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ÅKE CARlSSOn – HVDC (high-voltage 
direct current) power transmission  
is an efficient and cost competitive 
way of transmitting large amounts  
of electricity over long distances. 
ABB has extensive experience with 
HVDC technology, and has developed 
and built converter transformers  
for the most demanding projects, 
including products for ultrahigh-volt-
age transmissions. 800 kV UHVDC 
(ultrahigh-voltage direct current) 
transmission was put into commercial 
service in 2010; 1,100 kV UHVDC is 
now being developed. This article 
considers some important steps in 
the design and development of 
technology for the most demanding 
power transmission applications.

Meeting the needs of the most demanding 
power transmission applications 

UHVDC

technology, driven by the immediate need 
for transmission assets. Compounding 
the pressure, stringent reliability require-
ments are a prerequisite of these very 
large transmission projects.

Transmission basics
The State Grid Corporation of China put 
the world`s first 800 kV DC transmission 
system into commercial operation in 
2010. It is a 2,000 km long power line 
with a capacity of 6,400 MW, generated 
by a large hydropower plant in Xiangjiaba 
and transmitted to Shanghai. The AC to 
DC converters are built as ± 800 kV dou-
ble circuits with eight series-connected, 
six-pulse converters. The transformers 
are single phase, two-winding units. In 
total, 24 converter transformers are 
needed at both the sending and receiv-
ing ends. 

Depending on the position of the trans-
formers within the converter, four differ-
ent designs are needed with different  
DC voltage ratings (800, 600, 400 and 
200 kV) where the transformers connect-
ed to the uppermost and lowermost 
bridges had to be built for the highest 
DC potential ➔ 2.

For the Xiangjiaba to Shanghai project 
ABB designed and built transformers for 
the receiving station. The transformers 

T
he need for electric power is 
rapidly increasing in the devel-
oping world. Power sources 
close to consumption centers 

have already been harnessed, and pres-
ent efforts are exploring ways to generate 
and move power from further away, espe-
cially sources of renewable energy. Devel-
oping countries such as China, India and 
Brazil have large populations and are 
modernizing quickly, but closing the gap 
with the developed world will require a 
large amount of electric power.

HVDC is the most environmentally friendly 
and economical way of transmitting large 
amounts of electric power. Compared 
with AC, DC transmission needs much 
narrower right-of-ways, while higher volt-
ages reduce both electricity losses and 
the cost of building large-scale power 
lines. As generation takes place further 
and further away, higher and higher trans-
mission voltages are required. The high-
est DC transmission voltage has almost 
doubled during the last decade ➔ 1.

The swift pace of economic development 
in certain regions has meant the time to 
develop equipment to support higher 
transmission voltage levels has been very 
short. Chinese customers in particular 
have pressed for rapid development and 
delivery of the first projects using UHVDC 
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Pioneering work
In the late 1970s, ABB did pioneering 
work in this area when the first set of 
transformers for 600 kV DC transmission 
was delivered to the Itaipu HVDC project 
in Brazil.

The transformer concept used for Itaipu 
has been a template for most HVDC 
 converter transformers: a single-phase 
 design, with two wound limbs and two 
outer limbs for the return flux. The wind-
ings are arranged concentrically with the 
valve winding on the outside. The line 
winding is divided into two coils – the one 
for the tapped part is located closest to 
the core, followed by the nontapped sec-
tion. This arrangement is beneficial for the 
 topology of the valve-side, which requires 
AC as well as DC insulation.

The basic Itaipu concept has undergone 
continuous improvements, such as valve-
side bushings protruding directly into the 
valve hall. Eliminating the need for separate 
bushings between the transformer terminal 

The design of the valve is such that the 
rate of current increase must be con-
trolled when the valve starts carrying cur-
rent. The rate of increase largely depends 
on the transformer reactance, which also 
has to be fulfilled within narrow limits for 
two individual transformer units.

