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Analysis of harmonic cross-modulation in HVDC line-
commutated converters for practical design purposes 

Summary 

The use of HVDC has many benefits over HVAC for some specific power transmission 

purposes. However, two major problems with HVDC links are that the converters produce 

harmonics and consume reactive power. Electrical filters are used to compensate for this 

and are a major cost driver of HVDC links. An accurate analysis of the modulation makes 

it possible to design an optimal filter solution in order to make the link financial viable. 

This report investigates how the complex cross-modulation phenomenon affects the 

harmonics. The investigation is limited to line-commutated converter technology (LCC) 

and excludes the newer voltage-source converter technology (VSC) for which the cross-

modulation behavior is very different and requires completely different analysis techniques. 

This report refers to several MATLAB programs. All of these have been developed by the 

author as part of this thesis work.  

The report starts by explaining analytically, with the help of switching functions, how 

harmonics are cross-modulated across line-commutated converters. It is then explained and 

shown how a MATLAB program, BOWSER, in the time-domain can be used to calculate 

accurate switching functions when the converter is supplied with a general voltage source 

and when the DC current contains ripple. After that it is explained and shown how a 

second MATLAB program, DONKEYKONG, can be created to model an HVDC link in 

the frequency domain by iterating BOWSER. The cross-modulation phenomena is then 

finally analyzed in the frequency domain with the help of DONKEYKONG. 

The result is that the cross-modulation phenomenon can be divided into two groups, 

affected by grid and DC-side impedance as well as the overlap angle variation. Which will 

affect the characteristic and non-characteristic harmonics in different ways. 

It was found that the characteristic harmonics are affected by the cross-modulation due to 

grid and DC-side impedance by up to 12 % and that low order non-characteristic 

harmonics can diverge up to 900 % when the converter was supplied with 1 % 

fundamental unbalance. It also showed that the non-characteristic harmonics have almost 

the same amplitude for all power transmission levels of the HVDC link. 

The report shows that the cross-modulation caused by the grid and DC-side impedance, 

which is sometimes ignored or treated in a simplified way, can affect the practical filter 

design a lot. It also shows step by step how the MATLAB programs are created 

Date: February 03, 2018 
Author(s): Casper Karlsson 
Examiner: Andreas Petersson (DNV GL) 
Advisor(s): Peter Axelberg (University West), Nigel Shore (ABB), Bernt Bergdahl (ABB) 
Programme name: Electrical Engineering, Electric Power Technology, 180 HE credits 
Main field of study: Electrical engineering 
Course credits: 15 HE credits 
Publisher: University West, Department of Engineering Science, S-461 86 Trollhättan, SWEDEN 
 Phone: +46 520 22 30 00, E-mail: registrator@hv.se, Web: www.hv.se  

mailto:registrator@hv.se
http://www.hv.se/


Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 iii 

Contents 

Preface i 

Summary ii 

Nomenclature v 

1 Introduction 1 

1.1 Background....................................................................................................................... 1 

1.2 Purpose and scope ........................................................................................................... 2 

1.3 Methodology ..................................................................................................................... 3 

2 Theory and conditions 5 

2.1 AC-voltages ...................................................................................................................... 5 
2.1.1 Ideal AC voltages ................................................................................................... 5 
2.1.2 General AC voltages .............................................................................................. 5 

2.2 Fourier analysis ................................................................................................................ 7 

2.3 Thyristor ............................................................................................................................ 8 

2.4 6-pulse line-commutated converter .................................................................................. 9 
2.4.1 Converter without commutation overlap............................................................... 10 
2.4.2 Converter with commutation overlap .................................................................... 12 

2.5 12-pulse converter .......................................................................................................... 14 

2.6 Ideal and non-ideal Impedances .................................................................................... 16 

2.7 Harmonics in converters ................................................................................................. 16 
2.7.1 Characteristic harmonics ...................................................................................... 16 
2.7.2 Non-characteristic harmonics ............................................................................... 18 

2.8 6-pulse converter modelled with switching functions ..................................................... 18 
2.8.1 Switching functions with no commutation period ................................................. 19 
2.8.2 Switching functions with known overlap angle ..................................................... 20 

3 Cross-modulation phenomena 23 

3.1 Modulation ...................................................................................................................... 23 
3.1.1 Modulation from AC-side to DC-side .................................................................... 23 
3.1.2 Modulation from DC-side to AC-side .................................................................... 25 
3.1.3 Modulation and overlap angle .............................................................................. 26 

3.2 Cross-modulation loops .................................................................................................. 27 
3.2.1 Cross-modulation loop in one converter .............................................................. 27 
3.2.2 Cross-modulation loop in a complete HVDC-link ................................................. 28 

3.3 Summary of the cross-modulation phenomena .............................................................. 29 

4 Theory BOWSER program 31 

4.1 Switching functions with general voltage source and general DC current ..................... 31 

4.2 12-pulse converter model ............................................................................................... 32 

4.3 Inputs to the program ..................................................................................................... 33 

5 The BOWSER program in MATLAB 35 

5.1 Build up ........................................................................................................................... 35 

5.2 Evaluation ....................................................................................................................... 36 
5.2.1 Verification using NONCHAR ............................................................................... 36 
5.2.2 Analytical verification ............................................................................................ 38 



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 iv 

6 Theory DONKEYKONG program 40 

6.1 Frequency domain model of a converter ........................................................................ 40 

6.2 Frequency domain model of HVDC link ......................................................................... 43 

6.3 Modified version of BOWSER ........................................................................................ 44 
6.3.1 Additions to BOWSER.......................................................................................... 45 
6.3.2 MATLAB model of the modified version of BOWSER .......................................... 46 

6.4 Calculating the transfer matrix ........................................................................................ 47 

7 The DONKEYKONG program in MATLAB 48 

7.1 Build up DONKEY program ............................................................................................ 48 

7.2 Build up KONG program ................................................................................................. 49 

7.3 Evaluation ....................................................................................................................... 49 
7.3.1 Evaluation of DONKEY ........................................................................................ 50 
7.3.2 Evaluation of DONKEYKONG .............................................................................. 51 

8 Sensitivity analysis of the cross-modulation effect 56 

8.1 Characteristic harmonics ................................................................................................ 58 
8.1.1 Ideal AC impedance ............................................................................................. 58 
8.1.2 Non-ideal AC impedance ..................................................................................... 59 

8.2 Non-characteristic harmonics ......................................................................................... 62 
8.2.1 Ideal AC impedance ............................................................................................. 62 
8.2.2 Non-ideal AC impedance ..................................................................................... 63 

9 Analysis and discussion 67 

9.1 Cross-modulation phenomena ....................................................................................... 67 

