.1: Inductor insertion to simulate voltage drop
The voltage drops from the measurement are not balanced type, in that the voltage drop on

the three phase lines is not the same. The 29 percent is the average value which has been

used.

7.3 Results from real Measurement

To verify the model used, real measurement data’s of a commutation failure at Tjele SK3 has

been provided by the network owner, energinet.dk. The measurement data’s were provided
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in comtrade format which is a standardized file format used in power system monitoring.
The comtrade format consists of a configuration file and a data file. The data has been
simulated with Wavewin Bitronics ProE6 [34], which is a commercial software that can
diplay the wave form of the files in comtrade format. Moreover, PSCAD has also been
used to display the comtrade file waveforms for a better comparison with the model which
has been built in PSCAD. However, the PSCAD generated waveforms for the measured
values, the scaling has been done manually as PSCAD doesn’t have an option to consider
the configuration file. The results obtained using PSCAD and then with Wavewin Bitronics

ProE6 are presented. For all the displayed wave forms, the time scale used is in seconds.
AC side voltage and DC voltage and current:

The AC side voltage is observed to be at maximum peak of 330kV. During the commutation

failure, the voltage drops down by 29 percent. This can be seen in figure 7.2.

Vabc (KV)

]'ﬂ\ P\\ Jﬂ |
|
‘\
‘L
/ ‘\/

0320 0340 0360 0330 0400 0420 0440 0460 0480

Figure 7.2: Ac side voltages

The DC side voltage during the commutation failure decreased from 345kV to 0kV, and the

current also from 1420A goes to OA. This can be seen in figure 7.3.
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Dx voltage and current
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Figure 7.3: DC side voltage and current

Thyristor firing angle and current order:

The thyristor firing angles before and during the fault were observed to vary. The max-
imum value of the angle v reaches 80 degree during the commutation failure and during
normal operation the value is 18 degrees. The current order which was at 1430A, during

commutation failure goes down to 452A. This may be observed in figure 7.4

CQurrent order and Gamma angle
- d
6ka Cur ort

Curr ord (A)

lw_'ﬂm
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204
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f
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Figure 7.4: Current order and Firing angle gamma

For an inverter operation, the extinction angle is usually the control parameter used as is
in this case, and a value of 18 degrees for extinction <y is a commonly used value during

normal operation.
Waveforms obtained by the Wavewin Bitronics

The waveforms obtained for the measurement datas by the Wavewin Bitronics can be seen in
figure 7.5. The results are presented in a way that all the measured waveforms are displayed

in one window and then a summary of the waveform parameters, such as the rms value,
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instantaneous peak, maximum and minimum peak values and so on are given in another
window. The measurements are made for the line voltages, the currents across the Y/D and
Y/Y configured converter transformers for the three lines, the DC line voltages and currents,
firing angles alpha-gamma, and the current ordered by the control system. This are shown

in figure 7.6.

CH [« «] [— 2=

Figure 7.5: Waveforms obtained from Wavewin Bitronics
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CH | Title Rk5 InstPeak Phaze Inst'al Refyal MaxPeak  MinPeak

— 1 JUAC L1 238.5M 337268 293543 135562 90.254 338.250 R ER= b
2 Uac L2 236.526 338.262 173,369 337245 -22BER02 338917 33897
3 HaEEs 237.075 338.90 53753 200,931 161.038 340,281 339,944
4 WYL 1133683 1445255 140783°  -1414.085 3610304 2653268 -3630.203
5 IMWY_L2 1124487 1473353 20874 1396.588 3474043 3585664 -2004.044
B IMY_L3 126187 34679 261.527 34679 163.730 2021318 333496
7 VDL 1137213 1485811 1109820 -20.967 2786251 2422833 -4061.355
g8 nD_L2 1125907 1438542 350574 1410415 34718 1951.586 -2870.013
9 MD_L3 1126430 1456034 231.387° 1382739 2754606 4163957 -1871.440
10 IDL 1419623 1431965 121824 1411635 3574833 4130832 -46.089
11 UDL 343.061 -345.030 3573917 -341.684 -146.883 13153 353,781

12 ALPHA GaMMa 17135 17.380 166.480°  17.007 17.330 73,427 3.809

13 CUR_ORD 1422741 1424288 3320920 1422569 1422569 1443092 433806
14 CPR_Y 3.475 -0.013 93.843° -2.574 -4.135 2624 -E.158
15 CPR_D a3.422 2713 63.972° [0.083 -2.563 2713 5113
16 IDME 1401.763 1412263 175638° 1335197 3555637 4172333 131270
17 DFREQ 0.0 -0.045 M -0.033 0.633 0.726 -2.003
18 UDN 0.413 0.653 17.077F [0.550 1.041 20,361 -25.700

Figure 7.6: Values for waveforms obtained from Wavewin Bitronics

For the above measured values, their corresponding simulation results for the PSCAD model

of SK3 is presented in the next section.

7.4 Results from PSCAD simulation

To validate the model of SK3, for the normal operation of the link during power transfer
from Norway to Denmark, the simulation was made with the parameters specified in table

7.1. For commutation failure to occur, an inductor of value 1H was inserted in the lines to

74



CHAPTER 7 - Commutation Failure in SK3 for model verification

reduce the voltage by an average 29 percent for 340kV line to ground voltage.

