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Abstract
This thesis has mainly illustrated the huge prospects on application of HVDC
(High voltage Direct Current) technology and high voltage power transmission
technology in China. Along with the major policy of China, “①West to east power
transmission，②North·South power exchange and ③Nationwide
Interconnection”，the HVDC transmission technology will take the key role in this
big plan to do the transmission across the whole country. This thesis starts with
an overview on the development history of HVDC technology. After this HVDC
technology has been described, and also the HVDC system structure, like TwoTerminal HVDC and Multi-Terminal HVDC Transmission. The internal structure
of the converters and their working principles are characterized in detail. Factors
that influence the losses have been described. A comparison of the losses
between AC and DC transmission has been done. HVDC technology and its
applications show how necessary it is to use HVDC systems to manage long
distance and high capacity transmission of electrical power, even if there are
difficulties in HVDC technology that must be faced and need to be solved in the
future.
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1. Introduction of
AC/DC/HVDC
Alternating current(AC), is an electric current in which the flow of electric
charge periodically reverses direction, where as in direct current (DC, also dc),
the flow of electric charge is only in one direction. The abbreviations AC and DC
are often used to mean simply alternating and direct, as when they modify
current or voltage. [2]
Direct current (DC), is the unidirectional flow of electric charge. Direct current is
produced by sources such as batteries, power supplies, thermocouples, solar
cells, or dynamos. Direct current may flow in a conductor such as a wire, but can
also flow through semiconductors, insulators, or even through a vacuum as in the
electron or ion beams. The electric current flows in a constant direction,
distinguishing it from alternating current (AC). A term formerly used for this type
of current was galvanic current. [3]
A high-voltage direct current (HVDC) electric power transmission system (also
called a power super highway or an electrical super highway) uses direct current
for the bulk transmission of electrical power, in contrast with the more common
alternating current (AC) systems. For long-distance transmission, HVDC systems
may be less expensive and suffer lower electrical losses. For underwater power
cables, HVDC avoids the heavy currents required to charge and discharge the
cable capacitance each cycle. For shorter distances, the higher cost of DC
conversion equipment compared to an AC system may still be justified, due to
other benefits of direct current links. HVDC allows power transmission between
unsynchronized AC transmission systems. Since the power flow through a HVDC
link can be controlled independently of the phase angle between the source and
load, it can stabilize a network against disturbances due to rapid changes in
power. HVDC also allows transfer of power between grid systems running at
different frequencies, such as 50 Hz and 60 Hz. This improves the stability and
economy of each grid, by allowing the exchange of power between incompatible
networks. [4]
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Nowadays, to the grid, AC and DC have their own advantages, there is no such
question of which of them is better.
All the large power stations working as Alternating current without exception, due
to all large generators are AC motors. DC motor has a very serious problem on
reverse (change the transmission direction) and needs to cut off the current on
one coil then change to another one, it is really easy to produce sparks, resulting
in the loss even damage of the commutator and brush, making it impossible to
produce a large capacity DC machine.
But when face to the question of transmission, DC does better on the economy of
long-distance transmission (about 1000km); if the distance is a little further away,
HVDC is the only viable technical solution.
About AC and DC on the pros and cons, in fact, modern HVDC technology is
developed much later than the Alternating current technology. So the advantage
of AC is DC shortcomings, same to the opposite ways.
The major advantage of HVDC is: 1. DC circuit reactance problem does not exist,
resistive loss is the only reason limit the transmission distance. 2. DC
synchronization problem does not exist, it does not need to rotate in unison at
both ends of the generator, and there was no such issue as stability in the large
AC system. 3. DC line capacitance problem does not exist. It has ability to do
long-distance cable transmission. 4. HVDC power control by the converters at
each end, it can be quickly adjusted.
Several disadvantages of HVDC are: 1. the cost of converter station is expensive.
2. At present, there are no productions as commercial DC circuit breakers. 3.
The DC system, based on the phased inverters control on both sides, needs
support from alternating current system (providing commutation voltage), not
able to supply isolated grid power; and the DC system, based on Voltage source
converter, is currently has slightly huge loss, and the power and voltage levels
are kind of low.
It is worth mentioning that, the comparison described above is between modern
systems of alternating current and modern systems of direct current. In the Tesla
era, the biggest advantage of the alternating current is easily change the voltage
by transformer, while increasing the voltage can significantly reduce the loss;
cannot be transformed this very disadvantage can let DC system been defeated
at all. Anyway, there have been no such qualified to consider about the problem
of modern AC/DC system need to face nowadays, at that age due to the size of
the grid and voltage level.
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2. History of DC technology
2.1 History of AC/DC

[5]
The famous rivalry between Nikola Tesla and Thomas Edison—both giants of
electrical engineering whose innovations changed history.

[Pictures from Internet]
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War of Currents! Edison’s least favorite of Tesla’s “impractical” ideas was the
concept of using alternating current (AC) technology to bring electricity to the
people. Edison insisted that his own direct current (DC) system was superior, in
that it maintained a lower voltage from the power station to consumer, and was,
therefore, safer. But AC technology, which allows the flow of energy to
periodically change direction, is more practical for transmitting massive quantities
of energy, as is required in a large city, or hub of industry. At the time, DC
technology only allowed for a power grid with a one-mile radius of the power
source. The conflict between the two methods and their masters came to be
known as the War of Currents, forever immortalized by the band of AC/DC. [5]

2.2 The history of HVDC technology
On electricity, people’s acknowledgement, application, including science and
development of electricity are all started with direct current from the beginning.
Early 19th century, Telegraph, a developed signal transmission, although the
current transmission is weak, but people get inspired from that, and used in
power transmission. And now, direct current transmission has over a hundred
years of development history. In accordance with the division of time, stages of
direct current’s development could be divided into start-up phase, the pilot phase,
the development phase and to vigorously developing phase. [6]