9.2 The BOWSER program .................................................................................................. 67 

9.3 The DONKEYKONG program ........................................................................................ 68 

9.4 Sensitivity analysis of the cross-modulation effect ......................................................... 69 

9.5 Future work ..................................................................................................................... 71 

10 Conclusions 72 

References 73 
 

Appendices 

A: Current characteristics during commutation in a LCC with an ideal voltage source and a 
constant DC current ...................................................................................................... A:1 

B: Yd11 transformer voltages and currents ....................................................................... B:1 

C: Current characteristics during commutation in a LCC with a general voltage source and 
DC current ..................................................................................................................... C:1 

D: Evaluation BOWSER ..................................................................................................... D:1 

E: Evaluation DONKEY ...................................................................................................... E:1 

F: Filter and grid configuration Feda .................................................................................. F:1 

G: Data from cross-modulation analysis ........................................................................... G:1 
 

  



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 v 

Nomenclature 

Glossary 
fft = Fast Fourier transform 

HVAC = High voltage alternating current 

HVDC = High voltage direct current 

ifft = Inverse fast Fourier transform 

KVL = Kirchhoff’s voltage law 

KCL = Kirchhoff’s current law 

LCC = Line commutated converter 

NPS = Negative phase sequence 

PPS = Positive phase sequence 

SLD = Single line diagram 

Symbols 

𝑎  = Transformation constant defined as 𝑒𝑖120°. 

𝑑𝑥  = Relative reactance of the converter transformer [p.u.].  

𝑓 = Fundamental frequency [Hz]. 

ℎ  = Harmonic order. 

𝑖  = Is an integer. 

𝑖𝑎  = Instantaneous line current for phase 𝑎 [A]. 

𝑖𝑏  = Instantaneous line current for phase 𝑏 [A]. 

𝑖𝑐  = Instantaneous line current for phase 𝑐 [A]. 

𝑖𝑑  = General DC current, i.e. contains ripple [A]. 

𝐼𝑑   = DC current [A]. 

𝐼𝑟  = Crest value of the DC current ripple [A] 

𝐼𝑑𝑁  = Base DC current [A]. 

𝑗  = Is an integer. 

𝑘  = Is an integer. 

𝐿  = Phase inductance from the transformer [H]. 

𝐿𝐷𝐶   = Smoothing reactor [H]. 

𝑚  = Is an integer. 

𝑛  = Is an integer. 

𝑁  = Transformer ratio.  

𝑠  = Sequence, NPS = -1, zero = 0 and PPS =1. 



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 vi 

𝑆𝑛  = Rated power of the converter transformer [VA]. 

𝑆𝑎𝑢  = Voltage switching functions for respective phase 𝑎. 

𝑆𝑏𝑢  = Voltage switching functions for respective phase 𝑏. 

𝑆𝑐𝑢  = Voltage switching functions for respective phase 𝑐. 

𝑆𝑎𝑖  = Current switching functions for respective phase 𝑎. 

𝑆𝑏𝑖  = Current switching functions for respective phase 𝑏. 

𝑆𝑐𝑖  = Current switching functions for respective phase 𝑐. 

𝑢𝑎  = Instantaneous phase-to-ground voltage for phase 𝑎 [V]. 

𝑢𝑏  = Instantaneous phase-to-ground voltage for phase 𝑏 [V]. 

𝑢𝑐   = Instantaneous phase-to-ground voltage for phase 𝑐 [V]. 

𝑢𝑑   = Instantaneous DC voltage [V]. 

𝑢𝑑
+  = DC voltage modulated from PPS AC voltages [V]. 

𝑢𝑑
−  = DC voltage modulated from NPS AC voltages [V]. 

�⃗� 𝑎𝑚  = Complex phase-to-ground voltage for phase 𝑎 at angular velocity 𝜔𝑚[V]. 

�⃗� 𝑏𝑚  = Complex phase-to-ground voltage for phase 𝑏 at angular velocity 𝜔𝑚[V]. 

�⃗� 𝑐𝑚  = Complex phase-to-ground voltage for phase 𝑐 at angular velocity 𝜔𝑚[V]. 

�⃗� −1𝑚  = Complex phase-to-ground voltage in NPS at angular velocity 𝜔𝑚[V]. 

�⃗� 0𝑚  = Complex phase-to-ground voltage in zero sequence at angular velocity 

𝜔𝑚[V]. 

�⃗� 1𝑚  = Complex phase-to-ground voltage in PPS at angular velocity 𝜔𝑚[V]. 

�⃗� 𝑠𝑚  = Complex phase-to-ground voltage in sequence 𝑠 at angular velocity 𝜔𝑚 [V]. 

�̂�𝑓  = Crest phase-to-ground voltage [V]. 

𝑈𝑎𝑐𝐿 = Line side phase-to-phase RMS voltage [V]. 

𝑈𝑑𝑖0 = No-load DC voltage per 6-pulse bridge [V]. 

𝑈𝑑𝑖0𝑁 = Base no-load DC voltage per 6-pulse bridge [V]. 

𝑉𝐴  = Potential at the top half of a 6-pulse converter [V]. 

𝑉𝐵  = Potential at the bottom half of a 6-pulse converter [V]. 

𝑋  = Phase reactance of the converter transformer [Ω]. 

[𝐸+,−]  = Thevenin equivalent voltage matrix in a frequency domain matrix [V]. 

[𝐻]  = Transformation matrix in the frequency domain. 

[𝐻𝑎]  = Phase current transformation matrix in the frequency domain for phase 𝑎. 

[𝐻𝑏]  = Phase current transformation matrix in the frequency domain for phase 𝑏. 

[𝐻𝑐]  = Phase current transformation matrix in the frequency domain for phase 𝑐. 
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[𝐻𝐶]  = Converter transfer matrix in the frequency domain. 

[𝐻𝑙𝑎𝑔]  = Turning matrix in the frequency domain, -120 degrees. 

[𝐻𝑙𝑒𝑎𝑑]  = Turning matrix in the frequency domain, +120 degrees. 

[𝐻𝑛]  = Transformation matrix in the frequency domain for NPS currents. 

[𝐻𝑃]  = Transformation matrix in the frequency domain for PPS currents. 

[𝐻+]  = Transformation matrix in the frequency domain for PPS voltages. 

[𝐻−]  = Transformation matrix in the frequency domain for NPS voltages. 

[𝐼]  = Unit matrx. 

[𝑈𝑎𝑐] = AC voltages in a frequency domain matrix [V]. 

[𝑈𝑑]  = DC voltages in a frequency domain matrix [V]. 