The high content of current harmonics 
 requires special attention be paid to con-
trolling additional and stray losses in the 
transformer, when it comes to total losses 
and the risks of local overheating in  
the windings and metallic components 
 exposed to stray flux from windings and 
internal current carrying leads. 

In order to optimize the reactive power 
needed for the operation of the converter, 
depending on load variations the system 
designer generally specifies a large range 
of voltage ratio variation between the line 
and valve sides.

for the higher voltages were designed 
and manufactured in Ludvika, Sweden. 
The remaining units were manufactured 
by ABB’s partners in China.

System requirements for converter 
transformers
The basic function of the converter trans-
former is to adjust the line voltage of the 
AC side to the HVDC transmission volt-
age. In addition, it must fulfill other spe-
cific requirements, including:
– A galvanic separation between the DC 

and AC systems
– Specified short-circuit impedance
– High content of current harmonics
– Large range of voltage regulation

In conventional AC/DC converters, the 
transformer acts as a barrier to prevent 
DC voltage from entering the AC network. 
One of the transformer windings is con-
nected to the AC side, which is also called 
the line-side winding. The other winding is 
connected to the converter valves, called 
the valve-side winding.

DC voltage results in additional demands 
on the insulation structure in comparison 
to AC voltages. After long and dedicated 
research and development, ABB has 
 developed a successful insulation system 
suitable for the highest transmission volt-
ages for AC as well as DC. 

1 Some of ABB’s key HVDC projects 

Itaipu  3,150 MW / 600 kV DC Brazil 1982

Three Gorges projects 3,000 MW / 500 kV DC China 2003

Xiangjiaba – Shanghai 6,400 MW / 800 kV DC China 2010

Ningdong – Shandong 4,000 MW / 660 kV DC China 2011

Jinping – Sunan 7,200 MW / 800 kV DC China 2012

North East – Agra 6,000 MW / 800 kV DC India 2015

Hami – Zhengzhou 8,000 MW / 800 kV DC China 2014

Zhundong – Chengdu 10,000 MW / 1,100 kV DC China 2015

2 Basic arrangement of transformers and 
converters

500 kV AC

– 800 kV DC

Earth

0–200 kV

200–400 kV

400–600 kV

600–800 kV

+800 kV DC

3 Measurement setup



                                      19UHVDC

ing application are well-known, at least for 
moderate voltage levels.

The stress pattern for a DC voltage 
 applied between electrodes will have a 
similar distribution in the initial phase after 
the application of the voltage. After the 
initial state, the electric stress pattern 
goes through a transient state, finally 
 ending up in a steady state, often after 
several hours. In contrast to AC, the 
 material para meters that govern behavior 
under DC stress display larger variation 

and the back-
ground physics is 
very complex. Vari-
ations of material 
parameters and 
design have large 
consequences for 
the electric stress 
occurring inside 
the transformers, 
and this is why in-

sulation structures have to be designed 
and manufactured with great care to 
achieve a reliable result.

ABB has developed the means to accu-
rately measure stresses in models of the 
insulation systems used in HVDC con-
verter transformers.

Electric stress in more complex insulation 
structures can be modeled and measured 
using the electro-optic Kerr effect. Polar-
ized light passing through transformer oil 
changes its polarization state depending 
on the electric stress applied. Detection of 
the phase shift between light components 
parallel and perpendicular to the electric 
field allow measurements of the magnitude 

and the interior of the valve hall helped to 
reduce the cost and complexity of station 
layouts. In addition, step porcelain bushing 
housing was replaced by composite mate-
rial, and within the bushing compressed 
gas replaced oil. These new materials re-
move the risk of disastrous consequences 
in the event of a bushing failure.

