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Abstract 
HVDC technologies are very effective on long distance power transmission but generally raise large 

interrogations as how to determine an effective configuration. This thesis propose part of an 

optimization process in order to determine an optimal configuration for an HVDC installation, 

emphasizing in this report the impact of the conductor selection and of the filter design.  

The conductor selection, including varying voltages raises concern about the knowledge of the 

energy cost evolution in order to determine its optimum and a sensitivity analysis is proposed to 

evaluate the impact of this factor on the final design. 

The conductor selection approach made it possible to determine the key parameters in choosing a 

conductor which are the radius and number of conductors. Different types of conductors and 

configurations were compared with different scenari for energy cost in order to determine the most 

economical conductor.  

Filter design is a matter that concerns both the internal components and the AC components of the  

HVDC station but can also be considered as an optimization process, considering the total losses of 

the filters and the total harmonic distortion and using a minimax approach.  

The optimization approach, based on a Newton-Raphson algorithm, made it possible to determine an 

optimal combination of filters in order to account for all the power range in the HVDC link. It was 

observed that even though the actual choice for the design was close to the final design selected, it 

was not optimal for low power harmonics. 

Key words: HVDC, Optimization, Conductor selection, Harmonics, Passive filters, Minimax 
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Sammanfattning  

HVDC är en mycket effektiv teknik för kraftöverföring av elektrisk energi på långa avstånd, men 

ställer generellt stora krav på hur man genomför en effektiv konfiguration. Denna avhandling föreslår 

en del av en optimeringsprocess för att bestämma en optimal konfiguration för en HVDC-anläggning. 

Det som betonas i denna rapport är effekterna av val av ledare och design av filter. Ledarvalet, 

inklusive val av spänning, kräver en prognostisering av energikostnadernasutvecklingen för att 

optimera designen och göra en känslighetsanalys för att utvärdera effekterna av dessa faktorer på 

den slutliga utformningen. Tillvägagångssättet för ledarval gjorde det möjligt att fastställa de 

viktigaste parametrarna att välja en ledare som är radien och antal delledare. Olika typer av ledare 

och konfigurationer jämfördes med olika scenario för energikostnaden för att bestämma denmest 

ekonomiska ledaren. Filterdesignen är en fråga som berör både de inre komponenterna och AC 

komponenter i HVDC-stationen, men kan också betraktas som en optimeringsprocess, med avseende 

på de totala förlusterna av filtren och total harmonisk distorsion och med hjälp av en minimax 

tillvägagångssätt. Optimeringsstrategin som bygger på en Newton-Raphsons algoritm, gjorde det 

möjligt att fastställa en optimal kombination av filter för att ta hänsyn till alla effektområden i HVDC-

förbindelsen. Det observerades att även om det faktiska valet för konstruktionen var nära den 

slutliga utformning som valdes, så var den inte optimala för låga  övertoner. Nyckelord: HVDC, 

optimering, ledarval, övertoner, passiva filter, Minimax 
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Abbreviations 
 

HVDC  High Voltage Direct Current 

HVAC High Voltage Alternative Current 

LCC  Line Commutated Converter 

VSC  Voltage Source Converter 

SEU Scheduled Energy Unavailability 

SCR Short Circuit Ratio 

FEU  Forced Energy Unavailability 

RoW Right of Way  
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1 Introduction 

1.1 Background 
The continuous increase in global energy consumption coupled with the challenging need to 

support the energy transition from fossil sources of energy to sustainable sources has contributed to 

major developments in the production of renewable energy. In a context of carbon emission 

reduction, the European Union has set the goal of generating 20% of its total energy consumption 

through renewable sources in 2020 and expects to go up to 34% by 2030. [1] 

For developing countries as well, the development of renewable energy is meaningful to 

sustain their growth without depending too much on unsure fossil importations. For large countries 

however, it is challenging to unite the grid as long distance AC lines undergo heavy losses and must 

be supported by large scale reactive compensation to be able to transmit active power. 

The avoidance of skin effect makes direct current transmission competitive to reduce losses in 

long distance links and HVDC can therefore be the backbone technology for developing larger 

systems. In addition to this advantage, no reactive power compensation is required when using 

HVDC and therefore the actual transmitted power is higher in a DC line. In many large countries (for 

which the size of their own system is already an issue), HVDC has known a massive development over 

the past fifteen years, especially to connect large hydropower station to distant loads. China, for 

instance, has started to invest in major HVDC transmission links connecting large capacity units 

(located in the centre of the country such as the Three Gorge dam) to the heavily populated cities of 

the south and east coasts and has since become the location of more than two thirds of the total 

HVDC installed capacity. For other countries such as India, Canada or Brazil, HVDC has also started to 

develop at a quick pace.   

1.2 Motivation to this study 
This Master Thesis is part of a 6 month internship spent at EDF CIST in order to write a guide 

devoted to HVDC projects. This guide’s purpose was to provide a tool that would permit it to carry a 

basic analysis of an HVDC project. This guide was written with the objective of being able to provide a 

quick and sensitive answer on the feasibility of the projects. The final guide was built around short 

notes to describe each point of the technology, as well as calculating tools (mainly Excel 2010 and 

VBA but also bits of Matlab) to determine a basic design of each project. 

The results of this guide were sensitive for EDF CIST and the entire guide could not be used in 

this report. This report will therefore mainly focus on two aspects that shall be well developed, while 

the other aspects shall be quickly overlooked. The topic that will be detailed in this report are the 

choice of the line conductors (type, number, voltage) and the design of the harmonic filters (AC and 

DC). 

These topics were chosen because the first emphasizes the multiple aspects that have to be 

considered in an engineering approach (with multiple physics concerning as well thermal design than 

mechanical and electrical design) and the second because it allows an indirect description of the 

entire HVDC station, the reactive compensation and the generated harmonics being closely linked to 

the method with which the HVDC inverters and rectifiers operate.  
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In order to present the results of this guide concerning the above topic, it was applied to an 

HVDC project currently being designed in Brazil. A first Bipole was already designed, with very similar 

entry data, from which a comparison shall be made with the project being designed.  

1.3 General introduction 
Brazil is a country in which hydroelectricity plays a major role. The Amazon River, largest river 

in the world, but also the Paraná River and the Tocantins River are among the largest rivers in the 

world and flow in Brazil.  

73% of Brazilian electricity is produced through hydroelectricity [2] thanks to this network of rivers. 

However, most of the rivers flow in the northern part of the country, whereas the majority of 

Brazilian population lives on the South East Coast. To transmit the electricity from the dams to the 

consumers, large HVDC links have been built very early.   

The Itaipu dam, on the Paraná River, was built in 1984 on the Paraguay border and along its 

construction was built the HVDC interconnection from Itaipu in Paraguay to Sao Paulo and was at the 

time both the highest voltage (600 kV) and highest power (6300 MW) HVDC installation ever 

installed.  The Itaipu dam was the largest dam of the world at the time with a peak power production 

of 14000 MW [3] and was called one of the Seven Wonders of Modern World. 

More than the distance between Itaipu and Sao Paulo (800 km) it was the different frequencies used 

in the AC system of Paraguay and Brazil that was the reason for choosing HVDC for this transmission. 

 

 

Figure 1 Projection for electricity generation and hydro energy development in Brazil 

The Rio Madeira project relied on two dams built in San Antonio (3150 MW) and Jirau (3750 MW) 

whose production is partly transmitted (6300MW) on a 2375 km long line whose, voltage was also 
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600 kV, and partly exchanged with the local AC system through two back-to-back 400MW HVDC 

stations.  This is the longest HVDC link ever built [4]. This project was commissioned in 2013 and the 

first bipole was started in 2014. The second bipole is still under commissioning but should start in 

2015. 

The Brazilian economy is currently sustaining a quick economy growth, for which electricity is a key 

and the Brazilian government has decided to increase its electricity production by 7.1 GW every year 

of which hydroelectricity account for almost half [2]. 

The Belo Monte dam is part of a Brazilian project to develop its electricity production in order 

to meet its growing demand (in increase of more than 5% every year). Previous HVDC projects such 

as the Itaipu project (6300 MW transmitted over about 800 km) and the Rio Madeira project (7100 

MW and 2375 km lines, the world’s longest line) have already been built to transmit the power from 

the dam on river Jirau and Madeira. What is common with our project is the length of the project 

(Belo Monte is located in Amazonia, more than 2000 km from Rio) and the equatorial environment 

along which the lines will have to be built (which experience high humidity and is quite challenging as 

for the road access). 

 

Figure 2 Major HVDC Projects linked to Hydroelectricity in Brazil 

The Belo Monte dam currently under construction and will produce up to 11233 MW, of which 

4000 MW will be already transmitted close to Estreito (2092 km direct distance from Belo Monte) by 

a first bipole already designed and due to be in service in 2018. The goal of this application is to 

propose a design for the second bipole (also 4000 MW) connecting Belo Monte installation to Rio 
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(2439 km direct distance from Belo Monte). The basic design of Bipole 1 is already available while the 

basic design is due to August 2015 for Bipole 2.[6] 

As for the AC system characteristics at the connection point, it is the same at Xingu station 

since both stations will be connected almost at the same point in the system. For the Rio station 

however, a new system study is required in order to define the short circuit level and the harmonic 

impedance at this connection point.  

As for the environmental conditions, the maximum temperature considered was 40 °C, with an 

80% relative humidity. There is no icing along the line so the mechanical design of the lines can be 

much smaller. What’s more, the mean wind speeds are low along most of the line path, as the 

mountains close to the coast prevent it from entering far in the country. 

The choice of line path (shown in Figure 1) takes into account the different floods that have to 

be crossed but also the proximity to roads and the topography.  The design parameters should be 

quite similar for the stations as well as for the lines. In particular, the beginning of the line which 

involves a very humid area with at the same time heavy dense forest and few access roads possible 

will have to follow the same path in order to meet the criteria for a cost efficient reliable one and 

follow the only road that connects Xingu to Maraba. As for the rest of the course, since Estreito is in 

the same direction as Rio de Janeiro, it should be investigated if there is a possibility to combine both 

Right of Way (RoW) for the common 2000 km long path since it could result in both lower RoW costs 

and lower maintenance costs. 

 

Figure 3 Line routing for Bipole 1 Xingu-Estreito 
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1.4 Aim and objectives 
The main purpose of this thesis is to provide the basic elements in order to study the feasibility 

of an HVDC project, here applied to the Bipole 2 of Belo Monte project and to determine the 

technical elements for a basic design of the project, according to a price optimization process.  

The total design of the station shall not be described, as previously told, but some of the main 

elements are to be disclosed. 

Among the technical problems which have to be solved appear: 

- The determination of the technology chosen for the transmission link between Xingu 

station and Terminal Rio station 

- The selection of the transmission path chosen and the design of the lines as well as the 

optimization of cost including actualized losses.  

- The design of the stations’ harmonic filters 

- The performance evaluation functions (total losses of the project, total investment costs, 

total harmonic distortion) 

1.5 Thesis disposition 
 

The thesis shall be organized in order to answer to its main objectives. 

The first chapter will describe the general technology choices that have to be compared in order to 

select the proper technology. It will go through a conversion technology as well as a transmission 

technology comparison in order to determine the most efficient choice related to investment cost 

efficiency, reliability and adaptation to existing AC network. 

The second chapter will describe the general transmission choice, with a focus on the conductors’ 

selection. This chapter will first describe the line path determination then quickly go over the 

selection of the towers along the line to describe more accurately the conductor selection. This 

section will also make it possible to determine the best voltage level (in a list of different voltage 

levels) for the actual line as well as the type and number of conductors. 

Finally the third chapter of this thesis will be devoted to the station design itself and will quickly go 

over the valve and transformer design to focus more specifically on the harmonic design of the 

station. This section will therefore emphasize the impact of the different parts of the station on its 

harmonic content generation to provide with a basic design of the harmonic filters required for such 

an installation. 

The conclusion will summarize the different design parameters obtained through this thesis and 

provide the reader with further direction of improvement for this work.  



19 
 

  



20 
 

2 Basic description of the available conversion technology and 

transmission possibilities 
The aim of this part to determine very early in the project the type of technology on which the study 

has to be focused. This is based on a basic system and environmental study, as well as the specified 

limits with which the project shall comply according to the client. The purpose at this stage of the 

project is not to determine precisely the characteristics of the system or of the environment but 

more to evaluate whether or not a technology is feasible.   

2.1 Converter Technology 
Two technologies are currently in use for HVDC connection: one technology uses thyristors as its 

primary power electronics device and is called Line Commutated Conversion (LCC) and the other 

technology uses IGBTs and is called Voltage Source Conversion (VSC). [8] 

Figure 4 Single line Diagrams of LCC (left) and VSC (right) Converter stations 

2.1.1 Line Commutated Converters (LCC) 

LCC is the traditional HVDC technology. The first commercial application was made between Gotland 

and the mainland of Sweden in 1954 [31]. At first it used mercury valve to commutate but nowadays 

thyristors are used and are responsible for their main technical characteristics.  

Thyristors are semi-controllable devices which are switched on by applying a voltage through their 

gate. However, they switch off when the voltage at their gate becomes negative, which cannot be 

controlled. Since there is only one degree of freedom, the active and reactive power cannot be 

controlled independently. The converter station typically reacts as a reactor and consumes reactive 

power as it transmits active power. To be able to control the active power transfer, the varying 

demand of reactive power has to be compensated by switching on capacitive banks (with reactive 

power amounts of 50%/60% of the transmitted active power [14]). These capacitive banks are very 

space consuming and half of the total footprint of an LCC HVDC station is used for reactive 

compensation. 