Power direction P/Iref [max =2] Time to deblock [sec]  Ugerer [KV]

Kristiansand to Tjele 1 1 360

Table 7.1: Sk1 simulation parameter settings.

The results obtained are presented for the inverter side (Tjele).
AC side voltages and DC voltage and current:

AC side voltages during normal operation are, 350KV. At time t = 1.95 sec, the voltages
drops down by 29 percent and then recovers at t = 2.05. This may be observed in figure
7.10.

Tiele - Upcc 400 [kV]
= F100a = F00b = F100c

(kv)

(kv)

1925 1975 2025 = 2075

Figure 7.7: AC voltages and equivalent rms value

DC side ratings of SK3 for voltage is 350 kV and current of 1430A. These values have been

expressed in per unit value and are shown in figure 7.12. The dc voltage as well as the dc
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current are observed to drop to zero during the commutation failure.

Tiele - Udc/ldc
= d S2P3
040 +—F——
0.20 4
0.00 |
. -0.20
S -0.40
g_.'/ -0.60
-0.80
-1.00-
= |d S2P3 = jord S2P3
4.00
D
e
Figure 7.8: DC voltage, current and current order
Thyristor firing angles :

The values of the thyristor firing angles determine the operation of the converter, depending
on their values, the converter will act as a rectifier or inverter. The firing angles ( « (,
extinction angle () and overlap angle ( © ), have been measured for this simulation and the
values obtained at instants during normal operation and commutation are presented in table

8.3 for the rectifier operation and the simulation results are shown in figure 7.9.

Rectifier a 7 u

During normal operation 148 18 14

During commutation failure 78 80 50

Table 7.2: Firing angles values.
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Figure 7.9: Firing angles

The thyristor firing angles during normal operation are typically in the range given in table

7.3 for an inverter and rectifier operation.

For « Y w

rectifier <90 >90 w©u=180-a-7
inverter >90 >18 pu=180-a-vy

Table 7.3: Firing angle values for normal operation.

It can be observed that, the angles obtained from the simulation are within the rating during
normal operation and during commutation failures, the angle values are out of the range of

normal operation.
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7.5 Comparison between simulation results and measurement

AC voltage comparison : The voltages from the measurement are shown in figure 7.10 (a).
The voltage from the model simulation (b), have been made to have a value close to the
measured values by the insertion of an inductor in the line between the 400kV bus and the
converter transformer at Tjele as mentioned before. The voltage drop in both cases can be

seen to vary at different level in the three lines at different times.

AC Ti: Graphs

Vabc (KV)
(kv)

L 88888.588888

(a) (b)

Figure 7.10: Ac voltages (a) measurement (b) simulated

From the figures, it can be observed that the voltages between the two have a maximum
amplitudes during normal operation and maximum voltage drop from the normal, as given

in table 7.4.

For Normal operation [KV]  Voltage drop to [KV] Difference in drop [percent]
Real Measurement values 340 210 38
Simulated model values 340 200 41

Table 7.4: AC voltages comparison for measured and simulated values.

The voltages from the simulated model have a maximum deviation of 3 percent from the

measurement values. The comparison is made taking this deviation in to consideration.

DC current comparison: The dc measured value and the simulated values can be seen in
figure 7.11. The simulation values are expressed in per unit values with a base of the rated
value 1430KkA.

78



CHAPTER 7 - Commutation Failure in SK3 for model verification

Dc current
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Figure 7.11: Dc currents (a) measurement (b) simulated

The magnitude of the currents for both the measured and simulated values during normal

operation and during commutation are given in table 7.5.

For

Normal [PU]

commutation [PU]

Real Measurement values

Simulated model values

0.97
0.91

0
0

Table 7.5: DC current comparison for measured and simulated values.

The measured dc current has a higher value by 0.06 PU and for both cases, during commu-

tation failure, the current goes down to zer

0.

DC voltage comparison: The measured dc voltage value and the simulated one may be

seen in figure 7.12.

Dc voltage

udl (PU)

010 020 030 040 050

(a)

®.U)

DC Ti: Graphs

(b)

Figure 7.12: Dc voltages (a) measurement (b) simulated

The values are given in PU values with a base voltage of 350kV. The comparison between

the two for normal operation and during commutation failure is given in table 7.6.
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For Normal [PU] commutation [PU]
Real Measurement values 1 0.05
Simulated model values 1.05 0.25

Table 7.6: DC voltage comparison for measured and simulated values.

The DC voltage measured is less than the simulated by 0.05 pu and during commuatation

both go to 0 PU.

DC current order comparison: The measured and simulated values of the ordered DC

current from the control system are shown in figure 7.13.

curr ord (PU)

current order jord

= cur ord 090 lord S2P3

(P.U)

040 030

030 o)

0207 i i i i ' 120 10 160 180 200 220
000 0lo 020 030 040 050

(@ (b)

Figure 7.13: DC Current order (a) measurement (b) simulated

The values are given in PU values with a base current of 1430A. The comparison between

the two for normal operation and during commutation failure is given in table 7.7.