[𝑈𝑔𝑟𝑖𝑑,+,−]  = Background harmonics in PPS and NPS in the frequency domain [V] 

[𝑈+]  = PPS voltage matrix in the frequency domain [V]. 

[𝑈−]  = NPS voltage matrix in the frequency domain [V]. 

[𝑈+,−]  = PPS and NPS voltage matrix in the frequency domain [V]. 

[𝑌𝑑]  = DC admittance in a frequency domain matrix [S]. 

[𝑍𝑎𝑐]  = Thevenin equivalent impedance matrix in the frequency domain [Ω]. 

[𝑍𝑓𝑖𝑙𝑡𝑒𝑟]  = Filter impedance in a frequency domain matrix [Ω]. 

[𝑍𝑔𝑟𝑖𝑑]  = Grid impedance in a frequency domain matrix [Ω]. 

𝛼  = Firing angle [Rad]. 

𝛼𝑠𝑚  = The phase distortion for the sequence 𝑠 at angular velocity 𝜔𝑚 [Rad]. 

𝛼𝑎𝑚  = Phase distortion in phase 𝑎 at angular velocity 𝜔𝑚 [Rad]. 

𝛼𝑏𝑚  = Phase distortion in phase 𝑏 at angular velocity 𝜔𝑚 [Rad]. 

𝛼𝑐𝑚  = Phase distortion in phase 𝑐 at angular velocity 𝜔𝑚 [Rad]. 

𝛽𝑟  = DC ripple phase distortion [Rad]. 

𝜇  = Overlap angle [Rad]. 

𝜔  = Fundamental angular velocity [Rad/s]. 

𝜔1  = Fundamental angular velocity for AC-system 1 [Rad/s]. 

𝜔2  = Fundamental angular velocity for AC-system 2 [Rad/s]. 

𝜔𝑚  = Angular velocity for 𝑚 [Rad/s]. 

𝜔𝑟  = Angular velocity for the DC current ripple [Rad/s]. 
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1 Introduction 

This report aims to investigate the cross-modulation phenomenon in line-commutated 

High Voltage Direct Current (HVDC) power transmission links and how this phenomenon 

will affect the practical design of electrical filters in such links. 

1.1 Background 

HVDC links are used to transfer large amount of energy over long distances, which makes 

it possible to generate energy in distant places and then consume the energy where the 

majority of people live, with small transmission losses. They are also used for long sub-sea 

cable transmissions, where AC is not feasible because of reactive power issues. HVDC is 

often used to connect large hydro power plants or off-shore wind farms to the electrical 

grid and could in the future also be used to connect solar power from the remote desert 

locations. HVDC is therefore crucial for connecting green energy from distant places and 

for the interconnections between countries and regions which are essential for the efficient 

use of renewable energy sources whose output may vary with weather, daylight and 

seasons. 

An HVDC link comprises two converters (an AC to DC rectifier and a DC to AC 

inverter). Two of the big disadvantages are that these line-commutated converters produce 

harmonics and that they consume large amount of reactive power. Electrical filters are used 

to compensate for these problems and are a big part of the total cost for an HVDC link.  

A line-commutated HVDC converter produces voltage and current harmonics on both the 

AC and DC-sides. These are for many practical purposes often analyzed independently of 

each other, with little loss of accuracy. However, there exists a complex relationship 

between the harmonics on the AC and DC-sides, which are coupled by modulation across 

the converters. Harmonic cross-modulation is a term used to describe the various 

frequency interactions around the converters as well as the effect on and interaction with 

the DC system and both AC-systems [1]. 

This cross-modulation phenomenon can cause major implications, especially when there is 

an unbalance in the AC-systems and at low order harmonics; a negative sequence 

unbalance at one AC-system can modulate into steady state non-even third multiples 

harmonics at both AC-sides [1]. A paper [2], that analyzes a relatively weak AC-system with 

a fundamental unbalance on the rectifier terminals, shows that the 3rd harmonic voltage can 

be 10 times higher for the inverter and 31.5 times for the rectifier, compared to when the 

harmonics are analyzed without considering cross-modulation. 

Other implications due to cross-modulation can be the generation of non-integer 

harmonics i.e. interharmonics, which when close to the fundamental frequency can cause 

flicker and generator sub-synchronous resonance. Furthermore, transient implications exist 

due to composite resonance – which is a resonance phenomenon from when the AC-sides, 
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DC-side and the converter control is considered – leading to instability and in special cases 

magnetic saturation of the transformer. [1] 

The accurate analysis of the cross-modulation phenomenon for practical filter design 

purposes has proved difficult over many years. Representation in time domain can give 

accurate results for a particular single operating point, but the cross-modulation effect 

varies with operating state of the converter and it becomes impractical to conduct the usual 

filter design studies considering many variants of system conditions on both AC and DC-

sides. In frequency domain iterative methods for filter design have been proposed, and also 

simplified approaches considering transfer functions derived theoretically or from time 

domain studies. [1] 

1.2 Purpose and scope 

An accurate analysis of the harmonics in an HVDC link makes it possible to create an 

optimal filter solution, which in turn makes it possible to decrease the total cost and reduce 

the risk of unforeseen behavior occurring during operation. Low-cost and reliable HVDC 

transmission therefore helps to minimize the total losses in the power grid and makes it 

possible to connect more green energy. 

The number of implications caused by cross-modulation are considerable. However, only a 

few of them will cause practical problems in a HVDC link. The main goal of this project is 

to analyze how harmonics are cross-modulated across a converter in such practical 

situations. The scope of the project is to: 

o Explain the cross-modulation phenomena in a converter as well as in a complete 

HVDC link. Further, show what harmonics that are being generated at the AC-side 

and the DC-side of the converter when the converter is supplied with a general 

voltage source. 

o Create a MATLAB program, BOWSER, of a 12-pulse converter that accurately 

calculates the DC voltage as well as AC currents for a general voltage source at the 

converter. 

o Create another MATLAB program, DONKEYKONG, which uses BOWSER to 

create a model of the converter in the frequency domain. 

o Use DONKEYKONG to analyze the sensitivity of the cross-modulation effect by 

observing how the harmonics are changing during different conditions. 

The project will be limited in such a way that the MATLAB programs will be created to 

simulate one single converter, which means that they can only be used when the DC 

impedance is relatively high, so that the two converters in the HVDC link can be 

considered to be decoupled from each other. This is effectively the case for long cable 

transmissions due to the very high cable capacitance. 
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The models will focus on a so called “simple DC impedance” i.e. the DC impedance will 

be modeled as just a smoothing reactor and resistance. The reason for this is firstly that the 

shunt admittance is so big so that the poles are short circuited for higher frequencies in a 

decoupled HVDC-link and secondly that the purpose is to create the tools that can be used 

to create the frequency domain model and that the inputs to that model are not so 

important in this stage of the development. It is however relatively easy to implement a 

more complex DC impedance later on where the actual shunt admittance can be 

considered in combination of DC-side filters. 

