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ABSTRACT

Power transformers are integral in
the HVDC transmission systems and
provide multiple functions. Correct-
ly optimised transformers lower the
cost for other equipment in HVDC
schemes. This article describes the
basics of HVDC and gives a view of
where the HVDC development stands
today. Both the LCC and VSC techno-
logies are described, as well as newer
converter concepts that lower losses
and harmonic stresses. Finally the
authors call for innovative solutions
in order to boost the power density of
transformers.

Keywords

HVDC, LCC, VSC, switching methods,
offshore transformers

28

www.siemens.com/press

Transformers Iin
HVDC transmission

The social wind is favouring DC transmissions

1. Why do we need power
transmission by direct current?

he transmission of bulk electricity
Tin the last 120 years has revolutio-
nised the way we live and work by
bringing the needed energy to move the

industrial production machine wherever
it was located.

From the early days of the “battle of the
currents’ between direct current (DC)
and alternating current (AC), our indus-

try has been fuelled by continuous inno-
vation and challenged by ever increasing
demands to reduce costs, be more effici-
ent, reduce environmental impacts, pro-
mote social inclusion, and reduce emissi-
ons of pollutants that might cause climate
change.

Despite the dominance of AC transmis-
sion throughout the 20th century, since
the 1950s, high voltage direct current
(HVDC), using line-commutated conver-
ters (LCC), has gradually re-established
itself as a niche application. Initially there
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were no controlled high-voltage switches,
which were capable of carrying out the
task of converting AC into DC and back
again. Hence early systems relied on cas-
cading motor-generator schemes. In the
middle of the 1950s, however, mercury-
arc valves were developed which enabled
the early “modern HVDC” schemes to be
built without moving parts.

With the discovery and usage of semicon-
ductor switching devices such as transis-
tors, and particularly the thyristors in the
1960s, solid-state technology began to
replace the older mercury-arc technology,
bringing improved reliability and higher
power ratings to HVDC.

HVDC interconnectors allowed the de-
livery of bulk power in ever-increasing
voltage ratings with much reduced losses
compared to AC systems. This made it
possible to bring vast hydropower resour-
ces from far away dams to load centres, or
interconnect regions for mutually benefi-
cial energy exchange with further power
systems stability improvements. Ultra-
high-voltage DC transmission (UHVDC)
nowadays is rated at 800 kV DC and rated
currents in the range of 5.0 — 6.0 kA, thus
achieving the transmission capacity of 8
GW with one single bipole (two conduc-
tors). R&D activity is already in course
to extend the voltage further to 1,000 kV.
There are several schemes in operation,
under construction or being planned with
basis on 800 kV UHVDC technology. It
enables regional bulk-energy exchange
and use of remote hydroelectricity.

In the first decades of the 21st century,
the power industry challenges have again
dramatically changed. Environmental
concerns, the skyrocketing cost of land for
new transmission lines and substations
with severe restrictions for planning per-
mits, as well as the price of energy itself are
making energy managers and engineers
look into HVDC transmission systems,
and into how both AC and DC technolo-
gies may complement each other to result
in higher system efficiency.

Traditionally HVDC would be used for a
few typical cases: 1. for long distances, 2.
when long sub-sea or underground cables
are needed, or 3.when frequency conver-
sion or asynchronous connection was ne-
cessary.

The first case is when the transmission
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UHVDC transmission lines rated at 8oo kV DC
and 5.0 - 6.0 kA, transmit up to 8 GW of power

distance is such that bulk power trans-
mission becomes cheaper to be transfer-
red with HVDC than using HVAC. The
breakeven distance, depending on speci-
fic cases could be between 450 - 600 km.
This happens because HVAC lines are
more expensive than HVDC lines. One
bipolar HVDC transmission system with
two conductors, a positive and a negative
one is equivalent to a double circuit AC
transmission line for the same transmit-
ted power. Hence six vs. two conductors
for the length of the transmission motiva-
te the adoption of DC. Furthermore, for
the same transmission voltage level, the
DC transmission losses are only a frac-
tion of those in AC. On the other hand,
the terminals, including converter equip-
ment are more expensive with the HVDC
compared with conventional substations.
Thus, it pays off using DC for a certain mi-
nimum distance or longer.