For Normal [PU] commutation [PU]
Real Measurement values 0.97 0.32
Simulated model values 0.81 0.35

Table 7.7: DC current comparison for measured and simulated values.

Angle gamma comparison: The firing angle control for an inverter operation is the gamma

angle. A comparison between the measured and simulated value of the gamma angle is

given in figure 7.14.
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Figure 7.14: Firing angle gamma (a) measurement (b) simulated

From the figure it can be observed that, the gamma angle in both cases during normal
operation is above the minimum value of 18 degree. The measured gamma angle is 19
and the simulated one has a 20 degree gamma angle. During commutation the gamma angle

in both cases increases to 80 degrees.

7.6 Conclusion

In conclusion, by observing the waveforms of the measurement voltage, the voltage in the
PSCAD simulation has been made to closely behave as the waveform from the measure-
ments. This was accomplished by inserting an inductor of value 1H between the 400kV
bus and the converter transformers at Tjele. This was done to reduce the voltage of the
simulated model, by a percentage that is close to that of the measured values. Different
values of the inductor were tried and the one that gave a reduction of voltage close to the
measured one was taken. The results show that during normal operation, in both cases , for
the measured as well as the PSCAD simulation, the extinction angle is above 18 degrees.
Considering the AC voltage deviation of 3 percent between the measured and simulated,
the dc voltage and current have been observed to behave similarly. A commutation failure
occurs in those instants where the voltage drops down, the extinction angle was up to 80
degrees and the dc voltage and current went down to zero. This kind of problem, that is
drop of voltage or distortions in the waveforms is a common cause for commutation failures

in power networks.
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Chapter 8

Performance of SK4 in bipole to SK3

In this chapter, the performance of the bipole SK3,SK4 link is presented. The results for
the performance of the link simulated during normal operation and then during AC and DC

faults on the link is presented and discussed.

8.1 Introduction

Commutation failure for a converter can occur due to faults on the DC and AC side as
discussed in previous sections. In this chapter different simulation cases to observe the
performance of the bipole link SK3 and SK4 model has been made. The simulation cases
that have been simulated deal with faults on the AC side and DC side. The faults that can
occur on the AC side may be balanced faults and unbalanced faults. The unbalanced type
single phase to ground, reduction in the voltage at the end of the link and balanced three
phase to ground fault have been selected for the simulation. The single phase to ground
fault and reductions or distortions in the voltages are common faults that appear on the
power network, and the three phase to ground fault rarely occurs but is the worst fault that

may appear on the power network.

For DC side fault, rapid increase in the DC current which can result due to transient phe-
nomena has been made. This is because, for the normal operation of a DC link, the DC
voltage is always kept constant at the rated value by the voltage controller assigned for it,

however the DC current is variable depending on the amount of power transferred.

In order to compare and evaluate the performance of the bipole link under these different
scenarios, the chapter starts with the normal operation of the bipole SK3,SK4 link and then

the results obtained with the different type of fault cases is presented.
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8.2 During Normal operation

To observe the performance of the bipole link SK3 and SK4 during normal operation, for
power transfer from Denmark to Norway, the simulation was made with the parameters
specified in table 8.1 and 8.2. The setting for the P/ reference, which is the current order
controller at SK3, was adjusted at 0.25sec from 1 to 0.7 and then at t = 0.4 changed to 1, to
observe the performance of the link. For the SK4 link, the power ordered after deblocking
was 100MW and then at t = 0.9 sec, the order was changed to 250MW.

Power direction P/Aref Time to deblock SK3 [sec] UgererSK3 [KV]

Tjele to Kristiansand 1 0.2 380

Table 8.1: SK3 simulation parameter settings.

Power direction PreffMW] Time to deblock SK4 [sec] UgererSK4 [KV]
Tjele to Kristiansand 100 0.15 500

Table 8.2: SK4 simulation parameter settings.

The results obtained are presented for both the rectifier side (Tjele) and inverter side (Kris-

tiansand). The time scale is in seconds for all the simulation results.

AC side voltages during normal operation are, at the rectifier side 400kV at a THD level of
0.135 percent and inverter side 300kV at a THD level of 0.263 percent values. This may be

observed in figure 8.1.
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Figure 8.1: AC Voltages at (a) SK3 Tjele (b) SK3 Kristiansand.

The DC side voltage for SK3 link during normal operation is 350kV and a rated DC current
of 1300A. This values have been expressed in per unit value and are shown in figure 8.2
for both Tjele and Kristiansand. The DC current ordered and the actual DC current flowing
are also illustrated in figure 8.2. The current ordered can be observed to vary through the
simulation time. The current ordered is at 1 pu value at the beginning and then it was
adjusted to 0.7 pu to observe the behavior of the link. The actual DC current flowing is

observed to follow the current ordered.
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Figure 8.2: DC Voltage and Current at (a) SK3 Tjele (b) SK3 Kristiansand.
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At SK4 link, the AC voltages and DC voltages are shown in figures 8.3, and 8.4 respectively.
The AC voltage at Tjele SK4 is similar to SK3 at 400kV. Moreover for the AC voltage at
Kristiansand SK4 is similar to SK3, which is 300kV. This is because at both ends, the links
are connected to the same bus. The DC voltage at SK4 is 500kV during normal operation

and this value is illustrated in figure 8.4 in pu value for Kristiansand and Tjele.