AC and DC stresses
The stress patterns for AC voltage be-
tween two electrodes are fairly straight-
forward. The stresses of different materi-

als in combined insulations depend 
primarily on the permittivity of the individ-
ual materials. In order to reach reliable 
operation, the stresses for each of the 
 insulating materials must not exceed a 
recommended value. The insulation struc-
tures in an HVDC converter transformer 
are built up from cellulose-based solid 
 insulation and mineral oil as an insulation 
and cooling medium. The free distance in 
a liquid insulating material must be con-
trolled by intermediate insulation barriers 
to reduce the risk of abnormal voltage 
breakdowns. In short, predicting stress 
distributions caused by AC waveforms is 
straightforward, and the material param-
eters are stable under different operating 
conditions. The physics and its engineer-

ABB has developed the 
means to accurately measure 
stresses in models of the 
 insulation systems used in 
HVDC converter transformers.

4 800 kV converter transformer
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sions ➔ 4. Over time, models were ex-
posed to very demanding operational and 
test conditions to fully demonstrate reli-
able performance. Special attention was 
paid to components with complicated 
 geometry, like windings and the connec-
tion between the valve winding and bush-
ing. An intricate balance between solid 
and fluid insulation has to be achieved in 
the design of the transformer insulation.

The HVDC bushing was another compo-
nent needing special attention. As its air 
side enters the valve hall, it is essential 
that a breakdown not lead to fire or dam-
age from shattered pieces of the bushing.

For that reason, the insulation system 
around the bushing lead is a condenser 
body, and the space between the body 
and the cylinder-shaped insulator is filled 
with compressed gas. Silicon sheds are 
extruded on the tube outside to permit 
 indoor or outdoor use.

Scientific advances have not only been 
made in transformer insulation, but also 
bushings. Challenges similar to those in 
oil and cellulose insulation also exist in air 
insulation systems. An ABB innovation 
enabled the electric field to be measured 
on the surface of an insulator on the 
bushing of an HVDC transformer. Simula-
tion models are calibrated by actual mea-
surements, and special phenomena are 
integrated into the bushing design.

Tests
A transformer is subject to delivery tests 
after it is manufactured, assembled and 
installed on site. These tests are for verifi-
cation of dielectric and operational re-

and direction of the electric field. The low 
numerical value of the Kerr constant of 
transformer oil, and fairly moderate field 
stress in the fluid phase of the insula- 
tion places stringent requirements on the 
measurement system to achieve sufficient 
 accuracy to measure magnitude and 
 direction of the electric field ➔ 3.

The Kerr cell measurement has given 
ABB valuable information about the stress 
distribution in multibarrier insulation sys-
tems used in high-voltage power trans-
formers in transient as well as steady-
state conditions. For a more accurate 
analysis the distribution of space charges 
has to be considered, especially for a bar-
rier system with small ducts between the 
individual barriers. The traditional method 
of resistive steady-state distribution has 
important limitations, and reliable insula-
tion structures cannot be developed 
based only on such a theoretical method. 
However, calculation models based on 
true charge transport behavior developed 
by ABB and calibrated by real measure-
ments are the basis for all design rules 
concerning reliable insulation structures 
for all ABB converter transformers today.
 
The challenge of UHVDC
Although ABB had all the basic knowl-
edge in-house, it was also necessary to 
acquire hands-on experience with the 
characteristics of vital components in the 
transformers, as well as external connec-
tions, particularly on the valve side. For 
that purpose, a full-scale test model was 
built, complete with tank, windings, inter-
nal connections and valve-side bushings 
for the development of equipment for use 
in both 800 kV and 1,100 kV DC transmis-

It was necessary to 
acquire hands-on 
experience with the 
characteristics of 
vital components in 
the transformers.

5 Additional dielectric tests for the valve winding  
together with corresponding voltages and durations
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external terminals of the winding are con-
nected together and the voltage is applied 
to the two terminals simultaneously.

During the test with applied DC voltage, 
the level of partial discharge is measured. 
During the transient period after the 
 application of voltage, there may be 
 occasional charge movements within the 

insulation system. 
These movements 
give rise to a no-
ticeable partial dis-
charge signal on 
the valve-side ter-
minals. The phe-
nomenon is well 
known and recog-
nized in current 
standards. The in-
dustry has there-
fore accepted an 
upper limit on the 
number of occa-

sions such bursts of partial discharge can 
take place during the tests. Furthermore, 
the frequency of bursts must diminish 
during the course of the test.