When using AC cables, the reactive power
generated by the cable capacitance beco-
mes an issue because the longer the cable,
the higher its charging current. There is a
distance for which all the cable thermal
capacity is consumed by reactive power
without any active power being transfer-
red between cable terminals. Therefore,
at industrial frequencies (50 or 60Hz),
it is practically difficult to transmit large

amounts of electric power through long
cables. The practical distances vary with
the different degrees of compensation and
if intermediate compensation stations
are utilised. Nonetheless, it would be im-
practical to attempt and more costly to
employ HVAC cables for distances above
circa 50 km.

Currently HVDC systems with LCC tech-
nology, which is the traditional or classic
HVDC solution, has through continuous
R&D and improvements in material and
computing process in design been able to
reach high power transmission capabili-
ties which will further increase to reach 10
GW per bipole, which is an enabler for re-
gional interconnectors. However, HVDC
is also becoming popular with much lo-
wer power ratings, around 1 GW due to
the integration of variable power genera-
ting assets, such as wind farms.

In the past decade, the environmental re-
quirements pushed by the society to redu-
ce emissions of greenhouse gasses (GHG),
implied in a massive investment of pow-
er generation assets based on renewable
energy sources. This shift in power gene-
rating sources brings the operational need
to more usage or power transmission. The
transmission is now not only needed to
bring the power from its generating point
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Figure 1: A basic overview of a classic HVDC power transmission station based on LCC technology [1]
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Figure 2: Basic representation of a VSC

to the load centre, but because of the va-
riable characteristics of renewable power
sources (wind for instance), power trans-
mission also promotes a better integrati-
on of these renewable assets. The grid is
therefore tasked to carry power in a more
controllable manner and to combine re-
newable power generation with other
sources. By this the grid can secure the
overall region wide supply of the demand.
'The response to meet this new challenge
requires a better integration of HVDC
and HVAC systems.

2. New social demand on
electric power production
and transmission

There is no turning back from the course
of decarbonisation of our society to avoid
global climate change. This trend affects
the way we live and produce goods, con-
tinuing to seck an improved quality of life
in a more equitable society.

Power production is responsible for the
largest part of greenhouse gas (GHG)
emissions and thereby with more rene-
wable energy sources being installed,
and consequently the retirement of the
old fossil-fuel fired stations, there will be
a need for a remarkable expansion of the
transmission systems, almost building it
all from scratch. The type of expansion

required is no longer only based on a few
simple criteria related capability to supply
the demand and stability. Now the requi-
rements must go beyond that, and ensu-
re the system will be able to operate in
accordance with pre-established rules of
security of supply, in which power corri-
dors must have an intelligent power flow
and be fully controllable by the operators.
Such requirements will apply equally on
the distribution side and at the transmissi-
on level. Because HVDC systems transfer
power based on controlled switches, i.e. in
principle controlled by software, there is
less risk that the intermittency of the ener-
gy sources influences the operation of the
system as it is the case of AC. This aspect
also favors a larger participation of DC in
tuture grid.

Another factor that is pushing the trans-
formation of the power industry, and the
HVDC system development in particular
is the planning permit authorisations.

With this development, a new challenge is
posed with overhead transmission lines,
almost no longer being possible to install.
The trend has begun and new installations
of offshore and onshore transmission are
practically only based on underground or
sub-sea cables.

For the electrical operation of long cables,
AC systems become rather complicated

With LCC technology the voltage change polari-
ty at power reversal, while with VSC the current

change direction
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due to the reactive power compensation.
For DC projects there is a heavy pressu-
re to drastically lower the terminal costs.
Hence the industry has been called upon
to evolve and find new solutions to al-
low for simpler and more cost effective
solutions for cable systems. This resulted
in DC cables being built with extruded
XLPE (cross-linked polyethylene) as op-
posed to mass-impregnated technology.
In order to enable the use of XLPE cables,
it was necessary that the previous techno-
logy, based on thyristors, which cannot be
turned off by control action, would have to
give way for an alternative based on tran-
sistors or more specifically IGBT devices,
which are gate-turn-oft devices. With this,
the HVDC terminals of the cable ensure
there are no polarity reversals on the cable
insulation. The converters that operate
like this behave as a voltage source, the-
reby called voltage source converters or
VSC for short. The first prototype installa-
tion of a VSC converter scheme was put in
service in Sweden in 1994 between Hells-
jon and Grangesberg, using an existing
AC distribution line. Since the prototype
of this new breed of converters, much has
been done and today they are based on
modular-multi-level converter systems
(MMC). As it is a fairly new technology,
developed during the last ten years, it is
still undergoing rapid development. New
ideas on how to perfect different aspects
emerge and are being explored almost on
a daily basis.