This active power consumption makes LCC very dependent on the strength of the AC system to which 

it is connected. In case of an AC voltage disturbance, the AC system must absorb or provide the 

reactive power mismatch to the converter station, while voltage stability must be preserved.  
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The dependence on the AC voltage to switch off makes thyristors fail their commutation when the AC 

voltage wavers. It also means that LCC cannot provide power to a system which has experienced a 

blackout (it cannot operate blackstart). 

In addition to the AC system dependency, one of the main disadvantages of this technology lies in 

the harmonics generated in the AC system by the repeated commutations of the valves. These 

harmonics add additional constraints on the design of the transformers, but also have to be damped 

in order to limit their impact of the AC voltage waveform. 

LCC main advantages to the other technology (VSC HVDC) are a low installation cost as well as low 

station losses. It is also resistant to DC line faults (since thyristors surge current capability is of a few 

tens of kA) and its 40 years of applications make it a mature technology. LCC is therefore the primary 

choice for bulk, long distance transmission. 

 

Figure 5 IFA 2000, a 2000 MW, 270 kV LCC converter station 

2.1.2 Voltage Source Converters (VSC) 

VSC is a recent HVDC technology. The first commercial application was made in Gotland in 1997, but 

the technology was then improved in 2010 when Siemens launched the VSC MMC. The principle of 

VSC MMC is to use Insulated Gate Bipolar Transistors (IGBTs) series connected in modules. The IGBTs 

are switched on and off in order to load capacitors which are connected to them in parallel, in order 

to shape a sine waveform. 

IGBTs are fully controllable power electronic devices and therefore do not need a supplementary 

installation of reactive banks since their active and reactive power consumption are decoupled. They 

are therefore much more independent from the AC system than thyristors. In particular, VSC stations 
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can be designed without filters or reactive compensation, which reduce their size by half as can be 

seen comparing figures 5 and 6. 

They can actually provide any of the AC system connected to them with reactive power and can be 

used to enhance AC system strength. They can even restart an AC system that has been victim of  a 

blackout. 

However, actual technology cannot withstand large current and IGBTs are limited today to 1.5 kA. At 

this current rating, in order to transmit 4000 MW even in bipolar configuration, the voltage level 

should be higher than 1300 kV which is much more than the actual installed record of 800 kV. [10] 

What’s more, the high number of devices used to build modules which are series connected in a 

valve makes them both more costly than LCC at high voltage and prone to dissipate higher power 

during the conversion process (each station dissipates 1% of the active power transmitted while it is 

around 0.7% for LCC 

VSC is more flexible but is more costly and has never been attempted for power level higher than 

2000 MW.  It is generally used for much smaller interconnections for which the AC system is weak. 

 

Figure 6 Inelfe, a 2000 MW, 320 kV VSC converter station 
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2.1.3 Technology Comparison [9] 

 LCC VSC 

Maximal installed 
power (MW) 

8000 2*1000 

Maximal installed 
voltage (kV) 

800 (overhead lines) 600 (cables) 
350 (Caprivi link) 
 

Reactive power 
Control 

Consumption of about 50-60 % of active 
power transmitted. No control on reactive 
power. 

Can either produce or consume 
reactive power. Independent control of 
active and reactive power. 

Voltage Control On-load tap changer, slow (s) Continuous, response time < 100 ms 

AC grid connection 
Need for a strong AC grid, better with 
systems where SCR>2,5. CCC can operate 
with SCR as low as 0,2. 

Can work in weak AC grids (with SCR 
<2) 

Station losses 0,65% to 0,85% 1% for MMC 

FEU < 1% 
 between 1% and 2% (few data 
available and only short-term) 

DC faults 
Good performance since thyristors have a 
high overload capability 

Bad performance (low overload 
capability of IGBTs)  

AC faults 
Risk of commutation failures since 
thyristors firing is based on AC waveform 

Good performance since IGBT 
commutation is independent on the AC 
system 

Blackstart No Yes 

Investment costs 

Lower for overhead lines but bigger for 
cables (HV XLPE cables encounter risk of 
failure during polarity reversal and 
therefore only expensive MI cables) 

10 to 15 % more expensive for OL 

Experience 
Mature technology VSC less mature and very few 

applications  for MMC  

Table 1 Comparison of LCC and VSC technology 

2.2 Strength of an HVDC system and Short Circuit Ratio Strength of an 

HVDC system and Short Circuit Ratio 

2.2.1 Theory 

The strength of a system is measured by its Short Circuit Level (SCL), which gives the total power 

flowing into the ground in case of a line to earth fault and therefore how much the AC system will be 

impacted by a fault. HVDC control is made so that the firing and extinction angles remain as constant 

as possible to reduce the current (and therefore the losses) in the DC lines. In case of an AC voltage 

drop, since the extinction angle at the inverter station is made constant, the power transmitted 

through HVDC will also drop and so will the reactive power produced by the HVDC station, which 

results in further lowering the AC voltage 

The Short Circuit Ratio (SCR) measures the impact of the HVDC converter station on the voltage 

stability of the AC system connected to the HVDC converter station and is given by the formula: 

[14]    𝑺𝑪𝑹 =
𝑺𝑪𝑳

𝑷𝑫𝑪
         (1)   

with SCL and  𝑃𝐷𝐶  both in MVar. 
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In order to preserve voltage stability at the station’s connection point, the SCR should remain higher 

than 2,5. 

For LCC HVDC converter stations, this measure has to take into account the large compensation 

banks used. In fact, HVDC converter stations using LCC technology rely on thyristors which can only 

be given a switch on instruction but automatically switch off. This means that to transmit active 

power, the HVDC converter station must consume reactive power. To be able to transmit the desired 

active power, HVDC stations are equipped with large reactive compensation in order to limit the 

impact of the station on the AC system’s voltage connected to it.  

However, since most of the impedance of the system is inductive, such a high capacitive installation 

means that the actual SCL seen by the AC system is actually lower once the HVDC station and its 

reactive compensation support have been installed. An equivalent Short Circuit Ratio must then be 

defined, that accounts for this effect:  

[14]    𝑬𝑺𝑪𝑹 =
𝑺𝑪𝑳−𝑸𝒔𝒕𝒂𝒕𝒊𝒐𝒏

𝑷𝑫𝑪
        (2) 

with Qstation  being the total installed reactive compensation in MVar, SCL and 𝑃𝐷𝐶still in MVar. 

For LCC stations, the value of Qstation  is generally between 0,5 PDC  and 0,6 PDC  , which gives the 

equation:  

    𝑬𝑺𝑪𝑹 = 𝑺𝑪𝑹 − 𝟎,𝟔      (3) 

2.2.2 Application to Belo Monte 

In Belo Monte the minimum SCR have been measured for both stations of Xingu and Terminal Rio [5]. 

SCC  min ;Xingu = 15282 MVar         SCC  min ;Rio = 15738 MVar        SCC  min ;Estreito = 17042 MVar 

The value of ESCR can thus be calculated with the rated power of 4000 MW, with the conservative 

hypothesis that the reactive power consumption at each of the station equals 0.6 times its active 

power transmission. Using formula 2, ESCR is calculated. 

For the Belo Monte project, bipole 1: 

  𝐸𝑆𝐶𝑅𝑚𝑖𝑛 ;𝑋𝑖𝑛𝑔𝑢 = 3,22    𝐸𝑆𝐶𝑅𝑚𝑖𝑛 ;𝐸𝑠𝑡𝑟𝑒𝑖𝑡𝑜 = 3,66 

For the Belo Monte project, bipole 2: 

  𝐸𝑆𝐶𝑅𝑚𝑖𝑛 ;𝑋𝑖𝑛𝑔𝑢 = 3,22    𝐸𝑆𝐶𝑅𝑚𝑖𝑛 ;𝑅𝑖𝑜 = 3,33 

These values are above the minimum limit of 2 for the ESCR, for which it is possible to use LCC 

technology. However, the minimum ESCR at Xingu has to account for the negative impact of both 

bipoles’ reactive compensation since bipoles 1 and 2 connect to the same point in the northern AC 

system. The final value of the minimimum ESCR at Xingu station for both bipoles is then: 

𝐸𝑆𝐶𝑅𝑚𝑖𝑛 ;𝑋𝑖𝑛𝑔𝑢 = 2,62 

This value still makes it possible to use LCC technology. 
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2.3 Transmission topology 
Transmission topology is closely linked to reliability, as it describes the path followed by the current. 

Two main types of transmission are used: monopolar and bipolar transmission, to which is added the 

question of whether the return path for current should go through a metallic conductor or through 

the earth.[12,13] 

2.3.1 Monopole 

Monopoles use one HV line and one MV returns, of which the first one carries the power while the 

second one provides the system with a return path (being a conductor or the earth). The main issue 

with monopole configuration is that in case of a DC line fault or a station fault, the total capacity of 

the link is lost. This makes this configuration risky and unreliable for large power transmission and all 

the more unreliable with a long DC line where faults are likely to happen more often. 

 

Figure 7 Monopolar Transmission schemes 

2.3.2 Bipole 

Bipoles are composed of two monopole stations that share a common return path. The shared return 

path is at zero voltage and zero current (since the return paths are tuned to compensate for each 

other totally under normal operation) and therefore does not contribute to the losses under normal 

operation. However, if a fault occurs in one of the stations, it can be shunt and 50% of the capacity 

can still be transmitted through the link. If the fault occurs along the DC line, the return path can be 

used to conduct monopolar operation. 

 

Figure 8 Bipolar Transmission schemes 
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Bipolar operation is the only reasonable choice for large power transmission. However the return 

path design is still a matter of availability and environmental issues. The return path can be either 

earth (through a ground electrode) or metallic (an additional conductor). Earth return is much 

cheaper and cause lower losses than metallic return, especially for long distance, but the current 

density in earth can cause issues to neighbouring electrical installations and buried metallic 

canalisations such as pipelines or water pipes. It is also responsible for heating and drying the earth 

surrounding the electrode and is therefore banned in many countries for environmental reasons. 

However once the medium of return has been chosen, the voltage and current design remains to 

chose. A return designed for full voltage and current means that in case of a DC line fault, 100% of 

the capacity of the link can still be transmitted (it takes up to a few second to reconfigure the return 

cable to transmit 100% power. However it means that the cost of the return path will be very high 

(especially for a metallic return, the line cost will be multiplied by 1.5) and this option is very 

conservative as DC line faults are not supposed to happen so often. 

2.4 Transmission technology 
Three media can be chosen to transmit the current: overhead lines, underground cables and the 

earth. 

2.4.1 Overhead lines 

Overhead lines rely on towers to carry conductors along the route. This means that the resulting 

Right of Way is comparable to overhead lines in AC transmission. The RoW limitations concern the 

electric and magnetic fields surrounding the line, as well as the acoustic and radio noise it can cause.  

Overhead lines are more likely to experience failure compared to the two other media. Their length 

makes and their high pitched position makes them vulnerable to lightning, wind, icing, tree falls... 

However, this position also makes them easier to repair than underground cables or ground 

electrodes. 

Using the data recorder for 18 years by the Cigré on the Itaipu project, it is possible to define the 

reliability constant for a DC line in Brazil to 0,9 failure per year for 800 km of bipolar line.[15] 

2.4.2 Underground cables [11] 

Underground cables are conductors surrounded by a large layer of electrical insulation, which means 

that electric and magnetic fields are generally much lower in their proximity. When the RoW of an 

800 kV HVDC line is about 100 m wide, the RoW of an underground cable does not depend on its 

voltage and is generally 10 m wide. However, high voltage cables are much more expensive than 

overhead lines (about 3 times more) and their RoW increases a lot with the transmitted current as 

the main issue for their design is to avoid overheating of the insulation due to Joule losses.  

Moreover, cables are weak to floods. The line path must cross two major Brazilian river (Araguaia 

and Tocantins) known to have wide floodplains flooded on a regular basis during the rainy season. It 

seems difficult to avoid the area without considerably increase the length of the transmission line.  

2.5 Ground electrodes [16] 
Ground electrodes are used for long distance connections to provide a path for the return current. 

The resistance does not depend on the distance and the installation of two electrodes is generally 

much cheaper than installing additional conductors for the same purpose. 
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However, ground electrode release current directly into the ground and are therefore submitted to 

many restrictions. If an electrode is too close from another electrical power installation, the current 

can generate a voltage in the neutral of the transformers, resulting in their saturation. If an electrode 

is too close from a buried metallic structure, electrolytic reactions which take place close to the 

cathode will result in corrosion. Pipelines but also water pipes have then to be protected using a 

sacrificial anode that will corrode in their place. 

In many countries ground electrodes have been banned or strongly restricted because of these 

drawbacks and the impact they cause on the environment (heating of the soil generally mineralize it 

and kills the surrounding vegetation). 

Generally though, due to the problems caused by earth current, electrode stations have to be at least 

15 km from electrical power installations (including the converter station itself). 

2.6 Technology choices for Belo Monte project 

2.6.1 Converter technology 

As seen in the previous paragraphs, LCC is the only technology capable to transmit 4000 MW 

due to the weak current that IGBT can withstand for the time being. LCC also results in less station 

losses and is less vulnerable to DC line faults. Finally it is a well-known technology that has already 

been applied many times for long distance bulk transmission.  

For this project, the choice is quite straightforward as the power transmitted is 4000 MW over a 

distance of 2500 km: LCC is the only reasonable choice. 