. 2
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Figure 8.3: AC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.
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Figure 8.4: DC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.

The maximum Power transfer through the SK3 link is 500MW, and for SK4, a maximum
of 750MW. To observe the firing angles at different rated power transfer, the power level
was varied within its rating during the simulation time, at 0.25 sec by changing the current
ordered by the controller of SK3. The power transfer variation can be observed for SK3 in
figure 8.5. The active power transfer through SK3 link after deblocking starts at 300MW
and then at t = 0.4sec, the power increases to 450MW. This is caused due to the increase in
the current ordered at the SK3 current order controller. The reactive power can be observed
to vary also at both ends where at Tjele, the reactive power consumed by the converter is at

153Mvar and on Kiristiansand, the reactive power is at 190Mvar.
The active power transfer through the SK4 link can also be observed in figure 8.6. The
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power can be seen to start at 100MW which is the ordered power after deblocking. At 't
= 0.9sec, the power order is changed to 250MW by the power reference controller at SK4
link. Att=0.9sec, the power can be observed to increase to 250MW.

The power transfer across the links is controlled by the controller part of each link respec-

tively.
Tiele - Active/reactive power Kristiansand - Active/reactive power
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Figure 8.5: Active and reactive power SK3 at (a) Tjele (b) Kristiansand.
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Figure 8.6: Active and reactive power SK4 at (a) Tjele (b) Kristiansand.

The thyristor angles, such as firing angle « , extinction angle v and overlap angle y , during

the simulation are given in table 8.3 for an inverter and rectifier operation.
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For  «a[Deg] ~[Deg] u[Deg]

rectifier 24 150 10
inverter 150 22 15

Table 8.3: Firing angles values during normal operation.

Comparing the above thyristor angle values obtained with the permitted values of thyristor
angle values discussed in chapter seven section 7.4 PSCAD simulations, the range of value
of the thyristor angles obtained in the simulation shown in figure 8.7, are within the normal

operating rating.
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Figure 8.7: Thyristor firing angles at (a) Tjele (b) Kristiansand.

The results overall indicate that the power transfer across the bipole link can be controlled
independently. Depending on the transmission system operator needs, the bipole link can
be operated at different power level and the power transfer through each link may be at

different level also.
Next section presents the performance of the bipole link during AC side faults.
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8.3 AC side faults

8.3.1 Single phase to ground

To observe the performance of the bipole link SK3, SK4 during a single phase to ground,
a single phase to ground fault was applied at SK3 link on the inverter side ( Kristiansand )
at time, t = 0.8sec for a duration of 0.2sec. The simulation was made with the parameters
specified in table 8.4 and 8.5.

Power direction P/Iref Time to deblock SK3 [sec] UgerepSK3 [KV]

Tjele to Kristiansand 1 0.2 380

Table 8.4: SK3 simulation parameter settings.

Power direction PreffMW] Time to deblock SK4 [sec] UgererSK4 [KV]

Tjele to Kristiansand 400 0.15 500

Table 8.5: SK4 simulation parameter settings.

AC side voltage is observed to be within its rating at both ends of the link until the fault.
During the fault, the voltage decreased to 250KV on the inverter side and at the voltage
remained constant at 420kV except for a transient perturbation at t = 0.8sec, when the fault
was applied. This can be seen in figure 8.8. The AC voltage at SK4 link can also be seen
in figure 8.9. The voltages are 420kV at Tjele and at Kristiansand, the voltage is 310kV but

from t = 0.8sec to t = Isec, it can be observed one of the phases, has gone down to ground.
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Figure 8.8: AC voltage at (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.9: AC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.

The DC side voltage for the SK3 link is observed to be at 1 pu after SK3 has been deblocked.
At t = 0.8, when the single phase to ground occur, the voltage goes down to O pu. Then it
recovers at t = 1sec and stabilizes at its previous operating level. This is observed at both
ends of the link and can be seen in figure 8.10. The DC current ordered can also be seen
to be at its rated level, 1pu after deblocking and then goes down to 0.4pu during the fault
and recovers also at t = Isec. The DC voltage at SK4 link can also be seen in figure 8.11.
The DC voltage is at its rated value 1pu and then at t = 0.8 sec decreases to 0.9pu and then

recovers to its previous operating level 1pu.

89



CHAPTER 8 - Performance of SK4 in bipole to SK3

Tiele - Udc/idc Kristiansand - Udc/ldc
= = Ud S1P3
1.20 1 L_S2P6 120
1.00 1.00-
0.80 1 0.80 -
0.60 1 = 0.60
5 o040 5 0401
o 0.20 1 o 0.20 1
0.00 0.00 A
0.20 -0.20 1
0.40- -0.40-
= 1 = 1
a0 1S3 = jord S2P3 00 1_SIP3 lord S1F3
. g
o} B
a 2
= o
(a) (b)
Figure 8.10: DC voltage and current at (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.11: DC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.