1. Start-up phase of HVDC
The world's first DC transmission is supplied directly to the DC load with a DC
generator. 1882, French physicist Pule used DC generators installed in Miesbach
mine, with 1.5 ~ 2.0kV voltages, along 57km of telegraph lines, supply the
electric power to the international exhibition held in Munich, he completed the
first ever DC transmission test.
With the development of productive forces, the demand for electricity from the
society is growing, and the early HVDC problems are more exposed. Since the
voltage is not high, if a lot of power need to be supplied, it is necessary to
increase the current; and the larger the current, the more the loss of power on
the line, the loss of voltage on the transmission line is also greater. With the
increase of the transmission distance, the loss increasingly great. At that time,
HVDC is inefficient, only 25%, while 75% of the electricity is consumed in the
transmission line.
To improve the transmission voltage, direct current generators were set in series
connection at that time. With the improvement of DC generator manufacturing
technology, until 1885, the DC transmission voltage has been increased to
6000V. Until 1912, voltage, power and distance of HVDC reached 125kV, 20MW
and 225km.
Due to it could not boost directly to the DC, to further improve the high-power DC
generator rated voltage will face a series of technical difficulties such as
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insulation, making the transmission distance is extremely limited, transmission
capacity and increasing of the transmission distance cannot fill the demand;
Besides, high-voltage, large-capacity DC motor has difficult on reversing,
complicated operation mode, poor reliability; thus hindering the development of
HVDC.

2. The pilot phase of HVDC
1880s, people gradually mastered the principle of multi-phase AC circuits,
creating alternators, transformers and induction motors. It’s safe, convenient,
economical, and reliable on AC power generation, transformation, transmission,
distribution and use. Thus, the AC almost entirely replaces to DC power and
developed into today's huge power system.
Development of AC transmission such big influence that the development of
HVDC greatly affected. However, due to the advantages of DC transmission that
AC transmission cannot replace, such as DC transmission capacity is not limit on
synchronous operation stability, no cable length limitations when using cable
transmission, etc., there are many scientists and engineers in the world
according to HVDC and AC transmission their own characteristics, particularly
the exchange of long-distance transmission is limited synchronous operation
stability, foresaw the very necessary for continue doing development of HVDC.
Thus, the United States, Sweden, Germany and other federal research continues
HVDC technology, and have to build a number of pilot projects. But this is not
simply returned back to that era of Pule’s DC, instead of using the converter
device, change the AC high voltage into a DC high voltage, the blowing arc
rectifiers, thyristors and as a cross ignition tube have been used as HVDC
conversion commutation equipment. Until 1928, with controlled mercury arc
rectifiers successful development, create the necessary conditions for the further
development of HVDC.
Overall, the DC transmission project in this period is on a trial basis, reversing
equipment are almost set low parameters in mercury arc valve, development
speed is very slow.

3. Stage of development of HVDC
1954, the Swedish submarine HVDC cable as a mark that DC has entered a new
stage of development, which is the world's first commercial service based on
HVDC mercury arc valve, and thereafter HVDC technology has made a rapid
development.

10

After the 1950s, the demand of electricity growing faster, the scale of the power
system developed greater, to further increase of the transmission power and
transmission distance, alternating current encountered a series of
insurmountable technical difficulties, limitations showed up obviously of AC
transmission among production practice; on the other hand, successful studies of
high-power converter (rectifier and inverter) broke through technical barriers for
HVDC, these factors have promoted the development of HVDC. Since 1954,
Sweden put the world's first industrial HVDC Project (The Gotland HVDC), until
1977, finally adopted a mercury arc valve HVDC Project (Canada Nelson River
Ⅰ phase of the project) completed, total of 12 with mercury arc valve HVDC
projects the world put into operation.
This phase is characterized by HVDC mercury arc valve parameters have been
greatly improved, with a long-distance HVDC submarine cable transmission, the
practical application of power system interconnection, long distance, highcapacity transmission, and many other purposes, the HVDC technology has
improved a lot.[7]

4. Vigorously developing stage of HVDC
In 1972, the Canadian Eel River HVDC transmission project using Silicon
Controlled Rectifier (SCR) for the first time, made HVDC be actively developed.
The successful development of high power thyristors, is the result of the rapid
development of power Electronics Technology and microelectronics technology
after the 1970s. Thyristor converter valves overcame the several mercury arc
valve’s problems as manufacturing technology is complex and expensive,
inverse arc high fault rate, low reliability, operation and maintenance
inconvenience and other shortcomings, it effectively improve the performance
and reliability of HVDC, promoted the development of HVDC technology. In 1975,
worldwide HVDC system own 11 projects, the transmission capacity of 5GW,
until 1996, HVDC systems own 56 projects, transmission capacity of 54.166GW.
Increase up nearly 11 times.
This period thyristor HVDC converter valves are widely used, almost all of them
are ultra-high pressure, single circuit line transmission capacity has increased
significantly over the previous stage, the development did really fast.

Summary
In recent years, HVDC technology has won a historic breakthrough, which is
based on voltage source converter (VSC) technology and full-controlled power
electronic power devices, gate turn-off thyristor (GTO) and insulation gate bipolar
transistor (IGBT) are the base of a new generation of HVDC technology has
been developed, which is the HVDC light technology.
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3. Milestone HVDC projects
HVDC technology began to be applied from the 1950s. After half the century
development, the HVDC applications technology has made considerable
progress. According to incomplete statistics, includes construction in progress
currently, nearly a hundred projects in HVDC located more than 20 countries
across 5 continents in the world right now.
Among them, the Gotland HVDC Project (20MW, 100kV, 90km Submarine cable)
in Sweden had been put into operation in 1954, was the first HVDC project in the
world.

3.1 First commercial DC-line
The Gotland HVDC
The world's first commercial HVDC transmission system, the Gotland HVDC link
built in 1954, has over time been replaced with a 260 MW bipolar transmission
system.