2.6.2 Transmission technology 

The transmission line topology has already been decided for a bipole configuration because 

of the desired reliability. The total power transmitted through the HVDC bipole is 4000 MW and 

reliability is a key factor to the design of the HVDC link. In fact, the required availability for bipole 1 

and bipole 2 is 99%. A monopolar configuration is not reliable enough to transmit such an amount of 

power and was therefore not considered for this report.  

In Brazil, ground electrodes are allowed but their use has to be approved by the national 

environment authority. The restrictions that were imposed on Bipole 1 when designing the electrode 

were the following [6]: 

-The maximum continuous current transferred into the ground shall not exceed 40 A during the year 

in bipolar operation: this means that the control at the station has to regulate both poles in 

accordance with this rule if an electrode is to be installed. 

-In monopolar operation the current transmitted can be up to 2540 A (i.e. 50% of the power) for 250 

hours per years. The total expected number of line failure must therefore be below this number to 

be able to use the electrode all along. 

-For 300 minutes per year, the total allowed earth current is 3365A (i.e. 67% of the rated power of 

the link). 
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All these time and limitations were determined by the Brazilian environment authority, in order to 

limit the changes of the soil property caused by the inrush of current. Such an inrush actually results 

in ionizing and drying the soil, which is why it is strongly limited. 

As can be seen the total power cannot be transmitted through the electrode and if an electrode is 

chosen it will only be used as a return path. However, the regulations above permit to use the 

electrode as a return path and since the line is very long, it is a substantial economy to avoid using an 

additional cable. 

 

 

Figure 9 Technology choices for Bipole 2 
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3 Transmission Design 
The design of the transmission system goes through numerous questions such as the choice of the 

route, the design of tower (including tower design, tower spacing, foundation spacing…), the design 

of the conductor and the design of insulators. 

Many of these issues actually rely on the experience acquired on the field in which the line is to be 

built. For the Belo Monte project, the data from the first bipole will therefore be a prime source of 

information as to what choices are to be made. 

The goal of this chapter is to define global elements for the routing of the line and tower selection in 

order to have an input corresponding to these major objects in the performance optimization. 

3.1 Routing of the line 

3.1.1 General routing [17,18] 

The routing of the line is a complex matter that involves both legislative and practical issues. The 

purpose is not to define the ideal position for the line (for which agreement of the land owner is 

necessary along the whole path) but to define a corridor in which the line should preferably go 

through. The length of the line is indeed a major input for the construction cost and in order to 

evaluate losses and a basic routing can therefore enable a rough determination of the line length. 

The line path should: 

- be as short as possible to avoid cost, losses and loss of reliability. 

- use as much as possible the Right of Way of other existing lines to reduce land utilization. 

- be as close as possible from a road in order to build and operate maintenance on the towers at 

reasonable costs 

- be deprived of trees in the so called Right of Way (RoW) in order to avoid partial discharge and tree 

fall along the line. Maintenance of the line usually involves tree management, which is challenging 

for a 2500 km long line across Amazonia. 

- avoid as much as possible crossings (rivers, steep valley…) which are generally both costly to install 

and difficult to maintain. 

- remain far enough to urban zones as laws are generally much more restrictive as for the electric 

and magnetic fields close to habitations 

- avoid restricted areas such as national parks, military fields, historical or cultural areas… 

- avoid if possible difficult fields (subject to landslide, flooding and hurricanes) which could cause 

installation and maintenance issue 

The path along which Bipole 1 was built is a good start since it was already designed. It also covers 

the most difficult part when it comes to access to roads. However, a detailed analysis still has to 

cover the sections of the line close to Rio, with a different issue being the closeness to densely 

inhabited areas. The choices to determine Bipole 1 line routing shall be presented here, as well as a 
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proposition for the line path of Bipole 2, in order to determine a better approximation for the line 

length than the direct path. 

3.1.2 Bipole 1 line path [19] 

Bipole 1 different path choices are presented in figure 10. It also presents the main reasons for the 

choice of these paths. Protected areas and indigenous reserves are territories that cannot be crossed 

and have therefore been avoided. 

 

Figure 10 Protected areas, Indigenous reserves and proposed paths for Bipole 1 

But other reasons also have contributed to this choice: the floodplain of the Araguaia River is often 

flooded and therefore not a safe place to build a line through. The line crossed the Araguaia River as 

south as possible in order to avoid the floodplain and crossed just north of the protected areas (in 

pink on the left map).  

South of Palmas another large river is crossed, the Tocantins river, which is also the reason why 

among the path presented on the map, the one chosen does not cross the Tocantins river just South 

of Palmas but further South. Population density is another important factor and becomes 

predominant close to Minas Gerais which is why the line is almost straight towards Estreito Station.  

Using the already proposed path for Bipole 1 it is possible to trace a line path that still is in 

concordance with all these issues. The line path which went East the most is the one selected, as Rio 

is East of Estreito. However, it was seen that the northern suburb of Rio is very densely inhabited and 

therefore not easily manageable to install an high voltage line without supplementary costs. The line 
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path shall thus follow the path of lower population density in order to limit this problem. In figure 11 

is shown the line path that was considered the most suitable for the rest of the study. 

 

Figure 11 Proposed path for Bipole 2 

The route selected is quite close to the direct line but it is still longer. The estimated length for this 

path is approximated to 2520 km while the direct distance was 2439 km. 

3.2 Tower description 
Tower design is based on both electrical and mechanical issues. Actually, the tower must provide the 

poles with sufficient distance from both the ground and the other pole. It must therefore be able to 

support the weight of the conductors without concern for the environmental conditions (wind, rain, 

icing…). [20] 
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A full design of the tower shall not be presented here, as it is not the purpose of this thesis. However, 

the tower design chosen shall be overlooked in order to define parameters necessary for the 

conductor selection. Usually in Brazil, long spans between towers are used, which means that the 

conductor sag is important between two consecutive towers and that the towers have to be built 

higher in order to prevent a flash over to occur at the lowest position of the conductor. The spans 

considered for Bipole 1 were of 450m. 

The selected towers were mostly of the guyed type, because of the relatively low mechanical 

constraints on the towers (there is no record of ice at this latitude and the wind speed remains low in 

the middle on the country) with the following dimensions: 

 

Figure 12 Tower design selected for Bipole 1 

The minimum height of conductor is then 15 m and the pole spacing is 18,5m. Insulators I-strings are 

used with a total length of 8.4m for an insulator. [6] 

3.3 Conductor selection 
The conductor selection is one of the important parts in the efficient selection of components for an 

HVDC connection. The number and the type of conductors have to be determined in order to 

minimize the total cost investment and losses over the conductor life. The conductors also need to 

respect criteria concerning radio interference and noise. 

In the following sections, equations describe theses conductors’ characteristics and losses. In order 

to simplify these equations, the following letters are given the following significance: 

L  is the length of the DC line in km 

V  is the DC voltage of the line in kV 

S  is the cross section of the conductor in mm² 
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N  is the number of conductors per pole 

d  is the conductor diameter in mm 

Emax is the maximal conductor surface gradient in kV/cm 

First, a selection of suitable conductors has to take place, with information related to their section, 

diameter, DC resistance and rated current. The names in this table actually refer to the type of line, 

determined by its total and conductor diameters. Some conductors are reinforced with steel to 

increase their mechanical properties. It also impact the total diameter and therefore the corona 

losses. 

Name 
Cross section 
(mm²) 

Diameter (mm) 
DC Resistance 
at 20°C (Ω/km) 

Resistance 
thermal factor 
(/K) 

Rated current 
(A) 

Bobolink 725.1 36.23 0.0395 0.0408 1272 

Plover 725.1 37.22 0.0394 
0.0408 

1275 

Nuthatch 765.4 37.22 0.0374 
0.0408 

1313 

Parrot 765.4 38.22 0.0373 
0.0408 

1318 

Lapwing 805.7 38.2 0.0355 
0.0408 

1354 

Falcon 805.7 39.23 0.0354 
0.0408 

1359 

Chulkar 901.9 40.69 0.0318 
0.0408 

1453 

Bluebird 1092 44.76 0.0263 
0.0408 

1623 

Kiwi 1098 44.07 0.0263 
0.0408 

1607 

Thrasher 1171 45.78 0.0246 
0.0408 

1673 

Joree 1274 47.74 0.0226 
0.0408 

1751 
Table 2 Set of conductors used in the optimization process 

To evaluate the best conductor it is necessary to determine the investment cost of the line, the line 

losses and the cost of these losses. In order to present the calculations’ results, four Thrasher 

conductors are selected with a bundle spacing of 300 mm for a voltage level of 800 kV. 

3.3.1 Line losses 

Line losses correspond to two different phenomena: Corona losses and Joule losses. 

Corona losses account for losses due to the Corona effect on the conductors. The Corona 

effect corresponds to the partial ionization of air molecules submitted to a high gradient of electric 

field. In HVDC transmission, ionized molecules will flow from one pole to the other and to the 

ground, causing losses. High voltage, small diameters of the conductors, closeness between poles 

and insufficient height are factors that increase Corona losses. Calculation of Corona losses is a 

complex task due to the impact of the weather of the conductor surface and therefore to the electric 

surface gradient. Many empirical models have been built to evaluate the Corona losses along the 

line. 
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They utilize the maximal conductor surface gradient as the main factor (usually named with 

the letter g). The conductor surface gradient must account for the bundle presence. The bundled 

conductors result in a field that appear to have been emitted by a larger conductor. The bundle 

diameter can be expressed as: 

[23]     𝑫 =
𝟐𝑺𝒄

𝒔𝒊𝒏(
𝝅

𝑵
)
       (4) 

With: 

D  the bundle diameter in mm 

Sc  the conductor spacing in mm 

The equivalent diameter which is the radius of the conductor that would emit a similar conductor 

gradient is then expressed as: 

[23]    𝑫𝒆𝒒 = 𝑫. (
𝑵𝒅

𝑫
)
𝟏

𝑵       (5) 

The maximal conductor surface gradient is then expressed by the following formula: 

[23]  𝑬𝒎𝒂𝒙 = 𝟐𝑽𝑵𝒅. 𝐥𝐧 
𝟒𝑯

𝑫𝒆𝒒 𝟏+ 
𝟐𝑯

𝑷𝒔
 
𝟐
 

𝟏
𝑵

 . (𝟏 +
𝒅 𝑵−𝟏 

𝑫
)    (6) 

With:  

H  the mean height of the conductors in m  

Ps  the pole spacing in m 

U. Corbellini and P. Pelacchi [21] found the following empirical formula for fair and foul weather: 

 𝑷𝒇𝒂𝒊𝒓 = 𝟏𝟎^((𝟐.𝟗 + 𝟓𝟎. 𝐥𝐨𝐠  
𝑬𝒎𝒂𝒙

𝟐𝟓
 + 𝟑𝟎. 𝐥𝐨𝐠  

𝒅

𝟑𝟎.𝟓
 + 𝟐𝟎. 𝐥𝐨𝐠  

𝑵

𝟑
 − 𝟏𝟎. 𝐥𝐨𝐠  

𝑯.𝑺

𝟐𝟐𝟓
 )/𝟏𝟎) (7) 

𝑷𝒇𝒐𝒖𝒍 = 𝟏𝟎^((𝟏𝟏 + 𝟒𝟎. 𝐥𝐨𝐠  
𝑬𝒎𝒂𝒙

𝟐𝟓
 + 𝟐𝟎. 𝐥𝐨𝐠  

𝒅

𝟑𝟎.𝟓
 + 𝟏𝟓. 𝐥𝐨𝐠  

𝑵

𝟑
 − 𝟏𝟎. 𝐥𝐨𝐠  

𝑯.𝑺

𝟐𝟐𝟓
 )/𝟏𝟎) (8) 

With Pfair  and Pfoul  in kW/km. Fair weather describes sunny weather while foul weather is an 

average on every other condition (rain, snow...). The exact determination of the Corona losses along 

the line would require a more precise model, but this model was selected because of its relative 

simplicity and because the length of the line itself made a precise meteo description all along the line 

too difficult to get. 

In order to determine the total Corona losses, the percentage of fair and foul weather in the year has 

to be determined so that an average Corona loss can be estimated from these two equations. 

Joule losses are due to the electrons heating the metal when a current flows through it. They 

are calculated with the formula: 

    𝑷𝑱𝒐𝒖𝒍𝒆 =  
𝟏

𝟐
 𝑹𝑫𝑪𝑰𝑫𝑪

𝟐       (9) 
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With: 

𝑅𝐷𝐶   the DC line resistance (in ohm) at the current temperature and  

𝐼𝐷𝐶   the DC current (in A) computed using the rated power and voltage of the link 

𝐼𝐷𝐶 =
𝑃

𝑉
 

Application: 

For the selected conductor, the conductor spacing is 300 mm. With 4 conductors, the bundle radius 

is: 

R = 212,13 mm 

Since the selected conductor is a Thrasher its diameter is 45,78 mm. The equivalent radius is then 

calculated with formula 5: 

Req = 171,94 mm 

Finally, formula 6 computes the maximal conductor gradient 

Emax = 23,90 kV/cm 

The Corona Losses can then be calculated with formula 7 and 8 for a distance of 2520 km: 

  𝑃𝑓𝑎𝑖𝑟 = 4,78 MW  

  𝑃𝑓𝑜𝑢𝑙 = 26,34 MW 

If it is considered that 25% of the line length is exposed to rain, the Corona losses can be estimated 

as: 

  𝑃𝐶𝑜𝑟𝑜𝑛𝑎 = 0,25.𝑃𝑓𝑜𝑢𝑙 + 0,75.𝑃𝑓𝑎𝑖𝑟 = 10,17 MW 

With an assumed temperature of 20°C, the Joule losses are: 

  𝑃𝐽𝑜𝑢𝑙𝑒 = 193,7 MW 

As expected, Joule losses have a much larger impact on the total line losses than the Corona effect. 