The power transfer through the SK3 link can be observed to be at 450MW after deblocking.
During the application of the fault, the power transfer goes to OMW and then recovers at t
= 1sec. This can be observed in figure 8.12. For the SK4 link, the power transfer can be
observed in figure 8.13 where the power transfer is also affected by the fault and decreases

to 250MW minimum during the fault and recovers at t = 1sec.
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Figure 8.12: Active and reactive power at (a) SK3 Tjele (b) SK3 Kristiansand.

Power at Tiele Power at Kristiansand

|

0.00 050 100 150 200 0.00 050 100 150 200

)

§58.588888
(Mw)

85588888

(@ (b)

Figure 8.13: Power at SK4 (a) Tjele (b) Kristiansand.

The thyristor angles before and during the fault were observed to vary. The maximum and
minimum values obtained during the duration of the fault are presented in table 8.6, which
are out of the normal operating range and result in commutation failure at SK3. During
normal operation the angles are observed to be within the allowed range of the rectifier and

inverter operation.

For  «a[Deg] -~ [Deg] u[Deg]

rectifier 100 50 2.5
inverter 80 120 0

Table 8.6: Firing angles values during single phase to ground fault.

91



CHAPTER 8 - Performance of SK4 in bipole to SK3

S2 - Fring angles S1 - Fring angles
= Alpha ord S2P3 ® Alfa ord S1P3
120 160
o 1 j=2]
j7 4 [
g - W g i W
0.0- 100
= Alph: = Aff S1P3
250+ pha meas S2P3 180 a_meas
- W 34 = WMMWWWW
=] 1 =] |
j7) B [
a ] fa)
-50 40
25 = Overlap S2P3 60 ® Overlap S1P3

Deg
Deg
8

Deg
eg

(a) (b)

Figure 8.14: Thyristor firing angles at (a) Tjele (b) Kristiansand.

During this type of fault, it may be concluded that commutation failure occurs at SK3 link
and the transfer of power is interrupted during the fault. However for the VSC, the transfer
of power is not interrupted but continues at a lower level decreasing by an average of 25

percent.

The next subsection presents the performance of the link during reductions in the AC voltage

at the end terminals of the link.

8.3.2 Reduction in the AC voltage

To observe the performance of the bipole link SK3, SK4 during a reduction in the AC
voltage at one end of the terminals, Kristiansand, an inductor of 0.75H was used to drop the
voltage by 23 percent of the rated value. Similar simulation has been done previously for the
validation of the SK3 model during commutation failure. However the simulation was made
for the SK3 link only. In this case, the SK3 and SK4 are simulated in bipole mode. The
inductor was placed between the converter transformer and the AC bus at Kristiansand. The
parameter settings used are similar to that stated in tables 8.4 and 8.5. The results obtained

are presented below.

AC side voltage is observed to be within its rating at both ends of the link until the fault.
During the fault, the voltage decreased from 310kV to 240kV on the rectifier side and at
inverter the voltage decreased from 400kV to 370kV. This can be seen in figure 8.15. The
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AC voltage at SK4 link can also be seen in figure 8.16. The voltages are similar to that of

SK3.
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Figure 8.15: AC voltage at (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.16: AC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.

The DC side voltage for the SK3 link is observed to be at 1 pu after SK3 has been deblocked.

At t = 0.5, when the reduction in the AC voltage at Kristiansand occurs, the voltage goes

down to 0.4 pu at Kristiansand. Then it recovers at t = 0.6sec and stabilizes at its previous

operating level. This is observed at both ends of the link and can be seen in figure 8.17. The

DC current ordered can also be seen to be at its rated level, 1pu after deblocking and then

initially increases to 2.7 pu and then decreases down to O pu and recovers also at t = 0.6sec.

The DC voltage at SK4 link can also be seen in figure 8.18. The DC voltage is at its rated

value 1pu throughout the simulation time.
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Figure 8.17: DC voltage and current at (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.18: DC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.

The power transfer through the SK3 link can be observed to be at 450MW after deblocking.
During the application of the fault, the power transfer goes to OMW and then recovers at t
= 0.6sec. This can be observed in figure 8.19. For the SK4 link, the power transfer can be
observed in figure 8.20 where the power transfer ordered is 400MW. This power transfer is

sustained throughout the simulation time.
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Figure 8.19: Active and reactive power at (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.20: Power at SK4 (a) Tjele (b) Kristiansand.

The thyristor angles before and during the fault were observed to vary. The maximum and
minimum values obtained during the duration of the fault are presented in table 8.7. During
normal operation the angles are observed to be within the allowed range of the rectifier and

inverter operation.

For  «a[Deg] -~ [Deg] u[Deg]

rectifier 91 88 0
inverter 108 67 0

Table 8.7: Firing angles values during single phase to ground fault.
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Figure 8.21: Thyristor firing angles at (a) Tjele (b) Kristiansand.

The results for AC voltage reductions at one end of the link shows that the SK3 link falls
under commutation failure and the transfer of power is interrupted while the SK4 is able to

sustain the transfer of power.

Next section presents the performance of the link during the worst type of fault, three phase

to ground.