1.3 Methodology 

The project started with a comprehensive literature study, where scientific papers from 

IEEE Explore and CIGRE were browsed and read through thoroughly in order to get a 

basic understanding of the subject and also to get ideas of how a converter can be modeled 

in various different ways. Discussion with ABB experts in the field was made during the 

literature study in order to get a deeper understanding of the problem. The chosen 

literature is considered to be trusted and provide high quality references to this project 

because scientific papers from journals are reviewed thoroughly before they are published.  

The cross-modulation phenomenon was explained with the help of the literature study. 

The MATLAB programs were created with the action research methodology, which is an 

iterative methodology where a subject or problem is identified, studied and learnt in the 

same process as it is solved. The action research loop can be illustrated in Figure 1.1. [3] 

 

Figure 1.1 Illustration of the action research loop. 

The Plan phase in the action research loop consists of problem identification and browsing 

the literature searching for possible solutions for that problem. The theory is then 

implemented into the model in the Act phase. The effects of the change in the model is 

then monitored in the Describe phase. In the Evaluate phase the planned improvement is 

evaluated. The loop will then repeat itself until the model is working as planned. All loops 

will however not be documented in this report; only the final theory, implementation, 

results and evaluation from each program will be documented. 

Act 
to implement 
the planned 
improvment

Monitor and 

Describe
the effects of the 

action
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the outcome of 

the action

Plan
an improvement 

to practice
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The cross-modulation effect is then analyzed further with the use of the MATLAB 

programs and after that all items from the project scope are discussed and conclusions are 

made based on that discussion.  
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2 Theory and conditions 

The theory and conditions that are used in this report will be explained in this chapter. The 

chapter will explain the difference between the terms “ideal” and “non-ideal” AC voltages 

as used in this report, the theory behind Fourier analysis, the basics of 6- and 12-pulse 

converters, the terms “ideal” and “non-ideal” impedance used in this report, the difference 

between characteristic and non-characteristic harmonics and finally the basics of switching 

functions. 

2.1 AC-voltages 

This section will explain how this report defines “ideal” AC voltages as well as “non-ideal” 

or “general” AC voltages. The definitions will be used throughout the rest of this report. 

2.1.1 Ideal AC voltages 

Ideal voltages in an AC-system can be defined as 

 

𝑢𝑎 = �̂�𝑓 cos(𝜔𝑡) 

𝑢𝑏 = �̂�𝑓 cos (𝜔𝑡 −
2𝜋

3
) 

𝑢𝑐 = �̂�𝑓 cos (𝜔𝑡 −
4𝜋

3
) 

 

 
(2.1)  

where 

𝑢𝑎, 𝑢𝑏and 𝑢𝑐  are the instantaneous phase-voltages for each phase, 

�̂�𝑓 is the crest-value of the phase voltage and 

𝜔 is the fundamental angular velocity for the AC-system. 

Furthermore, the ideal currents are derived by replacing 𝑢 with 𝑖 in Equation (2.1). 

2.1.2 General AC voltages 

General voltages in an AC-system can be defined as  

 

𝑢𝑎 = ∑ �̂�𝑎𝑚 cos(𝜔𝑚𝑡 + 𝛼𝑎𝑚)

∞

𝑚=1

 

𝑢𝑏 = ∑ �̂�𝑏𝑚 cos(𝜔𝑚𝑡 + 𝛼𝑏𝑚)

∞

𝑚=1

 

𝑢𝑐 = ∑ �̂�𝑐𝑚 cos(𝜔𝑚𝑡 + 𝛼𝑐𝑚)

∞

𝑚=1

 

 

 
 
 
 
 

(2.2)  

where  

𝑚 is an integer, 
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𝜔𝑚 is the angular velocity for 𝑚, 

�̂�𝑎𝑚, �̂�𝑏𝑚 and �̂�𝑐𝑚 are the crest voltages in each phase at angular velocity 𝜔𝑚 and 

𝛼𝑎𝑚, 𝛼𝑏𝑚 and 𝛼𝑐𝑚 are the phase shifts in each phase at angular velocity 𝜔𝑚. [4] 

It should be noted that 𝜔𝑚 can be any value between −∞ and ∞ rad/s and not only 

integer multiples of one specific value. The subscript 𝑚 is therefore an index of all the 

frequencies that might appear in the general voltage system. 

It is also well known that any voltage for a given angular velocity 𝜔𝑚 can be expressed in 

symmetrical components i.e. zero-, positive- and negative sequence. The application of 

symmetrical components dates back to 1918 when Fortescue for the first time showed how 

complex phasor could be decomposed into steady state three-phase phasors [5]. Figure 2.1 

illustrates how three complex voltage phasors �⃗� 𝑎 , �⃗� 𝑏 and �⃗� 𝑐 can be decomposed into 

symmetrical zero-, positive and negative sequence voltages. 

 

Figure 2.1 General voltage expressed in symmetrical components. 

The symmetrical components can be found with a transformation matrix that is defined as 

 [

�⃗� 0𝑚

�⃗� 1𝑚

�⃗� −1𝑚

] =
1

3
[
1 1 1
1 𝑎 𝑎2

1 𝑎2 𝑎
] [

�⃗� 𝑎𝑚

�⃗� 𝑏𝑚

�⃗� 𝑐𝑚

] (2.3)  

where 

�⃗� 0𝑚, �⃗� 1𝑚 and �⃗� −1𝑚 are the complex voltages for the zero-, positive- and negative 

sequence respectively at the angular velocity 𝜔𝑚 , 

�⃗� 𝑎𝑚, �⃗� 𝑏𝑚 and �⃗� 𝑏𝑚 are the complex voltages for each phase respectively at the angular 

velocity 𝜔𝑚 and 

𝑎 is the transformation constant defined as 𝑒𝑖120°. [5] 

The voltages can therefore, with the help of Equation (2.3) be expressed in sequences as 

 

𝑢𝑎 = ∑ ∑ �̂�𝑠𝑚 cos(𝜔𝑚𝑡 + 𝛼𝑠𝑚)

∞

𝑚=1𝑠=−1,0,1

  

𝑢𝑏 = ∑ ∑ �̂�𝑠𝑚 cos (𝜔𝑚𝑡 + 𝛼𝑠𝑚 −
2𝑠𝜋

3
)

∞

𝑚=1𝑠=−1,0,1
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𝑢𝑐 = ∑ ∑ �̂�𝑠𝑚 cos (𝜔𝑚𝑡 + 𝛼𝑠𝑚 −
4𝑠𝜋

3
)

∞

𝑚=1𝑠=−1,0,1

 

 
(2.4)  

where 

𝑠 is the sequence for negative-, zero- and positive phase sequence respectively, 

�̂�𝑠𝑚 is the crest voltage for the sequence 𝑠 at angular velocity 𝜔𝑚 and 

𝛼𝑠𝑚 is the phase distortion for the sequence 𝑠 at angular velocity 𝜔𝑚. [4] 

When the voltages are expressed in positive or negative sequence the voltages for each 

sequence are symmetrical and all the three phase equations can be used in each system 

independently. Furthermore, the general currents are derived by replacing 𝑢  with 𝑖 in 

Equations (2.2), (2.3) and (2.4). 