3.3.2 Thermal Equilibrium [22] 

However, 𝑅𝐷𝐶depends on the temperature of the conductor. The Resistance thermal factor 𝛼𝑇  

accounts for the variation of the DC resistance with the conductor temperature using the formula:

   𝑹𝑫𝑪 𝑻 =  𝑹𝑫𝑪 𝟐𝟎 . (𝟏 + 𝜶𝑻 𝑻𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒐𝒓 − 𝟐𝟎 )   (10) 

What needs to be calculated then is the temperature of the conductor. The conductor is heated by 

the sun, Joule losses and Corona effect. It is cooled down by natural convection and radiation. The 

result of the Corona effect is that the air surrounding the conductors will be heated and therefore 

reduces the convection. 
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The direct solar radiation (in W/m²) is a parameter that only depends on latitude. In Brazil this 

parameter is considered to be 1000 W/m². Multiplying it by the diameter, the length and the number 

of conductors makes it the solar heating term in the thermal equilibrium.  

   𝑷𝒔𝒖𝒏 = 𝑳.𝒅.𝑵.𝑫𝒊𝒓𝒆𝒄𝒕 𝑺𝒐𝒍𝒂𝒓 𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏    (11) 

The conductor radiation is expressed with the Stefan law: 

   𝑷𝒓𝒂𝒅 = 𝑳.𝒅.𝑵.𝟓,𝟔𝟕.𝟏𝟎−𝟖. 𝜺.  𝑻𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒐𝒓
𝟒 − 𝑻𝒂𝒊𝒓

𝟒     (12) 

With: 

𝜀  the absorption coefficient  

𝑃𝑟𝑎𝑑  the radiative power in W/m²  

𝑇𝑎𝑖𝑟  the ambient air temperature in K 

For northern Brazil, the temperature is quite steady over the year (due to the equatorial climate) but 

does depend on the latitude. For the calculations a mean temperature of 25,0°C (i.e. 298,15 K) was 

considered. 

The natural convection is expressed as: 

    𝑷𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏 = 𝒉 𝑻𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒐𝒓 − 𝑻𝒂𝒊𝒓      (13) 

With h calculated using the air temperature, air density and thermal conductivity as well as viscosity 

and the diameter and numbers of conductors.  

   𝒉 = 𝝅.𝐋.𝐍.𝑵𝒖.𝛌        (14) 

With: 

Nu  the Nusselt number of the air 

λ   the air density 

With these equations it is possible to determine the conductor temperature. The conductor 

temperature is the solution of the heat equilibrium equation: 

   𝑷𝒋𝒐𝒖𝒍𝒆 + 𝑷𝑪𝒐𝒓𝒐𝒏𝒂 + 𝑷𝒔𝒖𝒏 −𝑷𝒓𝒂𝒅 −𝑷𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏 = 𝟎   (15) 

With this equilibrium temperature calculated, the total losses of the line can be computed. 

Since the temperature equation is non-linear, a numerical method is used. However, the equation 

being polynomial and therefore smooth enough a Gauss-Siedel algorithm was chosen to solve this 

equation. Assuming the conductor to be at the air temperature, a new temperature is then found by 

adding the result of formula 15 divided by a gain factor corresponding to the thermal capacity of the 

cable to the first temperature. When the algorithm converges, the final temperature is found and so 

are the Joule losses at conductor temperature. 
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However the HVDC link does not transfer its rated capacity and the total losses will be less. To 

account for the actual energy utilization of the link, a coefficient (loss factor) is applied to the total 

line losses. 

    𝑷𝒍𝒊𝒏𝒆 𝒕𝒐𝒕𝒂𝒍 = 𝑳𝒐𝒔𝒔 𝒇𝒂𝒄𝒕𝒐𝒓 . (𝑷𝑱𝒐𝒖𝒍𝒆 + 𝑷𝑪𝒐𝒓𝒐𝒏𝒂)    (16) 

Application: 

For the selected configuration, the final temperature (with air temperature at 25,0°C) is computed: 

𝑇𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 = 38,6°𝐶 

The final Joule losses are then: 

𝑃𝐽𝑜𝑢𝑙𝑒 = 208,41 𝑀𝑊 

This represents an increase of 7% of the initial Joule losses. 

3.3.3 Noise and radio interference [23] 

The HVDC lines also have to fulfil certain criteria concerning audible noise and radio interference, 

which both are the result of the Corona effect. As for the models used for Corona loss estimation, 

empirical models describe the effect of Corona on these two parameters.  

The EPRI gives the following formula for audible noise in summer fair weather (when the noise is 

most heard): 

𝑳𝟓𝟎 = 𝟓𝟔,𝟗 + 𝟏𝟐𝟒. 𝐥𝐨𝐠  
𝑬𝒎𝒂𝒙

𝟐𝟓
 + 𝟐𝟓. 𝐥𝐨𝐠  

𝒅

𝟒𝟒,𝟓
 + 𝟏𝟖. 𝐥𝐨𝐠  

𝑵

𝟐
 − 𝟏𝟎. 𝐥𝐨𝐠 𝑹 − 𝟎,𝟎𝟐𝑹 + 𝒌𝒏   (17) 

With: 

L50  the audible noise level in dB 

R   the radial distance from the positive conductor to the measuring point in m 

 𝑘𝑛   the adder function of the number n of conductors in a bundle: 

 kn=0, for n≥3; kn=2,6, for n=2; kn=7,6, for n=1. 

For Radio Interference, the formula given by CISPR [23] for bipoles is: 

𝑹𝑰 = 𝟑𝟖 + 𝟏,𝟔 𝑬𝒎𝒂𝒙 − 𝟐𝟒 +  𝟒𝟓 𝐥𝐨𝐠(
𝒅

𝟐
) + 𝟓 𝐥𝐨𝐠 𝑵 + 𝟑𝟑 𝐥𝐨𝐠  

𝟐𝟎

𝑹
 + 𝟓 𝟏 − 𝟐 𝐥𝐨𝐠 𝟏𝟎𝒇  𝟐  (18)  

With: 

RI in dB 

f  the frequency for which radio interference is computed in MHz 

Application: 

For the selected configuration, the audible noise computed right under the line is   

𝐿50= 47,94 dB 
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The radio interference noise under the line is: 

RI = 98,18 dB 

At 100 m, the audible noise is: 

𝐿50= 39,65 dB 

The radio interference at 100 m is 

RI = 75,55 dB 

The noise limit is 42 dB and the radio interference limit is set to 46 dB [6]. In order to avoid too large 

an extent of the Right of Way, Radio Frequency filters will be required. 

3.3.4 Optimal conductor selection 

Line investment costs 

The line cost is evaluated using the Cigré formula: 

 [24]    𝑪𝒐𝒔𝒕 𝑼𝑺$ =  𝑳. (𝒂 + 𝒃𝑽 +
𝑺 𝒄𝑵+𝒅 

𝟎.𝟓𝟎𝟔𝟕
)     (19) 

With  

S  the total conductor surface in mm² 

The numbers a, b, c and d has been found through regression of the cost of many lines installed. The 

corresponding values are: 

a = 69950 $/km; b = 115,37 $/kV/km; c = 1,177 $/mm²/km; d = 10,25 $/mm²/km 

Optimization process 

To be able to carry this optimization, the expected lifetime of the line and the energy cost in the 

country are required. An actualisation rate is also required to take into account the diminution of the 

future gain in terms of Net Present Value.  

The annualized cost of losses at year y is: 

𝐿𝑜𝑠𝑠 𝐶𝑜𝑠𝑡 𝑦 =
𝑃𝑙𝑖𝑛𝑒  𝑡𝑜𝑡𝑎𝑙 . 8760.𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑠𝑡

(1 + actualisation rate)𝑦
 

This gives at total cost of losses at lifetime of: 

 𝑳𝒊𝒇𝒆𝒕𝒊𝒎𝒆 𝑳𝒐𝒔𝒔 𝑪𝒐𝒔𝒕 𝒚 = 𝑷𝒍𝒊𝒏𝒆 𝒕𝒐𝒕𝒂𝒍.𝟖𝟕𝟔𝟎.𝑬𝒏𝒆𝒓𝒈𝒚 𝑪𝒐𝒔𝒕

𝟏

(𝟏+𝐚𝐜𝐭𝐮𝐚𝐥𝐢𝐬𝐚𝐭𝐢𝐨𝐧 𝐫𝐚𝐭𝐞)𝒏+𝟏−𝟏

𝟏

(𝟏+𝐚𝐜𝐭𝐮𝐚𝐥𝐢𝐬𝐚𝐭𝐢𝐨𝐧 𝐫𝐚𝐭𝐞)
−𝟏

  (20) 

The optimal conductor is then the conductor that minimizes the total cost including investment plus 

annualized losses while satisfying with all the extra conditions. 

Application: 
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The cost evaluation for the selected configuration using the Cigré formula [24] gives: 

𝐶𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 = 2520.  𝑎 + 𝑏. 600 + 4.1171.
𝑐. 4 + 𝑑

0.5067
 = 699 𝑀𝑈𝑆$ 

With a lifetime of the project of 30 years and an energy cost of 36,45 US$/MWh, the actualized cost 

of the losses is: 

𝐶𝐿𝑜𝑠𝑠𝑒𝑠 =  193,7 + 10.17  . 8760 . 36,45 . 12,26 = 798 𝑀𝑈𝑆$ 

The total cost of the project is then: 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + 𝐶𝐿𝑜𝑠𝑠𝑒𝑠 = 1497 𝑀𝑈𝑆$ 

This cost doesn’t actually reflect the final cost, as the losses will have to account for the energy 

actually transmitted through the HVDC line, as well as the station costs. However, it gives a good 

basis for conductor comparison.  
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4 Station Design 

4.1 LCC Station 
An LCC station is composed of different components. The converter transformer is responsible for 

bringing the voltage level to the required voltage so that the valve can transform it into a DC voltage 

at rated level. The converter transformers also act as a barrier between the AC and DC systems and 

are therefore crucial in ensuring that disturbances cannot be transferred through the 

interconnection. 

The converter is the component responsible for the power conversion from AC to DC power. It uses 

thyristors separated into valves to perform this conversion. The usual configuration uses 12 valves 

(or pulses) connected. 

A DC reactor (or smoothing reactor) is used to smooth the DC line current and provide protection to 

the valve against sudden surge of current. It can be split into two part, one of which is connected to 

the neutral line and the other one to the high voltage line. 

Finally, harmonic filters are used in the AC and DC system in order to suppress the harmonic content 

created by the converter’s thyristors switching. AC filters also have the role of providing the system 

with reactive power, since the station has to consume reactive power in order to transmit active 

power. 

 

Figure 13 Organization of an LCC converter station 

This section provides a basic description of the converter transformer, the converter and its valves 

and the DC smoothing reactor in order to display a basic design of the harmonic filters. 

4.2 Converter transformer 

4.2.1 General overview [25],[14] 

HVDC transformers (also called converter transformers) are major components in HVDC stations.  
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Their primary role is to supply the converter valves with AC voltage to the appropriate level. 

However for practical application, two sets of transformer operate in two separate circuits shifted by 

30°. This shift is made through the use of star-star connection for one of the 6 pulse converter (which 

do not change the phase of the power transmitted to it) and star-delta connection for the other. 

 

Figure 14 Star and delta winding connections in HVDC transformers 

This means that the transformers have two different types of windings, which has an impact in the 

number of spare parts required. 

Three-phase three windings transformer is the cheapest and most compact transformers since all the 

windings are grouped in one single transformer. One converter transformer only is used for a 12-

pulse converter, which means that 4 transformers are used on a bipole connection. 2 additional 

spare parts have to be designed, one for each of the bipole stations.  

Although it is the most economic, this design does not allow very high power since the internal 

layout of the windings required to match the impedance of the star and delta configurations. The 

cost of spare parts is also prohibitive and the total weight of the transformer makes it difficult to 

transport.  

3-phases 2-windings transformers and 2-phases 3-windings transformers are used for medium power 

installations. Respectively 2 and 3 transformers are required for a 12 pulse converter station, which 

means that a total of 8 and 12 transformers are needed for the total interconnection, plus 4 and 2 

spare parts. 

The most common configurations use therefore two 3-phases, 2-windings converters or 3 single 

phase, 3-windings, since they tend to be the most economic, especially when spare units are 

concerned. For single phase 3-windings spare parts are especially cheaper, since only one spare can 

be used to replace any of the three installed transformers.  
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2-windings single phase transformers are the lighter transformers since they only connect to a pair of 

valve. However, 24 transformers are required to connect two bipoles, to which must be added spare 

parts in each station corresponding to the delta and star connections. 

Transformer Three phase, 
three windings 

Three phase, two 
windings 

Single phase, 
three windings 

Single phase, two 
windings 

Number of 
transformer 
required per 12-
pulse station 

1 2 3 6 

Number of spares 
required per 
bipole station 

1 2 1 2 

Total number of 
transformers for 
a bipole 

4+2 spares 8+4 spares 12+2 spares 24+4 spares 

Relative weight of 
the transformer 

360 200 160 100 

Table 3 Transformer choices characteristics 

To adapt the voltage to the rated level, tap changers are used, with ratio increment of 0.75 to 

1.25%, with a total tapping range of up to 40%. This makes it possible to decrease the power 

transmitted in the HVDC line without decreasing the voltage and results in reduced line losses. 