8.3.3 Three phase to ground fault

To observe the performance of the bipole link SK3, SK4 during a three phase to ground
fault, a three phase to ground fault was applied at the inverter side ( Kristiansand ) at time, t
= 0.8sec for a duration of 0.2sec. The simulations are made with the same parameter setting

as in tables 8.4 and 8.5. The results obtained are presented below.

For the AC side voltages at SK3, on the inverter side when the fault is applied, the voltage
goes down to 25kV rms, whereas the voltage at the rectifier side ( Tjele ) remains at 400kV,
through out the simulation time. This may be observed in figure 8.22. The DC voltage is
also observed to be at its rated value 1 pu and then during the fault, the dc voltage goes
down to O pu. At the same time, the DC current from 1 pu goes to 0.4 pu during the fault.

This can be seen in figure 8.23.

96



CHAPTER 8 - Performance of SK4 in bipole to SK3

)

*v)

(P.U.)

(P.U)

Tiele - Uncc 400 [kV] Kristiansand - Upcc
- - -
600_-54003 = F00b = E400c %: Ea30011 = Eh30011 = Ec 30011
400 :23%-
200 {3t ‘ ““M\\\w\\\ O 200 -JTHER H w\“ \\\M‘\\‘ |
[OF | i ‘ i g ) 0 w‘ | ‘ i el ‘\ ‘ ‘H i e
B
4001 %01
-600- 500 -
-
500 = E1B400 500 = B SIP3
500 400
4w- B
3004 300
2004 g 200
100 > 1001
0- 4
-1004 0
-200- -100 -
| T T T |
000 050 100 150 200 000 050 100 150 200
(a) (b)

Figure 8.22: AC voltages at SK3 (a) Tjele (b) Kristiansand.
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Figure 8.23: Dc voltage and current at SK3 (a) Tjele (b) Kristiansand.

At the SK4 link, the AC and DC voltages can be seen in figure 8.24 and 8.25 respectively.
The AC voltages are observed to be at 400kV at Tjele through out the simulation time but
for Kristiansand, the voltage goes down to 25kV during the fault. The DC voltage at the

link is observed to be at 1 pu.
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Figure 8.24: AC voltage at SK4 (a) Tjele (b) Kristiansand.
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Figure 8.25: DC voltage at SK4 (a) Tjele (b) Kristiansand.

The power transfer across the SK3 link can be seen in figure 8.26. The power goes down
to zero for the duration of the fault and then recovers to its rated value at 45S0MW. Figure
8.27 shows the variation of power transfer across the SK4 link, where the power transfer

was made at a power order of 330MW.
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Figure 8.26: Active and reactive power (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.27: Power at (a) SK4 Tjele (b) SK4 Kristiansand.

The firing angles for the SK3 converter during the simulation time can be observed in figure
8.28. The maximum and minimum values of the firing angles during the fault are also

presented in table 8.8 which result in commutation failure.

For  «a[Deg] -~ [Deg] u[Deg]

rectifier 80 80 0
inverter 100 50 2.25

Table 8.8: Firing angles values during three phase to ground fault.
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Figure 8.28: Thyristor firing angles (a) Tjele (b) Kristiansand.

During this type of fault it has been observed that, the whole bipole link will go down and

the transfer of power through the bipole link is not possible.

The next section presents results obtained for DC side fault on the bipole link.

8.4 DC side faults

8.4.1 Sk3 line to ground fault

To observe the performance of the bipole link SK3, SK4 during a line to ground fault, a
line to ground fault was applied at the DC line at Tjele at time, t = 0.8sec. The simulations
are made with the same parameter setting as in tables 8.4 and 8.5. The results obtained are

presented below.

For the AC side voltages at SK3, on the rectifier side, the voltage is observed to be at 420kV
throughout the simulation time except for a transient perturbtion when the fault is applied.
The voltage at Kristiansand is observed to be at 310kV but after the application of the fault,
the voltage increases to 340kV. This may be observed in figure 8.29. The DC voltage is
also observed to be at its rated value 1 pu during normal operation and then during the fault
starting at t = 0.8 sec, goes down to O pu. At the same time, at the application of the fault,
the actual flowing DC current from 1 pu goes initially to 2.6 pu at Tjele. This high rise in

current is limited by the current order limiter and the refernce current is reduced to 0.38 pu
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and the actual current eventually follows the ordered current. At Kristiansand, the current

ordered is similar to that of Tjele, however the actual current after the application of the

fault is zero. This can be seen in figure 8.30.
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Figure 8.29: AC voltages at SK3 (a) Tjele (b) Kristiansand.
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Figure 8.30: Dc voltage and current at SK3 (a) Tjele (b) Kristiansand.

At the SK4 link, the AC and DC voltages can be seen in figure 8.31 and 8.32 respectively.

The AC voltages are observed to be at 420kV at Tjele through out the simulation time but
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for Kristiansand, the voltage in similar manner as that of SK3 from 310 goes up to 340kV
after the application of the fault. However the DC voltage at the link is observed to be at 1

pu during the simulation time.
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Figure 8.31: AC voltage at SK4 (a) Tjele (b) Kristiansand.
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Figure 8.32: DC voltage at SK4 (a) Tjele (b) Kristiansand.