With LCC technology, valves conduct the
DC current always in the same direction.
In order to make a power reversal, the vol-
tage must change polarity. The VSC sys-
tems always keep the same voltage pola-
rity and the current can change direction
for power reversals. Thus, the voltages to
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Figure 3: Salient features and major differences between the classic LCC HVDC and VSC [1]

which the transmission cable is exposed
are better controlled and stay within a
narrower range for the VSC schemes al-
lowing both mass impregnated (MI) and
XLPE cables to be adopted. This creates
more offering and additional supply sour-
ces, resulting in a lower cost. With econo-
mies of scale, there should be further op-
portunities for lower costs.

'The LCC converters always absorb reacti-
ve power at a rate of 50 — 60 % of the trans-
mitted active power. A combination of
converter firing angle control actions and
external additional equipment is used to
control the reactive power exchange with
the connected grid. On the other hand,

VSC converters can absorb or generate
reactive power. Active and reactive power
can be controlled separately.

The last 5 years have seen an intense ac-
tivity to reduce electrical losses in VSC
converters, which initially adopted pulse
width modulation (PWM) to synthesise
the AC voltages from a constant DC vol-
tage. This method brought directly from
industrial applications or traction drives,
uses a high switching frequency compa-
red to the line frequency of 50 Hz, and
produce high switching losses. Due to the
high losses, this concept was abandoned
as all the major HVDC suppliers moved
on to a modular multi-level converter

MMC technology is drastically reducing losses
and harmonic distortion from the switching

operation

(MMC) approach for which the switching
frequency is much lower.

The MMC technology is based on stepwi-
se switching with much lower frequency
and voltage amplitude jumps, combined
with harmonic modulation in the synthe-
sising AC voltages. Hence resulting in sof-
ter switching, lower losses and negligible
harmonic distortion on the synthesised
voltage.

3. Differences in transfor-
mer criteria between LCC
and VSC

The HVDC transformers, converter in-
terface transformers, or converter trans-
formers for short, provide connection
between the AC grid and the converter
valve arrangement. The basic transformer
function is partially the same as in the
AC system, i.e. to connect two or more
circuits at different voltage levels, whilst

M 1
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Figure 4: Functional scheme MMC VSC HVDC scheme in monopolar configuration [1]
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HVDC transformers are integral in HVDC sys-
tems and provide multiple functions for the
HVDC transmission system

allowing power to be transferred between
them by magnetic coupled circuits.

Because the active power transmission in
HVDC schemes is made on the DC side,
the voltage necessary for the intended
operation of the converters to conduct
their switching functions is rarely the
same as readily available on the AC grids.
The system design engineering for a given
DC transmission scheme will determi-
ne almost freely the transmission voltage
to give the lowest cost for the DC cable
or the DC overhead lines. The activity
comprises a technical-economic study to
minimise the present net value of the cost
of conductors, transmission towers, insu-
lators, construction, Right of Way, etc. - in
summary, all aggregate aspects of the DC
Line. As part of the optimisation, the cost
of Joule-losses in the transmission is also
considered. The exception to the above is

when the transmission is a back-to-back
scheme, where the converter valves and
transformers are the highest part of capital
expenditure. In these cases, the maximum
current of the semiconductor devices
is fully used to minimise the amount of
equipment. In those cases, limitation of
valve side short-circuits could dictate a
higher transformer reactance.

From the hints above, it should be clear
that converter transformers are much
more important for the transmission sys-
tem than “just connecting the right volta-
ge levels” They are in fact, an integral part
of the HVDC scheme in order to provide
the following:

1. Electrical separation (full galvanic iso-
lation) between AC and DC sides, such
that the earthing on the AC side and
the earthing on the DC side are not the

Offshore wind connections drive the need to
drastically improve power density in trans-

formers
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3.

same. 'The earth electrodes on the DC
side can be used as an integral part of the
current carrying path, hence must be ef-
ficiently operated without suffering po-
tential elevation from faults, for example
on the AC side. The converter transfor-
mers design considers a small leakage
DC current to be conducted through the
AC windings without giving rise to the
saturation of the core of the converter
transformers.