2.2 Fourier analysis 

Fourier analysis is widely used when analyzing alternating currents and voltages and this 

section will explain the theory [6] behind the Fourier transform and Fourier series. 

The Fourier transform is used to shift a function between the time-domain and frequency-

domain and the continuous Fourier transform is defined as 

 𝐹(𝑓) = ∫ 𝑓(𝑡)𝑒−2𝑖𝜋𝑓𝑡𝑑𝑡

∞

−∞

 (2.5)  

while the inverse Fourier transform is defined as 

 𝑓(𝑡) = ∫ 𝐹(𝑓)𝑒2𝑖𝜋𝑓𝑡𝑑𝑓

∞

−∞

 (2.6)  

where  

𝑓(𝑡) is a function in the time-domain and 

𝐹(𝑓) is 𝑓(𝑡) expressed in the frequency domain.  

The Fourier transform of a periodic function 𝑓𝑝(𝑡) with period P becomes a Dirac comb 

function with complex coefficients. The inverse Fourier transform on that Dirac comb 

function will in turn represent 𝑓𝑝(𝑡) as an infinite sum of complex exponential functions, 

which can be expressed as 

 𝑓𝑃(𝑡) = ∑ 𝑐𝑛𝑒𝑗
𝑛2𝜋𝑡

𝑃

∞

𝑛=−∞

 (2.7)  

where the coefficient is defined as 

 𝑐𝑛 =
1

𝑃
∫ 𝑓𝑝(𝑡)𝑒−𝑗

2𝑛𝜋𝑡
𝑃 𝑑𝑡

𝑃

 (2.8)  
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the sum is called a Fourier series and can with the help of Euler’s identity also be defined as 

 𝑓𝑃(𝑡) =
𝐴0

2
+ ∑ (𝑎𝑛 cos (𝑛

2𝜋𝑡

𝑃
) + 𝑏𝑛 sin (𝑛

2𝜋𝑡

𝑃
))

∞

𝑛=1

 (2.9)  

where the coefficients can be defined as 

 𝐴𝑜 =
1

𝑃
∫ 𝑓𝑝(𝑡) 𝑑𝑡
𝑃

 (2.10)  

 𝑎𝑛 =
2

𝑃
∫ 𝑓𝑝(𝑡) cos

𝑛2𝜋𝑡

𝑃
𝑑𝑡

𝑃

 (2.11)  

 𝑏𝑛 =
2

𝑃
∫ 𝑓𝑝(𝑡) sin

𝑛2𝜋𝑡

𝑃
𝑑𝑡

𝑃

 (2.12)  

2.3 Thyristor 

A thyristor is a type of controlled semiconductor. Figure 2.2 shows a schematic figure of a 

thyristor, which has three connections; cathode, anode and gate. A thyristor is an electrical 

valve and conducts in one direction only. The main difference between a diode and a 

thyristor is that the thyristor is partially controllable, which means that the thyristor will not 

conduct until a pulse is given to the gate. Conduction cannot be interrupted by control 

action however. The thyristor will stop conducting when the voltage across the anode and 

cathode is zero. A new pulse is then needed to conduct again. [7]  

 

Figure 2.2 Schematic figure of a thyristor. 

The ability to control the turn-on instant of a thyristor by sending a pulse to the gate makes 

it possible to control the voltage at the other end of the thyristor effectively. Figure 2.3 

shows a simple circuit containing a thyristor and a resistor, the voltage across the thyristor, 

𝑢𝐴𝐶  (anode-cathode), as well as the voltage across the resistor 𝑢𝑅. The angle α in the figure 

illustrates when the thyristor receives a pulse at the gate; this angle is called the firing angle. 

Alpha is defined as the number of electrical degrees from the moment when the voltage 

𝑢𝐴𝐶  is positive and the pulse is given to the gate. Based on the definition it is seen in the 

figure that the firing angle α can be any value between 0° and 180°. 
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Figure 2.3 Simple circuit of a thyristor and a resistor as well as an illustration of the voltages with a firing angle 
alpha. 

2.4 6-pulse line-commutated converter 

Figure 2.4 shows a general figure of a 6-pulse line-commutated converter (LCC) [7] , where 

“line-commutated” refers to the action of the alternating AC line voltage in commutating 

conduction from the thyristor of one phase to the next.  It is seen in the figure that the 

converter is built up from six thyristors and a DC reactor 𝐿𝐷𝐶 . The purpose of a LCC is to 

convert between AC and DC and the reactor is used to smooth the DC current 𝐼𝑑  so that it 

becomes practically constant. The reactor is commonly referred to as the smoothing 

reactor.   

 

Figure 2.4 General figure of a 6-pulse LCC. 

This section will explain how a converter works with and without commutation overlap. In 

both cases it is assumed that the converter is supplied with ideal AC voltages, that the 

smoothing reactor is big enough so that the DC current 𝐼𝑑  is constant and that the 

converter as well as the valves are loss-less. The figure also shows the phase reactances 𝐿 , 

which will always exist in real system, but which take value zero in the discussion in section 

2.4.1. 
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2.4.1 Converter without commutation overlap 

The valves in Figure 2.4 are ideally open, and conducting, in pairs in the following 

sequence each period: (1,2), (2,3), (3,4), (4,5), (5,6), (6,1) and after that back to (1,2). Each 

pair is conducting for one sixth of a period hence 60° or 
𝜋

3
 radians. This is also the reason 

why the converter is called a six-pulse converter. [7] 

The DC current, as explained above is assumed to be constant due to the large smoothing 

reactor. This means that the power flow is controlled by changing the DC voltage 𝑢𝑑 . This 

is done by changing the firing angle α for the six thyristors in Figure 2.4 [7]. It should 

however be noted that HVDC links changes the power by small changes in the voltage at 

each converter which changes the constant DC current; the transmission power is 

therefore changed efficiently with a relatively constant DC voltage.  