Due to their technology based on reactors, the converter transformers also provide reactive 

impedance to the AC supply and limit the current rise in the valves. They also act as barrier between 

DC and AC systems to prevent DC voltage from entering the AC system (usually called zero 

sequence). The internal leakage reactance is therefore also an important design parameter for the 

transformer. However this reactance also decreases the power factor of the transmission and a 

compromise is generally to select this reactance in the range of 0.15 to 0.2 pu.[14] 

However converter transformer have to be specifically designed in order to withstand DC voltage on 

the valve windings (windings connected to the valves), AC voltage in the line winding (winding 

connected to the AC busbar) and a combination of both inside of the transformer. 

Depending on power ratings, voltage levels and physical constraints such as transportation, different 

solutions types of HVDC transformers are used.  

Large converter transformers are generally heavy and difficult to transport. The dimensions of a 248 

MVA 800kV transformer are for example 4.85m*3.5m*10.85 m and its weight is 248 tons [14]. Their 

dimension and the transport problems it generates is generally the reason for the choice of the 

transformer connections.   
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Figure 15 235 MVA 550 kV HVDC transformer (Siemens) 

The configuration with 6 single phase 2-winding possibility is mainly used for very high power or very 

high voltage connections. In these cases, transport restrictions make it impossible to use bigger 

transformers and the choice is entirely governed by the size of the transformers. 

Transformers are connected to the valves and the AC lines through oil-filled bushings which have to 

withstand both AC and DC stress. In AC the stress is equally distributed between the metallic foils 

that surround the bushing. However, the additional DC stress is difficult for the porcelain (at the end 

of the bushing) to withstand and either porcelain with resistivity similar to the oil is used to 

smoothen the connection, or it is to be removed totally. For high voltage, SF6 filled bushings are used, 

since their technical advantages justify their higher cost. 

Selecting the right transformer means to design the transformer in order to convert the rated power 

at the designed voltage (this include the tapping, since AC voltage is likely to change) while reducing 

to its lowest value the total cost of losses plus capital investment. It also means to provide it with the 

right insulation medium and the right protection against seismic activity in case the area is 

susceptible to earthquakes (transformer tanks are usually filled with either oil or gas and their weight 

makes them vulnerable to displacement. 

4.2.2 Harmonic Contribution: 

As explained in the beginning of the chapter, two sets of transformers are used in order to reduce 

the harmonic content released by the converter. With two different windings, one of which is shifted 

by 30°, it is possible to suppress entirely the 5th and 7th harmonics.  
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However, since there is always imprecision in the making of a transformer, the suppression of the 5th 

and 7th harmonics is not total. Also, the transformer reactance contributes to reducing the actual 

voltage on the valve side. Since the transformers are not identical, this means that the voltage level 

on each of the valve is uneven. As a result, other harmonics are likely to appear depending on how 

uneven the transformers are.  

Application to Belo Monte project: 

As expressed in section 4 on transmission, access is quite challenging for the Xingu station since very 

few roads exist to connect it to the east of the country. Transportation is a key issue here and as the  

transformers are to be large (even if the smaller type, with one phase two windings, is used it still 

means 333 MVar go through each conductor), it seems difficult to use other types than one phase 

two windings transformers. 

As for the leakage inductance, it is considered equal to 0,15 in the following numerical applications. 

4.3 Converter Valve design and valve hall 

4.3.1 General overview 

The valve is the centre part of the HVDC converter station, where DC and AC currents are converted 

into one another. The basic elements for the conversion are the thyristors. They are equipped with 

command systems (gate units) which are responsible for the appropriate firing of the valve and with 

capacitive, reactive and resistive circuits (called snubber) designed to protect the thyristor against 

sudden rise of current or voltage. An additional cooling system is designed to keep the building 

(called the valve hall) at an appropriate temperature. Thyristors with all their equipments are called 

thyristor modules. Series connected thyristor levels, which commutate simultaneously, are called a 

valve. 

4.3.2 Conversion process and ideal 6 and 12 Pulse Bridge [26] 

The conversion process can be explained using a 6 pulse converter. As shown in figure 12, each valve 

conduct one third of a period. However, the firing angle α determines how delayed the voltage is 

from its maximal value. As a result, the larger α is, the lower the mean voltage.  

 

 

Figure 16 Commutations and angles in a 6 pulse converter 

The conversion process in a real 6 pulse bridge must include the leakage reactor of the transformers. 

During the time when current is flowing through one winding of the transformer, the reactor stores 
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magnetic energy. When the firing angle is reached, the commutation cannot takes place immediately 

because the leakage reactor discharges into the circuit, providing additional current.  

As a result, the commutation takes a certain time during which two valves are conducting. The 

additional angle during which commutation takes places is called overlap angle and generally noted 

µ. During this interval the voltage is the mean of the two conducting valves. [14] 

The DC voltage is thus reduced because of this overlap angle and the final DC voltage has to consider 

this diminution. The mean voltage converter by a 6 pulse converter can then be calculated: 

 𝑉𝐷𝐶 =  
3

2𝜋
 𝑉 𝑡 𝑑𝑡
𝜋

3
+𝛼+𝜇

−
𝜋

3
+𝛼+𝜇

 

It can be found that: 

   𝑽𝑫𝑪,𝟔 = 𝑽𝒑𝒆𝒂𝒌
𝟑 𝟑

𝟒𝝅
(𝐜𝐨𝐬 𝜶 + 𝐜𝐨𝐬 𝜶 + 𝝁 =

𝟑 𝟐

𝟐𝝅
𝑽𝑳𝑳(𝐜𝐨𝐬 𝜶 + 𝐜𝐨𝐬 𝜶 + 𝝁 )  (21) 

𝑉𝐿𝐿 being the RMS line to line voltage. 

For a 12 pulse bridge, since the second 6 pulse bridge only has a phase shift of 30°, the mean voltage 

can be calculated this way: 

    𝑽𝑫𝑪,𝟏𝟐 =
𝟑 𝟐

𝝅
𝑽𝑳𝑳(𝐜𝐨𝐬 𝜶 + 𝐜𝐨𝐬 𝜶 + 𝝁 )    (22) 

During the overlap time, the current decreases in the valve that was conducting before and increases 

in the new valve conducting. This also corresponds to a DC line ripple. 

4.3.3 Thyristor modules and snubber design 

Figure 17 Main circuit components and their arrangement in HVDC thyristor module 

To compensate for the non ideal characteristics of a thyristor, auxiliary components have to be 

added to every thyristor so that they are able to properly perform their function.  
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The voltage across each thyristor actually depends on its leakage current and is different for various 

thyristors. To avoid uneven overvoltage due to this phenomenon, grading capacitors and resistors 

are designed to balance voltage between the devices.  

During turn-off of a thyristor, voltage overshoot occur in a thryistor. To damp these peaks of voltage, 

the snubber circuit is designed to damp oscillations that would occur at each turn-off.  

Finally, the valve 𝑑𝑖 𝑑𝑡  reactor is designed to reduce the stress resulting from current variation in the 

thyristors. To damp oscillations that this reactor could create in the system, a damping resistor is 

often coupled with the valve reactor through a secondary winding. Its design is quite complicated 

since it is required to have a high inductance at low current to limit the current variation at turn-on, 

but to have very little inductance at nominal current, to limit the reactive consumption of the 

converter. Typical values for the thyristor modules’s components are given in table 4. 

Component Typical value for a 8.5 kV, 125 mm thyristor 

Damping Capacitor (Cs) 1-1.5 µF 

Damping Resistor (Rs) 40-60 Ω 

Grading Resistor (Rg) ≈ 100 kΩ 
Table 4 Snubber circuit elements characteristics 

4.3.4 Thyristor selection and number 

Thyristor selection is a complex process that involves power engineering, power electronics, analog 

electronics, semiconductor physics, high voltage corona, materials science, heat transfer, fluid 

mechanics and structural engineering.  

In practice the main criteria for thyristors’ selection are the rated current, the cost and the loss of the 

thyristors. The rated current is a determining parameter since the current in each thyristor is directly 

determined with the power and voltage of the link. Loss will also be important, since the cost of 

losses is usually of 4000-5000€/kW, which is a strong incentive to invest in effective components for 

high power links. 

The actual number of thyristors depends on both the maximum voltage (including transient 

overvoltage) applied to the thyristor valve and factors called uneven voltage distribution factor 

(which accounts for the difference between thyristors and is reduced by the grading capacitors and 

resistors) and the redundancy factor (typically 3%, it accounts for the number of additional thyristors 

used to increase the time between maintenance outage).  

Application to Belo Monte: 

From formula 22, the line to line valve voltage can be computed: 

𝑉𝐿𝐿 =
𝜋

3 2(cos 𝛼 + cos 𝛼 + 𝜇 
𝑉𝐷𝐶  

The phase voltage is equal to the line voltage divided by  3 

Therefore if 𝛼 = 15° and 𝜇= 20°: 

𝑉𝑝𝑎𝑠𝑒 =
𝜋

3 6(cos 𝛼 + cos 𝛼 + 𝜇 
= 192 𝑘𝑉 
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If 8 kV thyristors are selected, if a 10% uneven factor is applied, with the 3% redundancy factor, the 

total number of thyristors per valve is 

𝑁 = 28 𝑡𝑦𝑟𝑖𝑠𝑡𝑜𝑟𝑠 𝑝𝑒𝑟 𝑣𝑎𝑙𝑣𝑒 

Since a 12 pulse converter uses 12 valves, 336 thyristors are needed for each 12 pulse converter, or 

1344 for the total interconnection project 

4.3.5 Valve configuration 

Depending on the transformer choice (one or three phase, two or three windings), the valves 

connections will be slightly different since the same transformer must connect to multiple valves. For 

single phase, two windings, only two valves will be connected to the same transformer so there will 

be six bivalves. For single phase three windings, there will be three quadrivalves and for three phase 

two windings there will be two units connecting six valves. 

 

Figure 18 Valve configuration 

These valves are huge structures and for cooling purpose it is interesting to stack them vertically. 

However, this makes the valves vulnerable to earthquakes since the bottom insulator must sustain all 

the constraints. That is why it is often decided to hang the valve to the ceiling, which relives the 

insulator of its mechanical stress, but increases the displacement of the valve inside the valve hall in 

case of an earthquake. Accordingly, safety distances have to be decided between valves to avoid 

arcing or corona effect. Here are the clearances used for lines to avoid corona effect. 

Harmonic contribution: 

The valves are responsible for the creation of harmonics, due to the switching of their thyristors. 

Another contribution also comes from the non ideal firing of the valves. The valves are generally 

controlled separately and therefore the firing angle of different valves can have a mismatch. The 

difference in firing angle of each valves means that their phase is slightly different. As a result, the 

harmonic spectrum is provided with a continuous input that corresponds to this mismatch. The firing 
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angles are generally well controlled to limit the impact of this effect. However it means that every 

harmonic order has to be considered  

4.4 Smoothing reactor design 

4.4.1 Theory [27] 

The smoothing reactor is used on the DC line. It has three major functions: 

- Limit the current surge in the valves in case of a DC line fault 

- Reduce the ripple in the DC line current (generated in the DC line by the switching of the 

valve) 

- Change the DC line resonant frequency (which occurs between the total line inductance, 

including transformer reactance and stray capacitances, and the DC filters capacitors). 

This section does not provide detailed design for the smoothing inductance but only indicate the 

range of value the smoothing inductor will take due to the first two criteria. 

In order to account for the first function of the smoothing reactor, the current slope factor can be 

used:  

 

      𝑺𝒊 =  
𝑽𝑫𝑪

𝑳𝒅.𝑰𝑫𝑪
      (23) 

Where 

𝑉𝐷𝐶   is the pole DC voltage in kV  

𝐼𝐷𝐶   is the nominal DC current in A   

𝐿𝑑   is the DC side inductance in H  

The current slope factor corresponds to the rising time of the current compared to the 

nominal current. A slope factor of 0,5 is recommended in designing a station, which means that in 

case of a DC short circuit behind the rectifier’s smoothing reactor the current will rise within 5 ms by 

2,5𝐼𝐷𝐶 . 

𝐿𝑑  corresponds to the total DC side inductance and also accounts for the transformers’ reactance. 

Since 4 transformers windings are connected to a 12 pulse converter, their combined reactance has 

to be removed from the calculated inductance in order to find the size of the smoothing reactor. 

The ripple in the DC line voltage is directly calculated from the waveform of the converter 

and the DC filter characteristics. For an ideal 12 pulse converter, the ripple frequency is a 

combination of 12f and multiples of 12f with f the characteristic frequency of the AC system. The 

current ripple is then at most: 

∆𝐼 =  
∆𝑉𝐷𝐶

𝐿𝑑 . 12.𝜔
 

Where ∆𝐼 is the DC line current ripple in A, ∆𝑉𝐷𝐶  the DC line voltage ripple in V and 𝐿𝑑  the DC side 

inductance in Henry. 
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4.4.2 Application: 

Using a current slope factor of 0.5, the equation becomes: 

𝐿𝑑   𝑖𝑛 𝐻 =  
2.𝑉𝐷𝐶   𝑖𝑛 𝑘𝑉 

𝐼𝐷𝐶   𝑖𝑛 𝐴 
= 𝐿𝑆𝑚𝑜𝑜𝑡 𝑖𝑛𝑔  𝑟𝑒𝑎𝑐𝑡𝑜𝑟 +  𝐿𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟𝑠 = 0.64𝐻 

The reactance of the transformer needs to be chosen in order to determine the reactance of the 

smoothing reactor. A typical value for each transformer’s reactance is 0.15 per unit, with the per unit 

base chosen as the voltage on the valve side of the transformer for an ideal converter, divided by the 

DC current flowing into the transformer. Since they are single phase 2 windings transformers, 4 of 

them are connected to the whole bipole. Therefore the total reactance of the transformers is equal 

to 4 times the single transformer reactance. 