[8]
The 20 MW, 100 kV Gotland 1 HVDC link from 1954 was the first commercial
HVDC transmission in the world. The converter valves were mercury-arc valves.
In 1970, the stations were supplemented with thyristor valves which were
connected in series with the mercury-arc valves. The voltage was raised to 150
kV and the transmission capacity to 30 MW.
Gotland 2 and 3
In 1983, a new cable was laid between the inverter station near Västervik on
Sweden's west coast and Ygne station on Gotland. Gotland 2's rated voltage
was 150 kV and transmission capacity 130 MW and the converters were built
up of thyristor valves. Gotland 2 and Gotland 1 operated independently and
together met Gotland's power needs. Fossil fuel generation on the island was
shut down and used only for reserve generation.
Increasing demand and concern about supply safety led to a decision in 1985
to build another HVDC link to Gotland, the Gotland 3, which usually works
12

with Gotland 2 to form a bipolar link but can also work independently. The
total transmission capacity is 260 MW (max. 320 MW).
The original cable and terminal equipment for Gotland 1 were taken out of
service and dismantled in 1986 when Gotland 3 was built.

[8]

3.2 DC-Lines over the world
Otherwise, the HVDC project which had the highest voltage (±600kv) and the
maximum transmission capacity (2x3 150MW) named Itaipu in Brazil; the longest
distance transport (1700km) was the project named Inga2shaba in South Africa.
The largest power HVDC project was in China: such as sanchang, sanguang and
guiguang HVDC projects were rated DC current up to 3000A. HVDC’s
developed regions are in Europe and North America, companies as ABB and
Siemens have the most advanced technology on HVDC. And the United States
owns most HVDC projects.
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4. The development of HVDC
transmission in China
HVDC in China had applied from the late 1980s, although started lately, but has
developed rapidly. And now includes these projects still in progress, the total
throughput have reached 18000MW capacity, total transmission distance more
than 7000km, both these two indicators already been called the world's first.
China's first HVDC project is ZhouShan HVDC project (for industrial pilot projects)
in Zhejiang, GeHu HVDC project is China's first large-capacity long-distance
HVDC project, sanchang HVDC project is China's first transmission of the largest
capacity(3000MW), Lingbao (Henan) back-to-back HVDC project is the first
back-to-back HVDC project in China.
State Grid Corporation of China (SGCC) is the largest electric utility company
in the world. It is state-owned and transmits and distributes power in China. The
power distributor is headquartered in Xicheng District, Beijing and manages
distribution from four regional subsidiaries.
China Southern Power Grid (CSG) is one of the two state-owned enterprises
established in 2002 according to the precept to reform the power system
promulgated by the State Council of the People's Republic of China, the other
being State Grid Corporation of China.

Table 1. The Power Grid Operator in China [9]
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Table 2. The HVDC Projects In Operation (1987~2013) [9]

Table 2 shows the HVDC projects among 1987 until 2013 put in operation, and
this young but booming market shows how quick and huge increase of the HVDC
projects grow in China.

Table 3. HVDC Operation Records [9]

Table 3 This diagram shows that the reliability increases as time goes on and
finally all projects’ reliability is stabilized at around 99%.

15

Table 4. New HVDC Projects for (2013~2015) [9]

Table 4 During 2013-2015, China had an Enormous investment in HVDC
construction.

Table 5. HVDCs during (2010~2015) [9]
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Table 5 Up to 2015, China had 13 UHVDC Projects and became the largest
UHVDC market in the world. The two tables below illustrate the two specific
UHVDC projects: in Table 6, the Zhundong-Sichuan project has the largest
capacity (±1100) and in Table 7, the Jinping-Sunan project is the world’s largest
and longest UHVDC project commissioned.

Table 6. ±1100kV UHVDC Project [9]

Table 7. Jinping-Sunan ±800kV UHVDC [9]
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HVDC technology in China started to develop from 1950s. Nowadays, China has
a number of DC lines put into operation, the DC transmission project put into
operation indicates that China's HVDC technology has been significantly
improved and developed. With the construction of the Three Gorges project and
implementation of the "West-East power transmission project" strategy of
development, China will continue to build a number of super high pressure, highcapacity, long-distance DC transmission project and AC-DC parallel transmission
project. Otherwise, in these new projects, China will use new technology on
HVDC. With the daily improvement of HVDC technology, China makes it lower
the price on transmission equipment but higher the reliability, as well as
accumulate the experience on management, DC transmission will get faster
development and a large number of applications indicates that China will enter a
new period of development on HVDC.
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Table 8. China Transmission Grid 2020 [9]

Table 8. The map shows the grid of DC-lines in China built or planned until
2020.
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5. Features of HVDC
5.1 Structural features of HVDC
5.1.1 Structure of HVDC system and Operational
characteristics of grounding conductor
AC and DC cooperate with each other sets the structure of modern power
transmission system. HVDC is a way to achieve power transmission by direct
current. In the power system, vast majority of using electricity and power
generation are AC transmission, DC transmission has to transform by converters.
Which means, in the sending port it needs to send alternating current into direct
current (named as rectifier), and in the receiving end it must change direct
current into alternating current (called an inverter), then sent to the transmission
system. The content below is the introduction of HVDC systems, and possible
negative effects monopolar ground loop manner in HVDC.

5.1.2 two-terminal HVDC transmission system
(TTDC transmission system)
The Two-terminal HVDC (TTDC) transmission system usually consists of rectifier
station, inverter station and DC transmission cable lines these three parts, the
principle wiring as shown in Table 8

Table 8. Principle wiring of TTDC system [10]