Table 2.1 illustrates the discreet characteristic of the converter for the six different 

conducting pairs, starting at (1,2), which starts conducting at the angle α. The AC currents 

𝑖𝑎, 𝑖𝑏 and 𝑖𝑐; the potential in the top half of the bridge 𝑉𝐴 and in the bottom half of the 

bridge 𝑉𝐵; as well as the DC voltage given by 

 𝑢𝑑 = 𝑉𝐴 − 𝑉𝐵 (2.13)  

It should be noted that it is assumed that the firing angle α is the same for all the thyristors 

and that this usually is the case when the voltage supply is balanced. 

Table 2.1 Voltages and currents for one cycle in an ideal 6-pulse LCC. 

Valves From 
[deg] 

To 
[deg] 

ia ib ic VA 
 

VB ud 

1,2 α α+60 𝐼𝑑  0 −𝐼𝑑 𝑢𝑎 𝑢𝑐  𝑢𝑎𝑐  

2,3 α+60 α+120 0 𝐼𝑑  −𝐼𝑑 𝑢𝑏 𝑢𝑐  𝑢𝑏𝑐 

3,4 α+120 α+180 −𝐼𝑑 𝐼𝑑  0 𝑢𝑏 𝑢𝑎 𝑢𝑏𝑎 

4,5 α+180 α+240 −𝐼𝑑 0 𝐼𝑑  𝑢𝑐  𝑢𝑎 𝑢𝑐𝑎 

5,6 α+240 α+300 0 −𝐼𝑑 𝐼𝑑  𝑢𝑐  𝑢𝑏 𝑢𝑐𝑏 

6,1 α+300 α+360 𝐼𝑑  −𝐼𝑑 0 𝑢𝑎 𝑢𝑏 𝑢𝑎𝑏 

Figure 2.5 shows the output DC voltage 𝑢𝑑 and the AC current for phase 𝑎, calculated 

according to Table 2.1 with a firing angle 𝛼 = 0° and AC voltages from Equation (2.1). 

The other phase currents have the same waveforms and are phase shifted 120° as seen in 

Figure 2.6. 
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Figure 2.5 Output DC voltage ud (right graph) and phase current ia (left graph) from an ideal LCC converter and 

firing angle α = 0 degrees. 

 

Figure 2.6 AC currents with no commutation period. Magnitude equal to Id. 

Figure 2.7 shows the output DC voltage 𝑢𝑑 and the AC current for phase 𝑎, with a firing 

angle α=60°. Note that the current is phase shifted α degrees compared to Figure 2.5, 

while the voltage ripple has increased. 

 

Figure 2.7 Output DC voltage ud (right graph) and phase current ia (left graph) from an ideal LCC converter and 

firing angle α = 60 degrees. 
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2.4.2 Converter with commutation overlap 

Section 2.4.1 assumed the switching of currents between valves occurred instantly. This is 

however not the case, due to the inductances in the circuit. In reality when one valve gets a 

firing pulse at the gate two valves in the same half of the bridge are conducting at the same 

time, while the current diminishes in one and increases in the other; the term for this is that 

the current is commutating between the two valves. Therefore the accurate valve sequence 

for each period is (1,2), (1,2,3), (2,3), (2,3,4), (3,4), (3,4,5), (4,5), (4,5,6), (5,6), (5,6,1), (6,1), 

(6,1,2) and after that back to (1,2). [7] 

The three valves are conducting during a commutation period; this period is 𝜇 degrees long 

and 𝜇 is called the overlap angle. Two valves are conducting for the remaining period 60° - 

𝜇 degrees. Note that this is the case for a 6-pulse LCC with an overlap angle below 60°. If 

the overlap angle is 0° two valves will conduct as in section 2.4.1, however, if the overlap 

angle is 60° three valves will conduct all the time. This is never the case for a practical 

HVDC converter design. [7] 

The overlap angle will affect the output DC voltage 𝑢𝑑 and AC currents 𝑖𝑎, 𝑖𝑏 and 𝑖𝑐. 

Figure 2.8 shows the LCC scheme when three valves are conducting at the same time 

during the overlap angle 𝜇, in this case the valves 1, 2 and 3 are open. 

  

Figure 2.8 6-pulse LCC when the valves 1, 2 and 3 are conducting during the commutation period µ. 

In Figure 2.8 it is seen that the potential at the top half of the bridge, 𝑉𝐴 is equal to the 

average of 𝑢𝑎 and 𝑢𝑏 while the potential in the bottom half of the bridge,𝑉𝐵 is equal to 𝑢𝑐 . 

Therefore the DC voltage 𝑢𝑑 can be calculated with Equation (2.13) and be expressed as 

 𝑢𝑑 = 
𝑢𝑎 + 𝑢𝑏

2
− 𝑢𝑐 (2.14)  

and because 

  𝑢𝑎 + 𝑢𝑏 + 𝑢𝑐 = 0 (2.15)  

for an ideal AC voltages the DC voltage 𝑢𝑑 can be expressed by substituting Equation 

(2.15) into Equation (2.14) as 
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 𝑢𝑑 = 
−𝑢𝑐

2
− 𝑢𝑐 = −

3

2
𝑢𝑐 (2.16)  

The AC currents on the other hand become more complex and the currents during the 

commutation period can be expressed as  

 𝑖𝑎 + 𝑖𝑏 = 𝐼𝑑 = −𝑖𝑐 (2.17)  

when using Kirchhoff’s Current Law (KCL) in Figure 2.8. During the commutation period 

will 𝑖𝑏 approach 𝐼𝑑 , while 𝑖𝑎 approaches zero [7]. This characteristic is calculated in 

Appendix A: for a converter that is operating under ideal conditions. The result is that the 

current 𝑖𝑏can be expressed as 

 𝑖𝑏  =  
√2𝑈ℎ

2𝜔𝐿
(cos 𝛼 − cos𝜔𝑡) (2.18)  

The current 𝑖𝑎 is simply the difference between the DC current 𝐼𝑑  and the AC current 𝑖𝑏 as 

shown in Equation (2.17). Figure 2.9 illustrates how the AC currents can look like with a 

commutation overlap period, where the dotted lines represents the case with no 

commutation overlap period. 

 

Figure 2.9 Rectifier AC currents with commutation period, i.e. overlap angle. 

With the help of symmetry Table 2.2 can be created, which illustrates the AC currents 𝑖𝑎, 𝑖𝑏 

and 𝑖𝑐; the potential in the top half of the bridge 𝑉𝑎 and in the bottom half of the 

bridge 𝑉𝑏; as well as the DC voltage 𝑢𝑑 , considering both the overlap angle 𝜇 and firing 

angle α for a complete cycle, and assuming that the both angles are the same for all 

thyristors.  However, the complete characteristic for the currents during commutation is 

not shown in the table. 