The base value for the DC line current is I = Pdc/Vdc= 4000/800 = 5kA 

However, this corresponds to the sum of the current on the positive and negative poles. The actual 

current flowing into each transformer is only half of this value and Idc = 2 500 A. 

The voltage on the valve side of the transformer in an ideal converter can be computed as a function 

of the dc voltage and the minimum firing angle and with a leakage reactance of 0,15 as per 5.2.2 

𝑉𝐷𝐶 ,12 =
6 2

𝜋
𝑉𝐿𝐿 cos 𝛼  

With a typical firing angle of 15°, the transformer valve side voltage is equal to: 

𝑉𝐿𝐿 =
𝜋

6 2 cos 𝛼 
𝑉𝐷𝐶 ,12 = 307 𝑘𝑉 

The total inductance accounting for all the transformers reactance’s is then calculated as 195 mH. 

The smoothing reactance is then 444 mH, of which one half shall be placed on the High Voltage DC 

line and half on the return path. 

4.5 Reactive power compensation  

4.5.1 Reactive power needed [14] 

As have been seen in the valve paragraph, an HVDC converter station needs reactive power 

compensation in order to be able to transmit active power. This section describes how to determine 

the needed reactive power compensation for an HVDC installation as well as its segmentation into 

reactive power banks. 

If the converter power losses are neglected the power factor of the station becomes:  

    𝐜𝐨𝐬(𝝋) = 𝐜𝐨𝐬 𝜶 −
𝑿𝒑𝒖

𝟐
     (24) 

with 𝑋𝑝𝑢  the leakage inductance of the transformers in pu. 

The total reactive power consumed by the HVDC converter station Qstation is then 

[14]  𝐐𝐬𝐭𝐚𝐭𝐢𝐨𝐧 = 𝐏𝐃𝐂 𝐭𝐚𝐧 𝝋 = 𝐭𝐚𝐧(𝒄𝒐𝒔−𝟏  𝐜𝐨𝐬 𝜶 −
𝑿𝒑𝒖

𝟐
 )    (25) 
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Where PDC  is the rated active power transmitted through the HVDC converter station. 

Since it is a bipole, the reactive power compensation must be divided between the two bipoles. 

However this total reactive power compensation must be further divided in order to take into 

account the problem of the voltage step change. 

When a reactive power bank is switched on or off, the total reactive power at the AC bus changes, 

which implies that the voltage at the AC bus suddenly rises.  

As a first approximation we can use the Ullman estimation: 

     𝜟𝑽 =  
𝑸𝒔𝒘𝒊𝒕𝒄𝒉

𝑺𝑪𝑳−𝑸𝒔𝒕𝒂𝒕𝒊𝒐𝒏
      (26) 

This equation defines the maximal size of the capacitive bank with respect to the allowed step in 

voltage (usually 5%). 

𝑄𝑠𝑤𝑖𝑡𝑐  = 𝛥𝑉𝑚𝑎𝑥 . (𝑆𝐶𝐿 − 𝑄𝑠𝑡𝑎𝑡𝑖𝑜𝑛 ) 

4.5.2 Application: 

The minimum short circuit levels found in Xingu and Rio respectively are: 

 SCC  min ;Xingu = 15282 MVar                              SCC  min ;Rio = 15738 MVar 

The application must take into consideration the fact that another bipole is already connected at 

Xingu station and therefore, the impact of switching on a capacitive bank on voltage must consider 

the total reactive compensation of the two stations. 

With a leakage reactance of the transformers of 0.15 pu, a firing angle at rated power of 15° and an 

extinction angle of 17° at rated power. 

Qstation  Xingu = 2039 MVar                                Qstation  Rio = 2066 MVar  

The maximum equivalent compensation bank size for a maximum 5% voltage step is then: 

Qbank  Xingu = 560,2 MVar                                   Qbank  Rio = 683,6 MVar  

For both stations, the minimum number of compensation banks is 4. The filter design shall use this 

number to determine the ideal design. 

 

4.6 AC harmonic filter design  

4.6.1 Harmonic Generation and characteristic harmonics 

The waveform of an HVDC converter contains harmonics which have to be filtered so that it doesn’t 

impact too much the quality of the power transmitted in the AC system. 

The harmonics of an ideal converter can be calculated using Fourier transformation at the inverter: 

𝐼𝑛 =
1

2𝜋
 𝐼 𝑡 cos(𝑛𝑡)

2𝜋

0

𝑑𝑡 
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If we suppose that the current in the DC line is perfectly flat, the characteristic harmonics can be 

computed.  

If the ideal converter without overlap angle were considered, the typical current would be: 

At the Y/Y winding:  

𝐼 =
2 3

𝜋
𝐼𝑑𝑐 (cos 𝜔𝑡 −

1

5
. cos 5𝜔𝑡 +

1

7
cos 7𝜔𝑡 −

1

11
cos 11𝜔𝑡 +

1

13
cos 13𝜔𝑡 … ) 

At the Y/𝛥 winding: 

  

𝐼 =
2 3

𝜋
𝐼𝑑𝑐 (cos 𝜔𝑡 +

1

5
. cos 5𝜔𝑡 −

1

7
cos 7𝜔𝑡 −

1

11
cos 11𝜔𝑡 +

1

13
cos 13𝜔𝑡 … ) 

The 12-pulse configuration uses two AC currents with similar amplitude and a phase shift of 30° to 

cancel out half of the harmonics.The final current wave can be expressed for the total ideal 12 pulse 

converter as: 

[28]   𝑰 =
𝟒 𝟑

𝝅
𝑰𝒅𝒄(𝐜𝐨𝐬(𝝎𝒕) −

𝟏

𝟏𝟏
𝐜𝐨𝐬 𝟏𝟏𝝎𝒕 +

𝟏

𝟏𝟑
𝐜𝐨𝐬 𝟏𝟑𝝎𝒕 … )    (27) 

The main harmonics created by a 12-pulse converter are  12 ∗ 𝑛 ± 1  times the nominal frequency on 

the AC side and 12 ∗ 𝑛 on the DC side.  

Of course the overlap time must be considered when designing a real converter. Its main impact is to 

make the amplitude of the harmonic current depending on the current. 

The harmonic current amplitude can then be calculated this way : 

[28]  𝑰𝒏 =
𝟐 𝟔

𝝅𝒏

𝑽𝒗

𝑽𝑳

 
𝐬𝐢𝐧²( 𝒏−𝟏 

𝝁
𝟐)

(𝒏−𝟏)²
+
𝐬𝐢𝐧²( 𝒏+𝟏 

𝝁
𝟐)

(𝒏+𝟏)²
−𝟐

𝐬𝐢𝐧( 𝒏−𝟏 
𝝁
𝟐)𝐬𝐢𝐧( 𝒏+𝟏 

𝝁
𝟐)𝐜𝐨𝐬(𝟐𝜶+𝝁)

 𝒏−𝟏 (𝒏+𝟏)

𝐜𝐨𝐬 𝜶 −𝐜𝐨𝐬(𝜶+𝝁)
    (28) 

Harmonic filter design must provide the total system with sufficient damping for all harmonics, but 

also dispatch the filters into capacitive banks so that the power transmitted by the station remains 

within the limits defined as the AC system harmonics requirements. 

One additional constraint to enhance the reliability of the station is that it must follow the N-1 rule: 

in case one bank of filters experiences a failure, the total remaining filters must still be able to 

provide sufficient damping without it. 

4.6.2 Non characteristic harmonics [29] 

However, in addition to these harmonics, non characteristic harmonics may appear because of 

transformer windings unbalance (5th, 6th and 7th harmonics) or because of negative sequence (2nd and 

3rd harmonics) in the AC infeed.  

As a consequence, the spectrum of harmonics is continuous. Non characteristic harmonics are 

generally lower than the characteristic harmonics and high order harmonics (>25) are generally 

neglected. However for low order harmonics (especially the third and fifth harmonics), harmonics 

can still be in the same range of value than the actual characteristic harmonics. 
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The resonance frequency of the AC system can be approached as: 

𝑛 =  
𝑆𝑐𝑐 ;𝑚𝑖𝑛

𝑄
 

With 𝑆𝑐𝑐 ;𝑚𝑖𝑛  the minimum short circuit power of the Ac network and Q the total installed reactive 

power. If n < 3.3, a 3rd harmonic filter may be required to damp this low frequency resonance that 

would otherwise increase negative sequence in the AC system due to phase unbalance. 

In order to compute precisely the harmonics currents generated due to non idealities of the HVDC 

converter and its AC infeed, more knowledge about the construction precision of the transformer 

and the characteristics of the AC system are required. Since these information are not available, the 

assumption shall be made that they follow Cigré Technical Brochure n°65 [29]. The assumptions that 

are made are therefore a 1% precision of the transformer reactance, a 0.1° precision in firing angle of 

the valves and a 5% precision in the AC voltage of each phase. 

4.6.3 Harmonic requirements 

AC harmonic distortion can have serious consequences on equipment connected to the station, such 

as overloading of capacitor banks, interferences with electronic circuit or with telecommunication 

system, or overheating of electrical machines due to induced eddy currents in their windings.  

The general system requirements are indicated hereafter: 

Harmonic order h
Harmonic voltage 

(%)
Harmonic order h

Harmonic 

voltage (%)

Harmonic 

order h

Harmonic 

voltage (%)

5 2 3 2 2 1.4

7 2 9 1 4 0.8

11 1.5 15 0.3 6 0.4

13 1.5 21 0.2 8 0.3975

17 1 >21 0.2 10 0.35

17 < h < 50 1.2*17 / h 21 < h < 50 0.2 10 < h < 50
0.19*10 / h + 

0,16

EVEN HARMONICSODD HARMONICS MULTIPLE OF 3ODD HARMONICS NON MULTIPLE OF 3

Total harmonic distortion limit (THD) : 3%

  

Figure 19 Table 5 Total Harmonic Distortion Limits 

As can be seen these requirements concern voltage harmonics. To convert the obtained harmonic 

current described in the past section into voltage harmonics, we need to know the equivalent 

impedance of the AC system related to the considered harmonics. As the AC system can experience 

many changes due to disconnection of any of the load or generation or line in the system, the AC 

harmonic impedance is described by an area. This area is often very complex to describe exactly and 

is approximated with conservative areas. For the design of Bipole 2, only the minimum and maximum 

values of the angles, modules, resistance and reactance were used for the design of each harmonic 

impedance.  
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Figure 20 11th and 13th Harmonic Impedance loci for Xingu station 

The maximum and minimum value of the reactance result in a plateau, the maximum and minimum 

value of the resistance also define a limit. The maximum and minimum angles define the sets of line 

that originate from zero and finally the round shaped parts of the curve correspond to a limit of 

maximum impedance. 

4.6.4 AC harmonic filters [30] 

AC filter are designed to comply with the rules set for the authorized harmonic distortion coming 

from the converter station. Filters either belong to the tuned or to the damped category.  

Tuned filters only damp a sharp range of frequency and thus they produce fewer losses than damped 

filters for the same amount of reactive compensation. However, they are weak to detuning effects: 

errors in capacitances or inductances, variations to either temperature or frequency will affect their 

performance since they are precisely tuned to damp one frequency. 

Damped (high-pass or C type) filters will be preferably used when the AC system is likely to undergo 

such variations. Their larger damping makes them suitable to high frequency filters (typically 24th and 

36th harmonics). However, since they are not as sharp as tuned filters, there reactive power ratings 

may have to be higher than for tuned filters to comply with THD limitations. 

Double or triple tuned filter are less costly compared to single-tuned filter, since there is only one 

high capacitance for two frequency damping. However, this also means less produced reactive power 

and lower damping at each tuned frequency. 
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C type filters enable to have negligible losses at fundamental frequency, at the cost of a resistance 

sensitive to detuning effects. They are used for high power installations in combination with high 

pass filters, in order to provide low frequency damping. 

Figure 21 Different types of AC harmonic filters 

As an example, the description of the single tuned filter will be made here. The remaining filters 

equations shall appear in appendix, as well as their design procedure. The single tuned filter is 

composed of an inductor, a capacitor and a reactor. 

The reactor inductance increases with the frequency and the capacitor’s decreases with the 

frequency. Since both are series connected, the minimum impedance reached for a single 

frequency, called resonant frequency as presented in Figure 21. 

Its impedance equals: 

𝑍 = 𝑅 + 𝑗(𝐿𝜔 −
1

𝐶𝜔
) 

Since the resistance does not depend on the frequency, the minimum impedance is reached 

when the reactance equals 0: 

𝑗  𝐿𝜔𝑟 −
1

𝐶𝜔𝑟
 = 0 

Which implies: 

𝜔𝑟 =
1

 𝐿𝐶
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Figure 22 Impedance of a single tuned filter tuned to 11th harmonic 

At this frequency, the current will preferably flow in the filter rather than in the AC circuit whose 

impedance is bigger. Therefore, the filter acts as cut band filter. 