1-converter transformer 2-converter 3-smoothing reactors 4-AC filter 5Electrostatic capacitors 6-DC filter 7-control and protection devices 8grounding line 9-grounding conductor 10-remote communication systems
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These TTDC have reverse function with power, not only can work as a rectifier,
but also work as the inverter; when the power reverses, rectifier could work as
inverter station, while the inverter station is changed run as rectifier station. Main
equipment in the converter station: converter transformer, converter, smoothing
reactors, AC filter and reactive compensation devices, DC filter, control and
protection devices, remote communication systems, grounding line, grounding
conductor, etc.
HVDC converter used commonly utilized by the 12 (or 6) converter valves 12pulse inverter (or a 6-pulse converter). Early HVDC transmission project has
utilized mercury arc valve commutation, after the 1970s are composed of
thyristor valves. Thyristor turn-off capability is no low-frequency semiconductor
devices since it can only be composed of line-commutated converter. Currently
the vast majority of HVDC projects are using this line-commutated converter.
Only a small project is the use of HVDC voltage source of the insulated gate
bipolar transistor (IGBT) to inverter composed of commutation.
Project used an electric trigger thyristor and direct light triggered thyristor (LTR)
two kinds. Thyristor valve is composed of many elements in series thereof.
Currently the maximum capacity of the converter valve has been running for the
250kV, 3000A. In addition, according to the current level of technology and
manufacturing capabilities, it has been able to manufacture a maximum capacity
of a converter valve 200kV, 40000A to meet the needs of HVDC.
Converter transformer can be achieved AC voltage matching and electrical
isolation DC side and limit the short circuit current. Converter transformer
structure may be a three-phase three-winding, three-phase double-winding,
single-phase and single-phase three-winding double-winding four types.
Converter transformer valve side winding withstand voltage of a DC voltage
superimposed AC voltage, and both sides of the winding have a series of
harmonic currents. Therefore, the converter transformer design, manufacture and
operation are different from ordinary power transformers.
Smoothing reactors and DC filters share the DC side filtering tasks, but it also is
necessary to prevent a steep wave line into the converter station, to prevent DC
current interrupter, reduce the inverter commutation failure rate and other
functions.
Inverter running AC side and DC side consist of a series of harmonics, so that
both sides of the waveform distortion. To meet the filtering requirements on both
sides, both sides have to be installed separately AC filter and DC filter. Thyristor
valves consist of line-commutated converter, the operation also absorb a large
amount of reactive power (about 30% to 50% of the DC power transmission).
Thus, in addition to utilizing the inverter AC filter No outside power, and
sometimes it requires additional installation of reactive power compensation
device (capacitor or condenser static reactive power compensation devices, etc.).
Control and protection of HVDC are to achieve normal start and stop, normal
operation, automatic adjustment, fault handling and protection equipment,
performance and reliability of its HVDC plays an important role. After the 1980s,
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control and protection devices are set in high-performance computer processing
system, which greatly improves the performance of DC transmission project.
In order to utilize the land (or sea) for the circuit to improve the reliability and
flexibility of HVDC operation, converter stations at both ends also need a
grounding electrode and grounding line. Ground converter station is significantly
more long-term consideration by the DC current operation to design, which is
different from the usual safety ground, need to consider the current grounding
electrode near the underground metal pipe corrosion, and neutral grounding
transformer DC bias increase the magnetic transformer saturation caused by
other issues.
AC system at both ends to provide inverter commutation voltage and current, and
power supply and the load it is also HVDC. Strength, structure and performance
of the AC system have a greater impact on the HVDC system design and
operation. On the other hand, the DC system performance is good or bad. DC
also affect the performance of the AC system at both ends.
The Two-terminal HVDC (TTDC) transmission can be divided into unipolar
system (positive or negative), a bipolar system (positive and negative poles) and
back to back DC system (no DC transmission line) three types. These systems
will be mentioned in Chapter 5.5 below.

5.2 HVDC's Advantages
1. Low cost, Low loss in the cable lines. Bipolar HVDC system only needs the
positive and negative two transmission lines, in the case of conveying the same
power, HVDC lines cost and the loss ⅔ times AC lines, line corridors (when using
overhead lines)are relatively narrow, and applied the DC voltage, line capacitance
does not work, there is no charging power, since that there is no necessary to install
a shunt reactor (high resistance). When using cable transmission lines, HVDC‘s
advantage is more obvious. Since the cables have ability to withstand a DC voltage
comparing AC’s is more than three times, so if use the same insulation thickness
and the core cross sections of cables, HVDC transmission capacity is much greater
than AC transmission. In addition, the cable transmission line to ground capacitance
is much larger than the overhead transmission lines, that communication cable
transmission line capacitance resulting current is sort of large.
When AC cable over a certain length, there will be the full load capacity of the cable
is occupied by capacitive current, power transmission is not going to happen that
time. Which means, transport distance of AC cables severely constrained by
capacitive current, long-distance AC power transmission cable is very difficult. But
DC cables due to the absence of capacitive current, which is not limited transmission
distance, easy to implement long-distance power transmission by cables.
2. There is no stability problem. Since there is no direct line reactance, thus HVDC
has no synchronous operation stability issues as in AC lines. In another word,
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transmission capacity and distance have no limitation, especially fit for long-distance
high power capacity transmission.
3. Ability to achieve asynchronous networking. Since the isolation of rectifier and
inverter, the system using HVDC connection does not need synchronous operation,
the system be linked not only to the same rated frequency of the system, and may
also be different rated frequency of the system (such as 50Hz and 60 Hz), they could
maintain running their frequency and voltage independently, not accept by network
effect, meanwhile large-scale power outages due to a fault caused by transfer won’t
occur.
4. Fast controllable. In HVDC, the size and direction of the active power and the
reactive power occurred by the inverter can be controlled by a control system really
fast. Thereby improving the operating performance of the AC system, and also easy
to implement accurately the transmission protocol among Interconnected Power Grid
(current exchange contact line is difficult to control). In addition, the AC in the
network will increase the short-circuit capacity, sometimes interrupting capacity is
not satisfied resulting into replace the circuit breaker or take limiting measures,
HVDC fast controllability manage that the AC system short-circuit capacity will not
increase due to interconnection.