  



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 14 

Table 2.2 Voltages and currents for one cycle for a LCC considering the overlap angle µ. 

Valves From 
[deg] 

To 
[deg] 

ia ib ic VA 
 

VB ud 

1,2 α+µ α+60 𝐼𝑑  0 −𝐼𝑑 𝑢𝑎 𝑢𝑐  𝑢𝑎𝑐  

1,2,3 α+60 α+60+µ → 0 → 𝐼𝑑 −𝐼𝑑 −0.5𝑢𝑐 𝑢𝑐  −1.5𝑢𝑐 

2,3 α+60+µ α+120 0 𝐼𝑑  −𝐼𝑑 𝑢𝑏 𝑢𝑐  𝑢𝑏𝑐 

2,3,4 α+120 α+120+µ → −𝐼𝑑 𝐼𝑑  → 0 𝑢𝑏 −0.5𝑢𝑏 1.5𝑢𝑏 

3,4 α+120+µ α+180 −𝐼𝑑 𝐼𝑑  0 𝑢𝑏 𝑢𝑎 𝑢𝑏𝑎 

3,4,5 α+180 α+180+µ −𝐼𝑑 → 0 → 𝐼𝑑 −0.5𝑢𝑎 𝑢𝑎 −1.5𝑢𝑎 

4,5 α+180+µ α+240 −𝐼𝑑 0 𝐼𝑑  𝑢𝑐  𝑢𝑎 𝑢𝑐𝑎 

4,5,6 α+240 α+240+µ → 0 → −𝐼𝑑 𝐼𝑑  𝑢𝑐  −0.5𝑢𝑐 1.5𝑢𝑐  

5,6 α+240+u α+300 0 −𝐼𝑑 𝐼𝑑  𝑢𝑐  𝑢𝑏 𝑢𝑐𝑏 

5,6,1 α+300 α+300+µ → 𝐼𝑑 −𝐼𝑑 → 0 −0.5𝑢𝑏  𝑢𝑏 −1.5𝑢𝑏 

6,1 α+300+µ α+360 𝐼𝑑  −𝐼𝑑 0 𝑢𝑎 𝑢𝑏 𝑢𝑎𝑏 

6,1,2 α α+µ 𝐼𝑑  → 0 → −𝐼𝑑 𝑢𝑎 −0.5𝑢𝑎 1.5𝑢𝑎  

Figure 2.10 shows an example of the DC voltage 𝑢𝑑 with a firing angle α=15° and an 

overlap angle 𝜇=20° plotted with the help of Table 2.2.  Note that the voltage is decreased 

during the overlap angle. 

 

Figure 2.10 Output DC voltage with a firing angle α = 15 degrees and an overlap angle µ = 20 degrees. 

2.5 12-pulse converter 

This section will explain how a 12-pulse converter can be created with two 6-pulse 

converters in series. When two converters are used in series, as Figure 2.11 illustrates, the 

DC voltage from each converter will add to each other to create the total DC voltage. Each 

6-pulse converter creates six equally long sections in the DC voltage each cycle i.e. 60° long 

sections, as seen in Figure 2.5. The total DC voltage will therefore still contain six 60° long 

sections if two identical 6-pulse converters are used. However, if one of the two 6-pulse 

converter voltages are phase shifted 30° before the two voltages 𝑢𝑑,𝑎 and 𝑢𝑑,𝑏 are added 



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 15 

together the total DC voltage  𝑢𝑑   will instead contain 12 sections that are 30° long each 

cycle. The 30° phase shift between the two 6-pulse converters is created by supplying one 

converter through a wye/wye transformer and the other through a wye/delta transformer 

as Figure 2.11 illustrates. [7] 

 

Figure 2.11 Single line diagram of a 12-pulse converter comprising two 6-pulse converters in series. 

The benefit with 12-pulses is that the DC voltage contains less ripple, i.e. becomes more 

DC-like; another benefit is that the AC currents become more sinusoidal. The converter 

side currents 𝑖𝑐,𝑎 and 𝑖𝑐,𝑏 in Figure 2.11 will, in the ideal case, have the same quasisquare 

wave form which is seen in Figure 2.6 but with a 30° phase difference. However, the line 

side currents 𝑖𝑙,𝑎 and 𝑖𝑙,𝑏will not have the same wave forms because one current goes 

through a wye/delta transformer. Appendix B: shows how the currents and voltages in an 

Yd11 transformer can be calculated and 𝑖𝑙,𝑏 can be calculated using Equations (10.28), 

(10.29) and (10.30). 

Figure 2.12 illustrates the waveforms of the AC line side currents, a) is the current 𝑖𝑙,𝑎, b) is 

the current 𝑖𝑙,𝑏 and c) is the current 𝑖𝑙,  which is the sum of the previous two currents. 

 

Figure 2.12 AC Currents at the line side of the transformers in a 12-pulse converter. a) is the current at the 
wye/wye transformer, b) is the current at the wye/delta transformer and c) is the sum of currents a) and b). 
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2.6 Ideal and non-ideal Impedances 

This section will explain how “ideal” and “non-ideal” impedances are defined in this 

report. Figure 2.13 shows a Single Line Diagram (SLD) of a 12-pulse converter. The AC-

side impedance is defined as the impedance seen from the converter looking towards the 

AC grid and includes the converter transformer impedance as well as the supply network 

and any filters. The DC-side impedance is defined as the impedance seen from the 

converter looking out on the DC link and includes the DC smoothing reactor as well as the 

DC transmission line/cable and any DC filters. 

 

Figure 2.13 Simplified SLD of a 12-pulse converter connected to an AC-system and to AC filters. 

The “ideal” impedances are defined as: 

o Balanced transformer phase impedance and zero AC-system impedance for the 

AC-side. 

o Infinitely high impedance for all frequencies except 0 Hz for the DC-side. 

The “non-ideal” impedance everything different than the definition above.  

The word “ideal” expresses a theoretically perfect (but practically impossible) base 

condition and is used throughout the rest of the report. 

2.7 Harmonics in converters 

A harmonic is a voltage or current with different frequency than the fundamental 

frequency and occurs as integer multiples of the fundamental frequency. This section will 

explain the different types of harmonics that occurs in a converter. 

2.7.1 Characteristic harmonics 

Characteristic harmonics, in this sense, are those harmonics that are being generated by the 

converter during ideal conditions, which implies that the converter is supplied by ideal AC 

voltages, that the AC impedance is ideal and that the DC current is constant. 