. Elimination of harmonics which are

caused by the rectification and inversi-
on. The transformer connections of the
valve side windings in a LCC scheme are
typically used to create a 30°%l phase-
shift between two full wave six-pulse
rectifier (inverter) bridges. This is easily
accomplished by having one bridge fed
by a set of Y-connected windings, whe-
reas the other bridge in series is fed by
D-connected valve windings. This forms
a twelve-pulse converter, hence cancel-
ling the characteristic harmonics of or-
der 6n on the DC side voltage, and the
side bands 6n+1 on the AC side currents.
This will increase the order, and decrease
the amplitude of the total harmonic ge-
neration by the conversion process. This
simple solution saves much equipment
and station footprint with the corres-
ponding reduction in filter equipment.

The transformers participate in the con-
trol of the power transmission scheme
by operating their OLTCs. The control
of the voltage and current in an HVDC
scheme is affected by the control angle
ordered by the control software to the
high voltage thyristor valves. In order to
have constant control angles whilst mi-
nimising losses and reactive power, the
transformers operate their OLTC under
the HVDC control to adjust DC voltage
and control angles. OLTC in typical LCC
converter transformers may include
more than 30 steps providing a wide vol-
tage range (as wide as 40%). This is more
than enough to compensate normal AC
grid voltage fluctuations. It could even
provide for temporary operation with
reduced DC voltage to cope, for in-
stance, with urgent situations of DC line
insulator contamination by bush-fire or
salt storms whenever it is deemed that
in spite of adverse conditions the power
transmission must remain in service.

. Shield the converter valves from transi-

ent currents and short-circuit current.
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5. Provide accurate reactance for a per-
fectly balanced conversion process. As
mentioned above, the transformers are
crucial to achieve the cancellation of
the low order characteristic harmonics.
Therefore the transformer design and
the actual measured voltage turns-ratio
as well as consistency in achieving equal
dispersion reactance on all individual
transformers are common requirements
for converter transformers.

6. Whereas transformers for classic HVDC
with LCC technology must be built for
the combined AC and DC stresses, the
VSC interface transformers can be made
without continuous DC voltage stresses
by the choice of the HVDC scheme con-
figuration. In most of the VSC systems
built or under construction, the trans-
formers feeding the converters are closer
to a normal AC transformer.

4. The demand for renewa-
ble energy drives a need
for higher power density of
transformers

Offshore HVDC transmission systems are
one of the fastest growing niches of power
transmission today and will remain so for
years to come. For offshore wind applica-
tions, the size and weight of the offshore
platform is directly affected by the size
and weight of the transformers. The rela-
tion “power/volume™ and “power/weight,
must be optimised in offshore platform
topside applications, as they directly af-
fect the total cost. For HVDC platforms
up to 1 GW, three-phase transformers
have been recommended to reduce volu-
me and weight. Currently a series of 900
MW HVDC platforms are being built by
Germany in the North Sea. All possible
different transformer arrangements have
been studied, in order to provide adequate
HVDC transmission capacity even in the
case one of the parallel transformer units
being removed from service for repair.

Because of prevailing ambient tempera-
ture conditions, and the variable nature
of wind power generation, with a capacity
factor below 45%, an uprating of units can
be considered. Hence, when one of the
units is taken out of service, the HVDC
interconnector could still run at 100%
of nominal power for a limited period,
whilst one unit is out for repair.
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Rapid changes to the market demand
due to renewable power generation, also
put new requirements to transformer de-
signs. Innovative transformer solutions
are therefore more important than ever.
Our recommendation to the transformers
society is to look at further solutions that
will boost the power and weight, volume
and footprint performance of these trans-
formers; solutions that also can be used
in other applications. New development
in base materials, cooling methods, deve-
lopment of sensors and intelligent trans-
former monitoring can support such de-
velopment in a positive way. Transformers
have played a central role in supporting
HVDC so far, and can with engineering
ingenuity become even more important

Authors

when the society asks for sustainable
energy solutions. We are simply asking
the whole transformer engineering com-
munity to come up with more solutions to
support a rapid development within this

field.
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