The power transfer across the SK3 link can be seen in figure 8.33. The power transfer after
deblocking of SK3 is observed to be at 450MW. However the power goes down to zero
at time t = 0.8sec after the line to ground fault occurs. Figure 8.34 shows the variation of
power transfer across the SK4 link, where the power transfer was made at a power order of

200MW, in this case, the power transfer through the SK4 link is not interrupted.
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Figure 8.33: Active and reactive power (a) SK3 Tjele (b) SK3 Kristiansand.
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Figure 8.34: Power at (a) SK4 Tjele (b) SK4 Kristiansand.

The firing angles for the SK3 converter during the simulation time can be observed in figure
8.35. The maximum and minimum values of the firing angles during the fault are also
presented in table 8.9. The values obtained are out of the range of normal operation and

result in commutation failure.

For  «a[Deg] -~ [Deg] u[Deg]

rectifier 98 97 2
inverter 110 60 0

Table 8.9: Firing angles values during three phase to ground fault.
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Figure 8.35: Thyristor firing angles (a) Tjele (b) Kristiansand.

In conclusion, during this type of fault, the results show that, the SK3 DC link is not able to
sustain the transfer of power while the SK4 is able to continue transferring power. This is
one advantage of implementing HVDC links in bipole fashion, so that when one of the DC
lines is under fault, power can still be transferred through the other line. This is not possible

with a monopolar HVDC link.

In the next section, abnormal operation in the SK3 HVDC link due to rapid increase in the

DC current through the link is presented.
8.4.2 Rapid increase in the DC current

To observe the performance of the bipole link SK3, SK4 during a rapid increase in the DC
current which may be caused due to transient phenomenons, the DC current order was made
to rapidly increase from its 1pu value to double at SK3 controller. This order was applied at
the DC current controller at time, 1.6sec for a duration of 0.1sec. The results obtained are

presented below.

The AC side voltages for the SK3 are observed to be within their rating. During the increase
in current ordered, the voltage on the rectifier side goes down from 420kV to 400kV, this
is shown in figure 8.36. The DC side voltage also decreases from 1 pu to 0.2 pu. The DC
current ordered and actual one, at t = 1.6sec increase to 2 pu and 3.5 pu respectively and
then decrease to 0.4 pu and O pu respectively at kristiansand. This may be observed in figure
8.37.
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Figure 8.36: AC voltages at SK3 Tjele SK3 Kristiansand.
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Figure 8.37: (a) DC Tjele (b) DC Kristiansand.

For SK4, the AC and DC voltages may be observed in figures 8.38 and 8.39. The AC
voltages are observed to be within their rating during normal rated operation but decrease
when the current order increase is applied. The voltage at Tjele decreases from 420kV to
400kV and at Kritiansand from 320kV to 290k V.
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Figure 8.38: AC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.
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Figure 8.39: DC voltage at (a) SK4 Tjele (b) SK4 Kristiansand.

The power transfer across the SK3 link is observed to increase from 400MW to 800MW
at Tjele for a duration of 0.01sec and then commutation failure occurs resulting in the loss
of power at time t = 1.62 sec. This may be observed in figure 8.40. For SK4, the power
reference was made at 200MW. The power transfer may be observed to be stable at 200MW
and during the current order increase there is a slight perturbation but power transfer is not

interrupted. This can be seen in figure 8.41.

106



CHAPTER 8 - Performance of SK4 in bipole to SK3

Kristiansand - Active/reactive power Tiele - Active/reactive power
- -
= PSIF oS3
0.2 0.2k
00 0.0+
02 _ 'g'jt'
2 | S 04K
= 0.4k = -0.6K-
-0.6k 08k
-0.8K -1.0kA
-1.0kd -1.2!
- ! -
900 SIFS 0.2k 2R
800
0.0
700 1
600 1 -0.2kA
s 2 g 0%
< E <
> > -0.6k4
S 3007 s o0&
2004 -0.8k4
100 1
0- -1.0kq
-100- -1.2k
000 050 100 150 200 000 050 100 150 200
Figure 8.40: Power transfer SK3 link
Power at Tiele Power at Kristiansand
0 B8L 00 "B
200 I g 200 i e i
100 100
-100 -100
-200 -200
300 -300
0.00 025 050 0.75 100 125 150 175 2.00 0.00 025 050 0.75 100 125 150 175 200
(@) (b)

Figure 8.41: Power transfer (a) SK4 Tjele (b) SK4 Kristiansand.

The thyristor firing angles values variation during the simulation is shown in figure 8.42.
The maximum and minimum values for them are given in table 8.10. The values obtained
during the fault, are out of the range for a normal operation of the inverter and rectifier and

result in commutation failure.

For  «a[Deg] -~ [Deg] u[Deg]

rectifier <120 > 25 <50
inverter > 80 < 80 <60

Table 8.10: Firing angles values during rapid increase in the dc current.
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Figure 8.42: Thyristor firing angles

The results show that from such kind of abnormal operation where there is a rapid increase in
the dc current through the SK3 link, the SK3 can not sustain the transfer of power through it
and falls under commutation failure. However as the DC side of the SK4 link is not affected,

that link is able to continue transferring power.