5.3 HVDC’s Disadvantages
1. The high cost of converter stations, HVDC converter station due to the wide range
of equipment, which cost a lot more than AC substation requirements, operation and
maintenance is more complex as well, higher requirements on operating person.
This is the most important reason to limit HVDC applications.
2. The converter consumes much reactive power. Currently, thyristor widely used in
HVDC converter commutation process to consume large amounts of reactive power,
shown as the percentage of active power which need to be transformed, rectifier is
up to 40% to 50%, the inverter is 50% to 60%. Typically, AC filter provide a part of
required of reactive power in the commutation, to the shortage of it needs fixing by
reactive power compensation device.
3. Produce a large number of harmonic. Converter both on AC side and DC side has
produced a series of high harmonic currents cause overheating on capacitors and
generators, converter control communication system instability and interference of
communication. Therefore, within the converter stations have to be fitted with AC /
DC filters and smoothing reactors for filtering, that increasing the cost of converter
stations.
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5.4 HVDC applications
Currently, HVDC transmission as the supplementary for AC system, its applications
are almost as the following:
1. Long-distance high-capacity transmission. HVDC converter stations’ high cost and
cable lines’ low cost, create a concept of "equivalent distance"; when transmission
distance is greater than "equivalent distance", the use of HVDC more economical;
when the transmission distance is lower than the "equivalent distance", the use of
AC transmission more economical; "equivalent distance" of overhead lines are 600 ~
800km, cable "equivalent distance" is 20 ~ 40km
2. Asynchronous Networking. Using HVDC interconnection, not only get the benefits
of interconnection, but also avoid interconnect network problems in large grid power
system, such as stability, the failure chain reaction of problems caused large-scale
power outages and increase of short-circuit capacity issues. For the grid with
different rated frequency, AC networking technically unworkable, but only using
HVDC network.
3. The submarine cable transmission. AC transmission distance cable lines limited
by capacitive current are difficult to achieve long-distance power transmission, thus
long-distance high-capacity submarine cable power transmission generally use
HVDC.

HVDC long distance huge power transmission, Asynchronous Networking and
submarine cable transmission have unique advantages, as a strong complement to
the AC transmission has been widely used in the world, in the 21st of China, "West
to East, North and South mutual supply, build the national network", the
implementation of the energy and power industry construction in basic strategy has
wider application development background. At present, China has had the ability on
full localization of HVDC construction. Expected around 2020, China will reach more
than 20 HVDC projects, transport capacity over 60,000MW, some projects will even
use ±600kV even ±800kV Ultra high Voltage.

5.5 The system wiring of HVDC
5.5.1 Unipolar system
Wiring of HVDC system can be divided in three ways: unipolar connection, bipolar
connection and back to back wiring.
Unipolar HVDC transmission system can use positive polarity and negative polarity. If
the potential to ground of outlet terminal for converter station is the positive, then is
called the positive electrode, the negative electrode is referred to as negative, and the
transmission line which is connected the positive and negative electrode is called
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positive or negative electrode lead wire, also known as the positive line or negative line,
The wiring of pole system has unipolar ground (sea) loop mode and unipolar metal loop
mode.
(1) Unipolar ground loop mode: Unipolar connection is using an overhead wire or a cable,
uses the ground or sea as a return line to constitute the HVDC transmission system. The
method is indicated by the following picture. Since the normal operation the current will
flows through the ground or sea, So it should take notice of the material of the ground
electrode, laying method, and the corrosion of underground installation, and the impact
for underground communication lines, mariner’s compass are also should be pay
attentions, usually it use the positive grounding.

Unipolar ground loop wiring diagram [11]
1-Converter transformer; 2-converter; 3-smoothing reactors; 4-DC transmission line; 5grounding electrode system; 6- two ends AC system
(2) Unipolar metal loop mode: This mode is use two wires to constitute the unipolar
circuit for DC side, as shown in the picture, One of the low insulation wire (also called
metal return line) is used to instead the ground loop in unipolar ground loop. This way to
avoid the current flowing from the earth or the sea, put one wire’s electric potential
clamped to zero. The disadvantage is that when the load current flows through the wire,
it will produce a large voltage drop. So still need to consider the appropriate dielectric
strength. This approach is mostly used when unable to use the ground (or the sea) as a
loop or the transition scheme for bipolar mode.

Unipolar metal loop wiring diagram [11]
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In addition, when a bipolar HVDC project operations in unipolar, it can also take double
parallel wire ground loop modem, the wiring diagram shown as below:

Double parallel wire ground loop modem [11]

5.5.2 Bipolar system
There are two wires of different polarities for bipolar line, that is a positive and a negative.
It may have a ground return circuit or neutral return circuit.
(1) Grounding mode of both ends of neutral point for bipolar: as the picture shows, this
way is let the neutral point of rectifier station and inverter station are all grounded,
bipolar voltage to ground is +V and -V. In normal operation, no current flows through
between the ground points. In fact, since the impedance of the both side transformer and
the unbalanced of the converter control angle, it always has the imbalanced current
flows use the ground as a loop. After removing the line fault, it can use sound pole and
the ground as the loops to maintain the operation of unipolar

Grounding mode of both ends of neutral point for bipolar [11]

26

(2) Grounding mode of one end of neutral point for bipolar: This operation mode as
shown in the picture, it’s using the single-grounded of neutral side for rectifier side or
inverter side, when it operation normally, it is the same as described above. But when
one wire breakdown, will not be able to continue to run.

Grounding mode of one end of neutral point for bipolar [11]
(3) Bipolar metal neutral line: Use the wire to connect the neutral points for both ends of
bipolar, it constitutes the bipolar neutral line, as showed in the figure. This approach is
grounded at either end of the rectifier or inverter side, when one pole failure, it can still
use sound pole to transmit the power, meantime it avoiding the disadvantages of the use
of the land or the sea as a loop. With the addition of a wire, it will must increase
investment.

Bipolar metal neutral line [11]
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5.5.3 Back to back commutation mode
As showed in Figure, there are no direct current transmission lines. The DC system that
the rectifier and inverter stations build together is called "back to back" converter station.
This mode is used for the interconnection of the AC system for different or the same
rated frequency’s non-synchronous operation. The main features of the HVDC back to
back system is the DC side can choose the low voltage and high current, it has the
advantage of flow capacity of large cross-section of the thyristor, while the DC side
equipment will also reduce the cost due to the low DC voltage. Since the rectifier and
inverter are mounted in a same valve hall, DC side harmonics will not cause interference
to communication lines, thus can reduce the requirements for DC side harmonics,
eliminating the need for DC filter, reducing the inductance of smoothing reactor. Thus,
insulation cost of the entire DC system can be reduced, on-ferrous metal consumption
and power consumption are less. Currently, there are many back to back HVDC project,
have been built or ready to build in the world. Its main advantage is to limit the short
circuit when system capacity increased, so it cannot to replace a large number of
electrical equipment. Back to back HVDC system can be designed to unipolar or bipolar
according to the interconnection purpose and reliability requirements.