4.6.5 Optimal filter combination determination 

The major issue encountered when optimizing AC (and DC) filters lays in the interdependence of 

the filters. Since they are parallel connected, every filter must both be able to complete its task when 

no other filter bank is connected but also when a certain number of other filter banks are connected. 

If the banks are not composed of the same filters, then the design becomes complicated since adding 

a new bank means changing the overall resistance of the filters. In order to provide a optimized 

series of filter banks, the bank that must operate alone has to be first determined for its range of 

power and only then the second that is to be connected when the power transmitted becomes big 

enough. It is then possible to avoid that adding another bank will result in causing a resonance that 

the filters have not been designed to manage. 

For each bank, the same problem occurs and the filters of one bank have to be designed as a 

whole since they will always be parallel connected. The optimization process to determine the best 

configuration at each station therefore calculates the total impedance of the first compensation bank 

and matches this impedance with the worst possible configuration of the AC system. The Total 

Harmonic Distortion is then computed, and the optimization algorithm optimizes the first filter bank 

in order to minimize its total cost (investment plus actualised losses), provided that Harmonic 

Distortion remains below the defined threshold.  

Using the value of this first bank as parameters, the second bank can then be designed and so 

on for the next banks. When the entire compensation bank is designed, the cost and losses are 
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assessed. In order to evaluate the harmonic filter losses, since the system impedance is ever 

changing, the reference is taken as the worst possible losses occurring for each harmonic. This 

maximal loss is computed from the limitations in the system harmonics and the actual impedance of 

the filter. A better filter could be obtained if the load curve of the link was known, however this 

optimization based on minimizing the maximum losses already provides excellent result as for the 

loss results. 

4.6.6 Harmonic filter design 

4.6.6.1 Data used in the design process 

The data used relies both on the system studies already made for bipole 1 and 2 and on the data 

already designed for bipole 1. Since not all the design of the station is presented here, the missing 

element shall be taken from bipole 1 or as typical values for an HVDC project.  

The main data used in the design of harmonic filters is grouped in the following table: 

 Value Unit 

Data   

Rated DC power transmitted 
from Xingu to Rio 

4000 MW 

Rated DC power transmitted 
from Rio to Xingu 

3270 MW 

Minimum Short Circuit Level in 
Xingu 

15282 MVar 

Minimum Short Circuit Level in 
Rio 

15738 MVar 

Transformer leakage reactance 0.2 Per unit 

Firing angle 𝛼 at rated power 15 ° 

Extinction angle γ at rated 
power 

17 ° 

Table 6 Data used for harmonic filter design 

The system is supposed to function at V = 800 kV with a DC line current of Idc = 2500 A. The value 

considered for the transformer leakage reactance as well as the firing and extinction angles are  

4.6.6.2 AC Harmonic calculation 

The AC Harmonics are computed at both stations using the value computed for the firing and 

extinction angle. As can be seen the maximum value for the harmonic current is 68A in Xingu, which 

corresponds to an harmonic distortion of 2,7% since the DC current is 2500 A. As can be observed 

when comparing both graphs, the higher extinction angle at Terminal Rio station is responsible for a 

higher harmonic current generated of 74A for the 11th harmonic. 
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Figure 23 Characteristic Harmonic Currents at Xingu Station 

 

Figure 24 Characteristic Harmonic Currents at Terminal Rio Station 
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At Terminal Rio station, due to the higher control angle (due to the fact that inverters have higher 

angles than rectifiers), the overlap angle is also larger and therefore higher harmonic currents occur. 

4.6.6.3 AC Harmonic filter design 

From the equation in 5.5.2 it is found: 

SCC  min ;Xingu = 15282 MVar so: n =  
Scc

Q
= 2.67 < 3.3  

SCC  min ;Rio = 15738 MVar so: n =  
Scc

Q
= 2.82 < 3.3  

Therefore, 3rd harmonic filter should be designed to provide damping to avoid increasing negative 

sequence in the AC system. Ac systems have to be balanced in order to avoid losses but also in order 

to protect the three-phase machine connected to them. To design precisely the filters, a range of the 

harmonic current is however necessary. The CIGRE has proposed a calculation for different variation 

from ideal conditions for a 12 pulse converter. This included a negative sequence input from the AC 

system, a difference in leakage reactances of the transformers and a different firing angle for each 

valve. Since the information on the AC system and the equipment lacks, it will be assumed that the 

conditions described by the Cigré are standard conditions and can therefore be used in this 

estimation. 

The optimization can then be achieved. One filter of each type is considered in the total design. Since 

typical interesting characteristics of the filters will occur when they are designed to damp the 

characteristic harmonics, the filters are pre-set to damp characteristic harmonics according to the 

following table. Since each bank is of the order of 500 MVar, the MVar rating for each filter was set 

to 100 MVar in this pre set. The final banks impedances are plotted on the following graph. As can be 

seen, when the total number of bank increases the total impedance of the filter banks decrease, as 

the number of paralleled filters increases. 

Filter Harmonic order 
to which it is 
tuned 

Values for the 
capacity (µF) 

Values for the 
reactances (mH) 

Values of the 
resistors (Ω) 

Single tuned 11 1,05 55,26 1146 

Double tuned 13;24 1,06;2,72 21,34;8,28 710; 710 

Triple tuned 12;24;36 1,05;1,44;2,34 16,84;18,54;3,48 1209;8635;356 

High pass second 
order 

12 1,05 46,4 210000 

C type filter 3 8,49;1,06 828,93 23150000 
Table 7 Pre set values for the filters of Xingu and Terminal Rio stations. 

Xingu station 

It occurs conveniently when the harmonic currents increase in the system. Another important 

feature can be observed is that not all filters are designed to counter the same harmonics. The first 

bank  focuses more on reducing the nominal current input since harmonics are quite low.  
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Figure 25 Impedance of Xingu filter banks depending on the number of banks connected. 

The AC harmonic filter design is very efficient: the total maximal losses for a 12-pulse converter were 

computed and are plotted on the following graph.  

 

Figure 26 Max losses computation at Xingu station (for one 12 pulse converter) 
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The amount of maximal losses is 97,6 kW per 12 pulse, which means that the total losses in the 

station filters amounts to 195,2 kW which represents only about 5.10-3 % of the total power 

transmitted through the station. As can be seen, most of the power losses (66 MW) result from a 

part of the nominal frequency current entering the filter banks. However, the lower losses in the rest 

of the harmonics also result from the design of the filters (mostly 11th and 13th). The losses actually 

come from the resistive part of the filters and this resistive part has been avoided when the 

harmonic currents were too high. 

Figure 27 Phase of Xingu filters 

A plot of the phase of the harmonic filter can explain a part of these low losses. As can be seen on 

the graph, the argument of the filter impedance is for most of the harmonics orders close to minus  
𝜋

2
. 

A closer look at the filter show that the single tuned and high pass filters have not been used (their 

impedance is very large over the full range of frequency): the configuration uses one double tuned 

filter, which provides most of the reactive compensation (530 of 535 MVar) and one triple tuned and 

one C type filter (2,5 MVar each, except for the first bank), whose role is purely to filter harmonics.  

Terminal Rio station 

The final banks impedances are plotted on the following graph. As can be seen, when the total 

number of bank increases the total impedance of the filter banks decrease, as the number of 

paralleled filters increases. It occurs conveniently when the harmonic currents increase in the 

system.  

The AC harmonic filter design is very efficient: the total maximal losses for a 12-pulse converter were 

computed and are plotted on the following graph. As can be seen, most of the power losses result 

from a part of the nominal frequency current entering the filter banks. However, the lower losses in 
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the rest of the harmonics also result from the design of the filters. The losses actually come from the 

resistive part of the filters and this resistive part has been avoided when the harmonic currents were 

too high. A plot of the phase of the harmonic filter can explain a part of these low losses. As can be 

seen on the graph, the argument of the filter impedance is for most of the low order harmonics close 

to either plus or minus 
𝜋

2
 and for high order harmonics close to minus 

𝜋

3
. 

Figure 28 Impedance of Terminal Rio filter banks depending on the number of banks connected. 

Compared to Xingu station, the losses are a bit higher in Rio station, which corresponds to the fact 

that the maximum current in transmitted when Terminal Rio acts as an inverter and therefore when 

the angle is higher (typically here the value was taken as 17° where the rectifier angle of Xingu 

station was 15°). 
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Figure 29 Max losses computation at Rio station (for one 12 pulse converter) 

The losses in the filters for one 12 pulse converter are 97 kW, which means the losses still remain 

very low (the total loss for one station are about 5.10-3 %), with the maximum losses also occurring 

because of the current at nominal frequency.  

 

Figure 30 Phase of Terminal Rio filters 
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An interesting comparison shows that the harmonic impedance plays a very important role in the 

determination of the final losses. In fact the losses in Xingu result in a large proportion of the nominal 

frequency current flowing into the filters, while at Rio station, 11th and 13th harmonics losses are 

larger because of the larger harmonic content that has to be filtered. The harmonic impedance are in 

fact larger at Terminal Rio station and the filter’s design has to account for this change. 

To adapt the filters to a given system, a proper determination of the system impedance harmonic is 

therefore essential. 

A look at the filter shows that the single tuned and high pass filters have not been used (their 

impedance is very large over the full range of frequency): the configuration uses one double tuned 

filter, which provides most of the reactive compensation (510 of 516 MVar) and one triple tuned and 

one C type filter (3 MVar each, except for the first bank), whose role is purely to filter harmonics.  
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5 Performance measure and optimization 

5.1 Data and hypotheses 
The environmental data and some of the system data is taken from the bipole 1 project and summed 

up in the following table. 

 Value Unit 

Environmental data   

Tair 25 °C 

Mean Wind speed 2 m/s 

Altitude above sea level 0 M 

Direct Solar radiation 1000 W/m² 

Percentage of rain in year 25 % 

System data   

L 2520  Km 

Energy Cost 36,5 US$/MWh 

Expected lifetime of the link 30 Years 

Actualisation rate 8 % 

Loss factor 0.437  
Table 8 Environmental and System data from Bipole 1 

5.1.1 Hypotheses 

The models used for the cost evaluation rely on the experience of the Cigré. However the following 

assumptions were needed in order to complete the calculations: 

- The line is bipolar and carries 4000 MW from Xingu station to Terminal Rio station 

- Three different voltage levels are compared (500 kV, 600 kV and 800 kV) 

- Conductor numbers varying from 3 to 8 are compared and used for the loss and cost 

calculation 

- The station losses (for the two stations) were estimated to be 1,5% of the total power 

transmitted 

- The station costs are estimated through the Cigré n°388 cost function 

 𝐶 = 𝐿. 0,698.𝑉0.317 .𝑃0.557  

- The conductor data is supposed to be similar to that described in appendix 

- Environmental data are supposed similar for Bipole 1 and Bipole 2 installation since they 

share a common direction for 2000 km. 

- System data at Xingu station are supposed to be similar for Bipole 1 and 2 since the 

connection point is the same. 

 

5.2 Optimal conductor determination 

5.2.1 Results 

The results are presented in the following graphs. The first graph presents the 10 best conductors 

selected, with the loss factor considered in the calculation. As can be seen, the optimal voltage for 

the time scale considered and the energy price is 800 kV.  
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Figure 31 Optimal Conductors price comparison: various scenarii 

A different voltage level was used both for the Itaipu and Rio Madeira projects, 600 kV. However, the 

voltage for Bipole 1 was selected as 800 kV. Additional curves are traced in order to assess the 

sensitivity of these costs to electricity cost and lifetime evaluation.  

The best configuration suitable to a 800 kV installation utilizes 3 Joree conductors per pole, for an 

investment cost of 1556 MUS$ and total transmission losses (including station losses) of 154,9 MW. 

However, this configuration remains optimal only if the electricity price does not change, since 

annualized losses use the same number to predict the cost of losses over 30 years. If the electricity 

cost were 15% lower the third configuration, using 4 Joree cables (which possess larger conductor 

cross section and therefore have lower losses), becomes more advantageous.  

If the electricity cost decreases even more, then a 600 kV installation might become better. As a 

matter of fact, the combined increasing electricity consumption and the droughts make the energy 

cost soar and an energy increase of 70% is foreseen for the sole year 2015 but due to the 

development of large hydropower station, the cost might drop in the future and therefore an 

eventual decrease should be considered. 

Moreover the lifetime considered in this project is quite low since the dam itself is built to last much 

more (for instance, the Itaipu dam has been installed for more than 30 years and is still in operation 

today). 

 

1700,0

1750,0

1800,0

1850,0

1900,0

1950,0

2000,0

3 Joree 
800kV

4 Kiwi 
800kV

4 Thrasher 
800kV

4 Bluebird 
800kV

4 Joree 
800kV

3 Thrasher 
800kV

4 Chulkar 
800kV

5 Lapwing 
800kV

3 Kiwi 
800kV

3 Bluebird 
800kV

To
ta

l c
o

st
 in

cl
u

d
in

g 
lo

ss
es

 (M
$

)
Comparison of the 10 cheapest configuration and sensitivity to energy 

cost and lifetime

Total cost including 
annualized losses (M$)

Total cost with lifetime 
+ 5 years

Total cost with lifetime 
- 5 years

Total cost with Energy 
Cost +5%

Total cost with Energy 
Cost -5%

Total cost with Energy 
Cost +15%

Total cost with Energy 
Cost -15%



68 
 

Another factor that must be considered is the fact that the utilization factor of the link is quite low. 