The world needs UHVDC
Driven by economic growth, demand for 
power and the need to efficiently integrate 
renewable power generation, it is clear 
from developments in AC networks that 
UHVDC will have a major role to play as 
power systems evolve. The expansion of 
this role is also clear from the interest in 
extending the capabilities of UHVDC 
transmission in the recent years. Given 
UHVDC’s very high ratings, it is essential 
that these valuable assets operate safely, 
reliably and efficiently.

quirements set forth in the unit`s specifi-
cations, as well as the internal ABB qual-
ity assurance program.

Compared with a conventional power 
transformer in the AC network, an HVDC 
converter transformer must be tested for 
the ability of valve-side windings to with-
stand DC voltages. In operation, the valve 

windings are exposed to an AC voltage 
and a superimposed DC voltage. A DC 
transmission must be able to handle the 
fast transition of power from one direction 
to the other. Such transitions also mean a 
switch in converter polarity, from positive 
to negative, and vice versa  ➔ 5.

Operation with continuous DC voltage, 
super imposed AC voltage and DC polarity 
reversal will be reflected in additional di-
electric tests of the valve-side windings; 
tests with DC voltage, tests with AC volt-
age and tests with switching surge voltage 
are in accordance with IEC standards. All 
four types of test are considered to be 
nontransient, with a uniform voltage along 
the valve winding. For that reason, the two 

ABB has the proven tools and expertise 
needed to design and manufacture reliable 
UHVDC converter transformers. This solid 
technology background ensures that even 
in the fast-developing UHVDC area, cus-
tomers can be sure that ABB equipment is 
designed, tested and built to the highest 
standards of operational stability. Of the 
UHVDC projects awarded globally, ABB is 
by far the largest supplier and is deter-
mined to maintain this lead with further 
 advances in the technology ➔ 6.

So what is the next step for UHVDC? 
China  has clearly expressed an ambition 
to achieve even higher DC transmission 
voltages. That ambition has materialized 
in an R&D program for 1,100 kV UHVDC 
transmission, which of course requires a 
range of different equipment, including 
converter transformers built to support 
these record-breaking UHVDC transmis-
sions. Rising to the challenge of these 
very ambitious development plans, ABB 
was the first to qualify HVDC converter 
transformer technology at the 1,100 kV 
voltage level as well, but how that came 
about in detail is a story for another day 
– the continuing story of ultra-efficient, 
ultrahigh-voltage direct current electricity 
transmission.
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6 Success story: the world’s most powerful UHVDC converter transformer

ABB has successfully developed and tested a 1,100 kV UHVDC converter transformer, breaking the 
record for the highest DC voltage level ever achieved, which means more electricity can be transmitted 
efficiently over even longer distances. 

The Xiangjiaba-Shanghai link commissioned by ABB is the world`s first commercial 800 kV UHVDC 
connection  ➔ picture 2 on page 8. It has a capacity of 6,400 MW and at just over 2,000 km is the longest 
power link of its kind in operation. The new 1,100 kV converter transformer technology just tested will 
make it possible to transmit more than 10,000 MW of power over distances as long as 3,000 km. 

Higher voltage levels enable the transport of larger amounts of electricity across very long distances with 
minimal losses, using HVDC technology. Converter transformers play a critical role in HVDC transmis-
sion, serving as the vital interface between the DC link and the AC network. The development of 
1,100 kV transformers addresses several technology challenges, including the sheer size and scale of 
the units, electrical insulation including bushings and thermal performance parameters. 

UHVDC transmission is a development of HVDC, a technology pioneered by ABB more than 50 years 
ago, and represents the biggest capacity and efficiency leap in more than two decades.

Driven by economic growth, 
demand for power and the 
need to efficiently integrate 
renewable power generation, 
it is clear that UHVDC will 
have a major role to play as 
power systems evolve. 