Back to back commutation mode【11】
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6. Converter
6.1 The working principle of converters
Converter technology is exchanging power between AC power and DC power. Converter
is the main equipment to achieve this AC-DC conversion, it’s an important part of the
HVDC system. The main elements of the converter are valve bridge and converter
transformer. The converter, which is installed in the converter station, both can run on
the rectifier state to change the AC into DC, it also can be running on the inverter status
to complete inverse transformation. The converter which is implemented in the rectifier
state is called rectifier, and the other one is called inverter. [12]

6.1.1 The basic circuit of the converter
The converter circuit has variety of alternative structures, in order to ensure when the
valve is off, the peak reverse voltage is low on the valve, use the converter transformer
more fully, HVDC converter use three-phase full-wave bridge circuit as the basic module,
which is 6-pulse converter circuit. In addition, 12-pulse converter circuit are also be used
commonly, however, due to 12-pulse converter is composed of two 6-pulse converter
which are in series, so it can use 6-pulse converter for principle analysis, the principle
wiring diagram is shown in the picture below.

6-pulse rectifier principle wiring diagram [13]

Ea, Eb and Ec are the fundamental sinusoidal phase electromotive force of equivalent
AC system, Lγ is equivalent commutation reactance for each phase, Ld is flat wave
reactance value. To illustrate simple and clear, in the following analysis using the
following assumptions: (1) the electromotive force of three-phase AC power is
symmetrical sine wave, frequency is constant. (2) The impedance of the AC grid is
symmetrical, and the converter transformer’s excitation admittance can be ignored.(3)
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DC-side smoothing reactor has great inductance value, after filtering the DC-side current,
the waveform is straight, and has no ripple.(4) Characteristics of the valve is ideal, which
is on-state forward voltage drop and off-state leakage current can be ignored.(5) The six
values of three-phase use ⅙ cycle(60°) of equal phase interval take turns to trigger the
break over. [14]
At present, the features of thyristor converter valve which is widely used in DC
transmission project are:
(1) The unidirectional conductivity. Converter valve can only be unilateral conduction
when the anode to the cathode is a positive voltage. There can be no reverse current. It
means a direct current cannot get a negative value.
(2) The conduction condition of converter valve is an ode to cathode is positive voltage
and the energy of the control electrode to cathodes is enough positive to trigger pulse.
These two conditions must be exited, not a single one can be omitted. Once the
converter valve is turned on, it can only be turned off in the shutdown condition.
Otherwise it has been always in the conduction state.
(3)The control electrode of converter valve has no shutdown capability, only when the
current flowing through the converter valve is zero, it can be turned off (the only one
shutdown condition), and it relies on the ability of outer loop to shut down. Once the
converter valve is turned off, only have the two conduction conditions mentioned above
that can be conductioned, else it has been always in the off state. Therefore, these basic
concepts are very useful for people to analyze the normal operating conditions and fault
conditions of the converters. [15]

6.1.2 12-pulse rectifier
Through practical application, requires two or more commutation bridge
connected in series to achieve the required higher DC voltage. 12- Pulse rectifier
is composed of two six pulse rectifiers in DC side series, the AC side of the
converter transformer winding in parallel converter transformer. Valve side is
winding a star connection, and the other side is a triangular connection so that
the two six pulse rectifiers for AC side could obtain the phase difference up to 30
degree phase voltages. 12-pulse rectifier is able to adopt two sets of double
winding transformers, but also in a group of three winding converter transformer.
Picture below is given two sets of double winding transformers in 12 pulse
rectifier principle wiring diagrams. [16]

12-pulse Rectifier principle wiring diagram [17]
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12-pulse rectifier consists of a total of 12 rectifier valves, V1 ~ V12, as is given in Figure
2.6 gives the flow change sequence follows the serial number of the conducting. Within
each frequency cycle has 12 rectifier valve turns conducting. It needs 12 pulses occurred
by AC system synchronized sequential trigger. The separation distance between the
pulses is 30 °.
One of the advantages of 12-pulse rectifier is the DC voltage has a good quality,
contains low contents of harmonic wave. Its’ DC voltage is the sum of two DC voltages
of two 6 pulse rectifiers which two phase commutation voltage differ 30°, 12 pulses in
each frequency cycle, so called 12-pulse rectifier. DC voltage only contains 12k times
harmonic wave, and DC voltage in each 6 pulse rectifier has 6(2k + 1) times of
harmonic wave. Due to the opposite phase cancel with each other, no longer appears in
the DC voltage, thus effectively improving the DC-side harmonic wave’s performance.
Another advantage of the 12-pulse rectifier is AC current which has a good quality, low
contents of harmonic wave. AC current contains only 12k±1 times harmonic wave, and
each 6 pulse rectifier has 6(2k-1)±1 times harmonic wave, loop between two reversal
transformers, without entering the AC grid, AC current in 12-pulse rectifier has no these
harmonic wave, and therefore effectively improve the harmonic wave’s performance of
the AC side. For these using a group of three winding converter transformers 12-pulse
rectifier, where the grid side of the transformer windings nor containing 6(2k-1) ±1 times
harmonic wave, because each such frequency harmonic wave in its two valve side
windings in opposite phase and therefore cancel each other in the main flux transformer,
neither appear in the grid side winding. Therefore, most projects of HVDC select 12
pulse rectifier as the basic converter unit, which simplifies filtering device, saving the cost
of the converter station.
12-pulse rectifier working principle as same as 6-pulse rectifier, which is also use for twophase AC system short-circuit current commutation.
When the commutation angle μ <30 °, in the non-commutation period only four valves
turned on simultaneously on two bridges(2 in each bridge), and when there is one
commutation bridge, then there are five valve is turned on at the same time
(commutation bridge have three, non-commutation of the bridge have two), so as to form,
4 valves and five valves Alternately at the same time as "4-5" condition during normal
operation, which is equivalent to 6-pulse rectifier of "2-3" conditions.
When the commutation angle μ = 30 °, two bridge total 5 valves turned on
simultaneously, a bridge in a pair of valve commutation just finished, valve in another
bridge immediately begin commutation, cause the formation of "5" condition. When meet
"5" condition, μ = 30 ° is a constant.