This corresponds to the fact that the Belo Monte dam cannot produce at rated power the whole year 

but only produces this much power during the rainy season. If this low load factor (and the 

consequent low loss factor) were brought back to much casual values, the losses would weigh more 

in the final selection for conductors and therefore an 800 kV installation would be even more 

justified as the losses could become higher. 

The configuration using 3 Joree conductors at 800 kV is therefore confirmed as a solid candidate for 

the line, for a total cost including actualized losses of 1848 M$ 
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6 Conclusion 

6.1  Summary of the final design 
In this report it was possible to determine the main parameter governing this HVDC interconnection. 

The following figure recapitulates the different design parameters obtained with this report. 

 

Figure 32 Belo Monte Bipole 2, elements of basic design 

The purpose of this report, which was to provide key elements of design for an HVDC 

interconnection, has been fulfilled since the major elements (valves, transformers, harmonic filters, 

conductors and smoothing reactor) have all been given a first basic estimation. 

The first chapter decided on the main technology choices for the station as well as the link while the 

second chapter detailed the conductor selection and gave indications for the line path and the third 

chapter gave structural indication as how to build the harmonic filters in the station. 

However the design of an HVDC project lies on more in depth studies that have not been developed 

here but are likely to appear in a further stage of the design process, a basic design has been able to 

be determined and can provide elements for a feasibility study. 

6.2 Future work 
While the results presented here merely detail the technology choice, the conductor selection as well 

as the harmonic filter design, a more detailed analysis would be required to provide a first design of a 

real HVDC station and was not presented here out of confidentiality agreement. What could be 

improved much in this work is a more precise determination of the required parameters (which 

would require a better calculator and also a longer time scale) but also a reliability assessment of the 

final link depending on the choices made through this design.  
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Appendix: Filter Calculations 
 

Single Tuned filter 

V = phase voltage 

ωr = resonnant frequency =
1

 LC
   

hr = inverse resonnant frequency harmonic order =   ω ωr  

Q =  Quality factor =
ωrL

R
 

Qfilter ,ph = MVA at nominal frequency per phase 

Z = filter impedance =  
hr

4+Q2(hr ²−1)2

Q2ω2C2  

Qfilter ,ph =
V

Z2ωC
 

And finally: 

C =
Qfilter ,ph

V²
 

hr
4 + Q2 hr² − 1 2

Q2ω
  

L =
1

Cωr
2 

R =
ωrL

Q
 

 Double tuned filter 

V = phase voltage 

ωr1 = first resonnant frequency  

ωr2 = first resonnant frequency  

ωp = parallel frequency =
1

 L2C2
   

Taking ωp =  ωr1ωr2 

 

Z = filter impedance =
−j

ωC1
+ jω

L1R1

R1 + jωL1
+ jω

L2R2

R2 1 − L2C2ω2 + jωL2
 

Z =
R1

1 + (
R1
ωL1

)²
+

R2

1 + (R2. (
1

ωL2
− C2ω))²

+ 𝑗(
−1

ωC1
+

ωL1

1 +  
ωL1
R1

 
2 +

ωL2

 
1

ωL2
− C2ω +

1

R22  
1

ωL2
− C2ω 

) 

Double tuned Filter 

Single tuned Filter 
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Qfilter ,ph =
V

Z2ωC
 

And finally: 

C1 =
Qfilter ,ph

V²
 1 −

1

ωr1²
−

1

ωr2²
+

1

ωp ²
  

L1 =
ωp

2

C1ωr1
2ωr2

2 

C2 =
1

L2ωp ²
 

Triple tuned filter 

V = phase voltage  

ωr1 = first resonnant frequency  

ωr2 = first resonnant frequency  

ωr3 = first resonnant frequency 

ωp1 = first parallel frequency =
1

 L2C2
  

ωp2 = second parallel frequency =
1

 L3C3
  

Qfilter ,ph = MVA at nominal frequency per phase 

Z =
R1

1 +  
R1
ωL1

 
2 +

R2

1 +  R2.  
1

ωL2
− C2ω  

2 +
R3

1 +  R3.  
1

ωL3
− C3ω  

2 + 

        𝑗(
−1

ωC1
+

ωL1

1+ 
ωL1

R 1
 

2 +
ωL2

 
1

ωL2
−C2ω +

1

R 22 
1

ωL2−C2ω 

+
ωL3

 
1

ωL3
−C3ω +

1

R 32 
1

ωL3−C3ω 

) 

C1= 
Q filter ,ph

V2ω
.  1 −

1

ωr1²
−

1

ωr2²
−

1

ωr3²
+

1

ωp 1²
+

1

ωp 2²
   

L1=
1

C1
.  

ωp 1ωp 2

ωr1ωr2ωr3
 ² 

L2=
(ωr1ωr2)²+(ωr1ωr3)²+(ωr3ωr2)²−(ωr1ωp 1)²−(ωr2ωp 1)²−(ωr3ωp 1)²−(

ωr1ωr2ωr3
ω p 1

)²+ωp 1
4

C1. 
ωr1ωr2ωr3

ω p 2
 

2

.(ωp 2
2 −ωp 1

2 )

 

C2=
1

L2ωp 1
2  

L3=
(ωr1ωr2)²+(ωr1ωr3)²+(ωr3ωr2)²−(ωr1ωp 2)²−(ωr2ωp 2)²−(ωr3ωp 2)²−(

ωr1ωr2ωr3
ω p 2

)²+ωp 2
4

C1. 
ωr1ωr2ωr3

ω p 1
 

2

.(ωp 1
2 −ωp 2

2 )

 

Triple tuned Filter 
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C2=
1

L3ωp 1
2  

 

High pass second order filter 

V = phase voltage 

Qfilter ,ph = MVA at nominal frequency per phase 

Qfilter ,ph =  V2ωC

ωL 1 +  
ωL
R  

2

 

LCω2 − 1 −  
ωL
R
 

2 

Z =
1

jCω
+ (

1

R
+

1

jLω
)−1 =

R

1+ 
R

ωL
 

2 +  j(
ωL

1+ 
ωL

R
 

2 −
1

ωC
) 

And finally: 

C =
Qfilter ,ph

V2ω
 

L =
1

Cωr
2

 

R =
ωrL

Q
 

C type filter 

 

V = phase voltage  

ωr = resonnant frequency =
1

 LC
   

Q =  Quality factor = R 
C

L
 

Qfilter ,ph = MVA at nominal frequency per phase 

Z = filter impedance =
1

jC1ω
+ (

1

R
+

1

jLω +
1

jC2ω

)−1 =
R 1 − LC2ω2 (−jωRC2 + 1 − LC2ω2)

 RC2ω 2 + (1 − LC2ω2)²
−

j

C1ω
 

The principle of the C filter is that the resistance in shunt at nominal frequency.  

Therefore : 

𝐿𝐶 =
1

ω0²
 

High Pass Filter 
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The resonant frequency is reached when the reactance 

of the filter becomes zero. 

Qfilter ,ph =  V²ω 

 

And finally: 

C =
Qfilter ,ph

V2ω
 

L =
1

Cωr
2 

R =
ωrL

Q
 

  

C Type Filter 



75 
 

Bibliography 
 

[1] Internet site: http://ec.europa.eu/, last consulted on the 28/06/2015   

[2] Internet site: http://www.geglobalresearch.com/, last consulted on the 28/06/2015  

[3] Internet site: https://www.itaipu.gov.br/,last consulted on the 1/07/2015 

[4] Internet site: http://new.abb.com/systems/hvdc/references/rio-madeira), last consulted on the 

2/07/2015 

[5] « Estudos Para A Licitação Da Expansão Da Transmissão : Expansão Da Interligação Entre As 
Regiões Norte/Nordeste E Sudeste/Centro-Oeste Elo De Corrente Contínua ± 800 Kv Xingu –Terminal 
Rio », Ministério de Minas e Energia, 30 October 2014 
[6] « Aneel Anexo 6ab – Lote Ab- Bipolo Hvdc Xingu - Estreito Conversoras E Lt-Cc Xingu – Estreito », 
Aneel, Edital De Leilão No 011/2013 
[7] « Fortaleza : population density of Brazil », Britannica Online Encyclopedia, 2012 

[8] «Introduction to HVDC LCC & VSC – Comparison» Dr Radnya A Mukhedkar, Alstom, 2011 

[9] «Voltage Source Converter (VSC) HVDC for Power Transmission – Economic Aspects and 

Comparison with other AC and DC Technologies», CIGRE Brochure 492, 2012 

[10] «Voltage Source HVDC – Overview» Mike Barnes & Tony Beddard, Sintef conference at 

Manchester University, 2012 

[11] «Third-party damage to underground and submarine cables », Christian Jensen et al., Cigré 

brochure 398, 2009 

[12] « The ABCs of HVDC Transmission Technologies », Michael P. Barman & Brian K. Johnson, ABB, 

2007 

[13] « General Overview of HVDC Transmission System » HVDC Training from sari-energy, 2011 

[14] « HVDC Connecting to the future », Carl Baker et al., Alstom Grid, 2011 

[15] « A survey of the reliability of HVDC systems throughout the world during 2011-2012 », Cigré B4-

117, 2014 

[16] « HVDC Ground Electrode Design», EPRI, 1981 

17] « High voltage overhead lines. Environmental concerns, procedures, impacts and mitigations », 

Cigré n°147, 2009 

[18] «Geotechnical Aspects Of Overhead Transmission Line Routing - An Overview » 

[19] «RIMA Relatorio de Impacto Ambiental Belo Monte Transmissora de Energia SPE S.A», BMTE, 

January 2015 

 [20] «Design Criteria of Overhead Transmission Lines», IEC 60826 

[21]« Corona losses in HVDC Bipolar Lines», U. Corbellini and P. Pelacchi, IEEE, 1996 

[22] « Guide For Thermal Rating Calculations Of Overhead Lines », Cigré n°601, 2012 

[23] « Electromagnetic performance of high voltage direct current (HVDC) overhead transmission 

lines », IEC 62681, 2014 

[24] « Impacts of HVDC Lines on the Economics of HVDC Projects », Cigré n° 388, 2008 

[25]« HVDC Converter Transformers - Design review, test procedures, ageing evaluation and reliability in 

service », Cigré n° 406, 2010 

*26+“Power Transmission and Distribution High Voltage Direct Current Transmission Proven 

Technology for Power Exchange”, Siemens, 2005 

[27] “HVDC Transmission: Power Conversion Applications in Power Systems”, Chan-Ki Kim et al., 

2009, John Wiley & Sons 

http://ec.europa.eu/clima/policies/package/index_en.htm
http://www.geglobalresearch.com/
https://www.itaipu.gov.br/
http://new.abb.com/systems/hvdc/references/rio-madeira


76 
 

[28] « Determination of power losses in high-voltage direct current (HVDC) converter stations with 
line-commutated converters », IEC 61803, 2011 
[29]« AC Harmonic Filters And Reactive Compensation For Hvdc With Particular Reference To Non-
Characteristic Harmonics », Cigré n° 65, June 1990 
*30+“High-voltage direct current (HVDC) systems – Guidebook to the specification and design 
evaluation of A.C. filters”, IEC 62001/TR ,2009 
[31] IEEE Spectrum magazine, Narain G. Hingorani,1996  



77 
 

Source of figures 
Here are the sources for the figures used in this report. The figures have all been selected in June and 

July 2015. 

1) http://www.hydroworld.com/  
2) « Estudos Para A Licitação Da Expansão Da Transmissão : Expansão Da Interligação Entre 
As Regiões Norte/Nordeste E Sudeste/Centro-Oeste Elo De Corrente Contínua ± 800 Kv Xingu 
–Terminal Rio », Ministério de Minas e Energia, 30 October 2014 
3) http://douradoquara.mg.gov.br/  

4) “Voltage Source Converter (VSC) HVDC for Power Transmission – Economic Aspects and 

Comparison with other AC and DC Technologies”, CIGRE Brochure 492, 2012 

5) https://c4.staticflickr.com 

6) http://www.inelfe.eu/ 

7 & 8) “Voltage Source Converter (VSC) HVDC for Power Transmission – Economic Aspects 

and Comparison with other AC and DC Technologies”, CIGRE Brochure 492, 2012 

10)http://douradoquara.mg.gov.br  
 12) « Estudos Para A Licitação Da Expansão Da Transmissão : Expansão Da Interligação Entre 
As Regiões Norte/Nordeste E Sudeste/Centro-Oeste Elo De Corrente Contínua ± 800 Kv Xingu 
–Terminal Rio », Ministério de Minas e Energia, 30 October 2014 
13) “Voltage Source Converter (VSC) HVDC for Power Transmission – Economic Aspects and 

Comparison with other AC and DC Technologies”, CIGRE Brochure 492, 2012 

14) http://www02.abb.com  

15) https://farm3.staticflickr.com/  

16 & 17) http://www.ieee-pes.org/  

 

 

 
  

http://www.hydroworld.com/content/dam/etc/medialib/new-lib/hrw/print-articles/vol-19/issue-2/48513.res/_jcr_content/renditions/pennwell.web.600.375.gif
http://douradoquara.mg.gov.br/
https://c4.staticflickr.com/8/7258/7648779178_ba57162bdb_h.jpg
http://www.inelfe.eu/?-Media-gallery-&lang=en&id_article=211
http://douradoquara.mg.gov.br/
http://www02.abb.com/global/gad/gad02181.nsf/0/e3c284c525195d08c12570ab0034c7c4/$file/12-pulse+converter+700x525.jpg
https://farm3.staticflickr.com/
http://www.ieee-pes.org/


78 
 

  



79 
 

 