The performance of the bipole link under AC and DC side faults has been simulated and
depending on the results obtained, the next chapter presents the conclusions and further

work.
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Chapter 9

Conclusion

9.1 Conclusion

The project has tried to evaluate the performance of an LCC based HVDC link in bipole
fashion with VSC HVDC based link. These evaluation has been based on the new SK4
HVDC link project which is being by energinet.dk and statnet and an existing HVDC link
SK3. The SK4 HVDC link is assumed to be VSC based and is to be operated in bipole
mode with the SK3 which is LCC based.

The attempt to evaluate the performance of the bipole link has been made by considering
different operating conditions. The conditions which were considered are, normal opera-
tional condition and during faulty conditions. The faults simulated were both AC and DC
side faults. For the AC side faults, faults such as single phase to ground, three phase to
ground and reduction of the voltage at the AC buses has been made. For the DC side, a
line to ground fault and a rapid increase in DC current which may be caused due to tran-
sient phenomenas resulting in commutation failure of the SK3 link converters, has been

simulated.
The results obtained from these different cases show that:

During normal operating time, the power transfer through each line of the bipole link can be
controlled independently. The power through the SK3 link can be controlled by adjusting
the current order controller of the link within its rated range. Moreover for the transfer of
power through the SK4 link, the power also can be adjusted within its rating by the power
reference controllers at SK4. The direction of the power flow may also be altered by the use

of the controls assigned for each line of the link.

The THD levels measured during the simulations times on both sides of the link were within
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the rated standards. The use of an appropriate filter mechanism ensures the fulfilment of the
requirements set by the power system operators. The harmonics which are may be generated
by the SK3 link is of the order 12n+/-1 on the AC side and 12n on the DC side. For the
reduction of these harmonics, appropriate filters have been provided which have enabled the
systems THD level to be within the power system operators requirements on both the AC
and DC side.

During the AC side fault simulations, the results obtained for a three phase to ground faults,
show that a commutation failure occurs on the SK3 link and also the power transfer through
the SK4 link goes down to zero. If this fault occurs on one of the AC side of the bipole
HVDC link, the power transfer through the link inevitably goes down to zero. For the
simulation cases where there is an AC voltage drop and a single phase to ground fault
at either end of the bipole link, the results obtained were that, the SK3 link is affected and
results in commutation failure. However the SK4 link is able to continue transferring power.
Hence for AC side faults, the conclusion can be made that, three phase to ground fault affects
the whole bipole link whereas distortions and reduction of the AC voltage and single phase
to ground fault affect the LCC based link SK3 and result in commutation failure while SK4

is able to sustain the transfer of power through the link.

For DC side faults, the faults that were simulated were a line to ground fault and a rapid
increase in the DC current through the SK3 link. To simulate the rapid increase in DC
current through the SK3 link, the current ordered was increased from 1 pu to 2 pu value by
the current order controller in SK3 and a line to ground fault was applied at Sk3 to see the
performance under line to ground fault. For both cases, the results obtained show that, the
SK3 link undergoes a commutation failure and the power transferred through the link goes
down to zero. However, the power transfer through the SK4 link was not affected by the
disturbances in the DC SK3 link.

9.2 Further work

The project focuses on the performance of the link under different AC side and DC side
faults. However, the protection of the system on both the AC and DC side has not been
studied. For AC side protection, the conventional relays and circuit breakers may be used
however on the dc side, the protection system is more challenging as there doesn’t exist

commercial dc breakers hence further work can be made with this regard.

Moreover, the filters used for the VSC based SK4 link have not been optimized. These could

be further optimized which could result in an improved quality of the voltages and currents.
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The power losses in the system have not been covered. The power losses may be evaluated
by making the components used as close to the reality as possible. The models which
have been used for the SK4 such as the converter transformer and the converter IGBTS are
ideal ones and this could be improved by using the manufacturers datas for the modeling
of these components. Then evaluations can be made for the whole system to determine the
power loss at different operating conditions. This could result in improved operation and

implementation of the system.

The control implemented for the SK4 is the vector method and performance of the link may

further be evaluated by using other control methods.

The SK4 link as previously mentioned can be made using a multilevel VSC converter or
with the recent advanced modular multilevel converter which has been discussed theoreti-
cally. This project can further be advanced by implementing the modular type of the VSC

converter.
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Appendix A

Detailed model of SK1, SK2, and SK3

Skagerak 1,2,and 3 detailed layout
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Figure A.1: Skl1, Sk2 and SK3 layout used for simulation



Appendix B

PSCAD Comtrade file view

PSCAD has a component that reads comtrade format but does not consider the configuration

part of the comtrade file. The configuration file has been included as shown in figure B.1.

= JJJJIIIIITT

4 Y Yy

Clledittt

o S s, <% Gezer 5t
d3 da ds 3

map

Cledittixt

Figure B.1: PSCAD comtrade reader.



Appendix C

SK3 converter transformer, filters

and converter models

Figure C.2: Filter banks of SK3 model.



Appendix D

SK4 PLL, abc to dq and control

models
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Figure D.1: PLL and abc to dq converters at SK4.
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Figure D.3: Outer and inner controller of one VSC converter.
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