When 30 ° <μ <60 °, it will appear before a pair of valves is not over yet, to
another bridge on the valve already starts commutation. Just means in both two
bridges there are two pairs of valves commutation period at the same time. Two
bridges in this period, a total of six valves turned on simultaneously, when one of
a commutation bridge is finished, then turn into 5 valves simultaneously
conducting state, thereby forming a "5-6" conditions. As the converter load
increases, the commutation angle μ also greater, with the result that extends the
time six valves are turned on simultaneously, the corresponding 5 valves turned
on simultaneously time is shorter.
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When μ = 60 °, the "5-6" condition is over. In normal operation, μ <30 °, but not a
"5-6" condition. Only inverter overload or AC voltage too low, μ> 30 ° may occur
in this situation.
Another major difference between 12-pulse rectifiers with 6-pulse rectifier is
when the coupling reactance between the two bridges, two bridges will influence
each other at the time of commutation.
The rectifier having more than two bridges can have a higher number of
pulsations. It is possible in theory, but this time the converter transformer wiring
requirements much complex than 12 pulse rectifier and reduce overall system
reliability. Therefore, the actual projects generally use this 12-pulse rectifier with
double bridges. [18][19]
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7. Loss in transmission
China’s primary energy majors distributed in the part of the west, and the
economic development mainly in the central and eastern. This reverse
distribution pattern decided the pattern from west to east of electricity in China.
HUVAC and HVDC will play an important role in electric power transmission
system. How to build HUV power grid economically and effectively is an
important issue which needs to carefully study.
Transmission loss is one of the important factors which can impact UHV AC and
DC transmission project’s economy. Transmission losses include converter
station (or substation) loss and transmission line losses. Substation losses
include transformers, reactors, capacitors and other electrical equipment and
station power consumption, etc. The loss of converter station further includes a
converter transformer, converter valve, filter loss, etc. Substation (or converter
station) loss basically changed with the proportional change of the transmission
load. Transmission line losses mainly contain two parts: resistance loss and
corona loss. The length of China’s 1000kv UHV AC pilot demonstration project is
640km, and the project mostly uses the 8x500/35 wire. After the expansion, the
capacity of three substations reached to 6000 MVA. Active transport can up to
5700 MW, corresponds to the rated phase current can up to 3464 A. After
analysis, the result of the line resistance loss is 166.45 MW. AC lines corona loss
is closely related to line voltage, wire structure and climatic conditions. The
average loss in rainy day are about 50 times the average loss of good weather,
average loss in snowy day are about 37 times the average loss of good weather.
The formula of the annual average corona loss is “Year average corona loss =
(loss of whole year hours of good days + loss of whole year hours of snowy days
+ loss of whole year hours of rainy days) / Hours of whole year”. For example, if
whole year have 7372 hours of good days, 182 hours of snowy days, 1206 hours
of rainy days, the average annual per unit length equivalent Corona loss power is
28.31 KW, the full range of equivalent power of corona loss is 18.12 MW.
For the DC resistance loss, take the transmission project (±660 kW, Ningdong-Shandong) for example, the length of this line is 1333km, most of them use
4x1000/45 wires. The active power of rated power transmission is 4000 MW, the
rated current is 3030A. It can be drawn to the line resistance loss power is
176.84 MW. The corona loss in DC lines is generally smaller than AC lines. It is
associated with the line voltage and the wire structure. At an attitude of below
1000m in the normal environment, the degree of association of the climate
conditions is not as good as AC lines. According to the calculations, the project of
±660 KV Ningdong--Shangdong’s equivalent corona loss of average annual per
unit length is 7.9 KW, the corona power loss of the whole line is 10.53 MW.
Clearly, the loss of AC and DC transmission line has different, this paper
analyzes start from the basic construction investment and operating losses,
analysis technically and economically to the completed UHV AC and DC project.
The results have some guidance to the construction.

33

7.1 The analysis of the run loss for the
transmission system
The foregoing analysis and calculation of line loss is means the theoretical
loss. But in the actual operation, the system cannot operate at full capacity
throughout in the whole year. The following analysis is the issue related to the
actual operating loss.

7.1.1 The algorithm of loss
The resistance loss of running lines uses the electrical energy loss

1r

to represent.

[20]

In this formula, t is the running time, t is instantaneous operating current, R1 is
the line resistance, T0 represents the number of hours per year, which is 8760
hours, plus 24 hours for leap year. To facilitate the analysis, introduced several
definitions as follows: The maximum load utilization hours e, which can be drawn
by the total volume of transport whole year divided the rated power, e≤ T0;
Equivalent loss hours’τ. The formulas of e and τ are shown as below:

[20]

Io is rated operating current, P1r is the power loss of line, T 0 is 8760 hours.
Obviously, there is a relationship between τ and te.
τ ≤te（when te = 8760, are equal）
Numbers of hour’s t0 of operation to the transmission system it refers to the
actual charging time of system, it can be a full-load operation time, and it also
can include the no-load time. T0 can use calendar hours minus the time of
interruption maintenance and accident outage. Statistics by experience, the time
of interruption maintenance and accident outage in the whole year is about 10
days, thus t0 can be estimated as 8500 hours. So the corona loss can calculate
on the basis to t0.
So AC and DC transmission lines actual annual energy loss δ1ac, δ1dc
respectively are:

[20]

34

In this formula, Pc is the equivalent corona loss power; R1 is the single-phase
line or unipolar lead resistance, R1=Lp/S (L is line length, p is conductor
resistivity, S is simplex or unipolar total cable cross-section).
Since the transmission system actual losses δ caused by line loss δ１ and the
substation(converter station) loss δｓ, δ＝δ１＋δｓｔ＝δ１＋ｂＰｔｔ(Pt is run
transmission power, b is constant,0.2% for b in substation,0.75% for b in
converter station). Introducing the concept of loss rates, the actual loss rate in
the system is η＝δ／（Ｐｔｔｅ）, therefore AC and DC power transmission
system annual loss rate ηａｃ、ηｄｃ can be expressed as

[20]

7.1.2 Analysis of actual operating data
According to statistics, utilization hours and loss hours of project for Three
Gorges Dam delivery conventional ±500 KV HVDC were about 58hh hours and
4800 hours in 2008. According to a recent load curve variation, these two
indicators have declined。 Therefore, average annual utilization hours and loss
hours can be estimates respectively by 5500 hours and 4500 hours. For 800kV
Xiangjiaba - Shanghai HVDC Project, consider the sending end of the power
situation is similar with the Three Gorgers Hydropower Station, therefore, use the
expected case of the complete sending end station, set the utilization hours and
the loss hours were 5500 hours and 4500 hours. ±660KV Y, Ningdong shandong HVDC project’s sending end power is hydro-thermal hybrid structure,
so it has high system utilization. Since bipolar put into operation, the average
annual utilization hours are 7158 hours, the average annual loss hours are 6179
hours, just take 7000 hours and 6000 hours here. The loss rate in dc converter
station at both ends is 1.5%.
1000 KV AC pilot project, due to the power construction and the constrain of
stability for a single operation, the utilization is still relatively low at present. After
three Chinese UHV synchronous networks built, UHV system‘s utilization can
reach the level of 500 KV. The average utilization rate of 500 KV transmission
lines in China is about 32%, equivalent load rate is about 29%. For 1000 KV AC
projects, set the equivalent load rate at 30%, and it can be estimated its
utilization hours te and loss hours τ are 2628h and 832.2h. In 1000 KV AC project,
the site total loss rate of three stations estimated as 0.6%, when transmissions at
distal end, calculated by the total rate of two stations which is 0.4%.
As can be observed in the above data, the utilization of AC system is much lower
than the DC system, especially the loss of hours. As it related to the square of
the operating current, therefore, it has a larger difference. The main reason is the
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DC system is not considered by accident redundancy, in operation, the grid
disturbance caused by accident outage, all adjust by the AC system of sending
and receiving end. When AC system running in real time, it must consider the
impact of the accident outage to the entire grid, therefore, it must leave the
emergency reserve and maintenance spare time. For conventional systems, it
must satisfy the “N-1” principle, for critical systems must satisfy the “N-2”
principle or higher safety standards. Table 1 is loss rate calculated based on
actual operating data and formula (5), (6) of the transmission system.
Project

Typical
conventional DC

Yindong—
Shangdong

Xiangjiaba—
Shanghai

Loss Hour (/h)

4500

6000

4500

Utilization Hour
(/h)

5500

7000

5500

Operating Hour
(/h)

8500

8500

8500

Site loss rate (/ %) 1.5

1.5

1.5

Loss Electricity in
Station (/MW·h)

247500

420000

528000

Theoretical line
loss rate (/ %)

6.021

4421

6.379

Resistor
electricity loss
(/MW·h)

812835

1061040

1837152

Corona power
loss
(/MW)

8.00

10.53

15.00

Corona electricity
loss (MW·h)

68000

89505

127500

The total
transmission loss
rate (/ %)

6.838

5.609

7.081

Table 9 Total loss rates in operation of HVDC systems
Loss Hour: If the circuit in the power delivered maintain maximum load power
Smax, then the energy loss in Tmax hours exactly equal to the actual annual energy
loss △ A
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Utilization Hour: If the load is maintained equal to the maximum value P max, after
Tmax hours the consumption of electricity exactly equal to the year's actual power
consumption W. Theoretical line loss is calculated by the theory according to the
parameter of the electrical supply equipment, the operating mode of the power
grid, the flow distribution and the load.
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8. Conclusion
Compared with AC transmission, HVDC has the benefits in economy, and it is
good for the system interconnect two different frequencies, and be able to do
long-distance power transmission, etc. These major and important factors make
HVDC plays a vital role.
In China, HVDC technology acts a key role in the West-East transport and power
systems interconnection project across the country. An HVDC converter station
consists a basic converter unit. A basic converter unit is a commutation system
allowed to operate independently and performs the current conversion in the
converter station. The converter station consists of the converter transformer,
converter, corresponding filter, smoothing reactor, control and protection devices
and other components.
Currently the basic engineering unit converter use two main devices; 6-pulse
converter and 12-pulse converter. In an HVDC system, a converter is used, not
only in order to convert from alternating current to direct current or convert in
opposite way, but also to achieve the power system’s requirements on security
and stability of power quality. Major equipment or facilities in converter station
should be included as followed: commutation valves, converter transformers,
smoothing reactors, switchgear AC, AC filter and AC reactive power
compensation device, DC switchgear, DC filter, remote control, protection and
communication systems. An HVDC system consists in both ends of converter
stations and DC cable lines. In addition, the influence of the DC system is
running well and both ends of the converter stations are connected to an AC
system. Equipment in different regions has its own characteristics, because the
influence is different on the stability of the HVDC system.
Compared to AC transmission, HVDC has the following advantages:
(1) Conveying the same power, low cost on cable line:
(2) Line power loss is small:
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(3) Suitable for transmission under the sea:
(4) Stable System:
(5) The short circuit current could do limitation of the system:
(6) Speed to do adjust, reliability on operation:
The HVDC applies to the following situations:
Long-distance power transmission; submarine cable transmission; liaison
between the different frequencies or frequency with asynchronous AC system
running; underground cables for power supply to large cities; AC system
interconnection capacity increase or distribution network, as the short-circuit
current limit one of the measures; with the new energy transmission. Which
means the longer the distance on transmission, the higher percent to set HVDC
as the best option.
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