The output during these ideal conditions for a 6-pulse converter can be seen in Figure 2.5, 

which shows the output from when the commutation inductance is zero, i.e. the overlap 
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angle is zero. The output wave-forms are periodical so they can be expressed with a Fourier 

series using Equations (2.9) to (2.12). The DC voltage can therefore be expressed as 

 
𝑢𝑑 =

3√3

𝜋
�̂�𝑓 [1 + 

1

6
cos(6ωt)  −

1

12
cos(12𝜔𝑡)

+
1

18
cos(18𝜔𝑡)… ] 

 
 

(2.19)  

and the AC current as 

 
𝑖𝑎 = 

2√3

𝜋
𝐼𝑑 [cos(𝜔𝑡) −

1

5
cos(5𝜔𝑡) +

1

7
cos(7𝜔𝑡)

−
1

11
cos(11𝜔𝑡) +

1

13
cos(13𝜔𝑡)…] 

 
 

(2.20)  

It is seen that the DC voltage contains the multiples (6, 12, 18…) and that the AC currents 

contains multiplies (5, 7, 11, 13 …). It can therefore be derived that the characteristic 

harmonic orders for a 6-pulse LCC can be expressed as 

 ℎ = 6𝑛 (2.21)  

for the DC-side and for the AC-side as 

 ℎ = 6𝑛 ± 1 (2.22)  

where 

𝑛 is an integer and 

ℎ is the harmonic order. 

Furthermore, when looking at the line side of a supplying wye/delta transformer to a 6-

pulse converter the waveforms of that current are different compared to a wye/wye 

transformer, as seen in Figure 2.12. The waveform is still periodical so it can be expressed 

as a Fourier series as well and that series would look like 

 
𝑖𝑎 = 

2√3

𝜋
𝐼𝑑 [cos(𝜔𝑡) +

1

5
cos(5𝜔𝑡) −

1

7
cos(7𝜔𝑡)

−
1

11
cos(11𝜔𝑡) +

1

13
cos(13𝜔𝑡)…] 

 
 

(2.23)  

for transformer with a turn ratio equal to one, the difference compared to Equation (2.20) 

is that the polarity of the harmonics orders (6 +12n ± 1) is shifted. These harmonic orders 

will therefore cancel each other out when the currents from Equation (2.20) and (2.23) are 

added together, which they are in a 12-pulse converter, as shown in Figure 2.12. The 

Fourier series of the combined currents can therefore be expressed as 
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𝑖𝑎 = 

4√3

𝜋
𝐼𝑑 [cos(𝜔𝑡) −

1

11
cos(11𝜔𝑡) +

1

13
cos(13𝜔𝑡)

−
1

23
cos(23𝜔𝑡) +

1

24
cos(24𝜔𝑡)…] 

 
 

(2.24)  

It can therefore be derived that the characteristic harmonic order from a 12-pulse LCC can 

be expressed as 

 ℎ = 12𝑛 ± 1 (2.25)  

at the AC-side. And by expressing a 12-pulse DC voltage with a Fourier series can it be 

derived [4] that the characteristic harmonic orders on the DC-side can be expressed as 

 ℎ = 12𝑛 (2.26)  

2.7.2 Non-characteristic harmonics 

The non-characteristic harmonics, in this sense, are all the harmonics that are not 

characteristic i.e. they are not generated by the converter during ideal conditions [7]. These 

non-characteristic harmonic can be generated for many different reasons and must be 

correctly analyzed to enable harmonic performance to be correctly assessed and filters to 

be properly designed. 

The causes of non-characteristic harmonics are: 

o Phase voltage unbalance in the AC supply. 

o Harmonic distortion of the AC supply voltage. 

o Ripple in the direct current (DC-side harmonic currents). 

o Unbalance in reactance among phases and between wye/wye and wye/delta 

transformers. 

o Difference in voltages between wye/wye and /wye/delta transformers. 

o Variation (jitter) in firing instants from the ideal. 

2.8 6-pulse converter modelled with switching functions 

The converter has a time discreet characteristic as seen in Table 2.1 and Table 2.2 which 

makes it complex to analyse. However, one powerful method is to use switching functions 

to model the converter. A switching function is used to represent a switch in the time-

domain and the function generally has a magnitude of one and can be expressed as a 

Fourier series. Figure 2.14 illustrates how a 6-pulse LCC can be expressed with three 

switches instead of six thyristors. 
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Figure 2.14 A 6-pulse LCC expressed as switches. 

With the help of switching functions the DC voltage 𝑢𝑑 and the AC currents 𝑖𝑎, 𝑖𝑏and 𝑖𝑐 

from the converter can be expressed like 

 𝑢𝑑(𝑡) = [𝑆𝑎𝑢(𝑡) 𝑆𝑏𝑢(𝑡) 𝑆𝑐𝑢(𝑡)] ∙ [

𝑢𝑎(𝑡)
𝑢𝑏(𝑡)
𝑢𝑐(𝑡)

] (2.27) 

 [

𝑖𝑎(𝑡)
𝑖𝑐(𝑡)
𝑖𝑑(𝑡)

] = 𝐼𝑑(𝑡) ∙ [

𝑆𝑎𝑖(𝑡)
𝑆𝑏𝑖(𝑡)
𝑆𝑐𝑖(𝑡)

] (2.28) 

where 

𝑆𝑎𝑢, 𝑆𝑏𝑢 and 𝑆𝑐𝑢 are the voltage switching functions for respective phase and 

𝑆𝑎𝑖, 𝑆𝑏𝑖 and 𝑆𝑐𝑖 are the current switching functions for respective phase.[4]  

The general case for finding voltage switching functions is to analyse when and how much, 

in percent, each AC voltage 𝑢𝑎, 𝑢𝑏 and 𝑢𝑐 are contributing to the DC voltage 𝑢𝑑  . The 

general case for finding current switching functions is to analyse when and how much, in 

percent, the AC currents 𝑖𝑎, 𝑖𝑏 and 𝑖𝑐 contains the DC current 𝐼𝑑 . 

2.8.1 Switching functions with no commutation period 

The ideal case for a converter, as explained in section 2.4, implies ideal AC voltages, ideal 

AC-side impedance as well as ideal DC-side impedance i.e. constant DC current. These 

conditions will give a converter waveform according to Table 2.1 when the overlap angle is 

zero and an output as seen in Figure 2.5 and Figure 2.6. 

By analysing Table 2.1 according to section 2.8 it can be concluded that the switching 

functions for the current and for the voltage are the same. The waveform for these 

switching functions most also be the same as the phase currents, the only difference is that 

the amplitude is 100 % instead of the DC current 𝐼𝑑 .  
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The waveforms are shown in Figure 2.6, and by changing the magnitude to 100 % the 

switching functions 𝑆𝑎𝑢, 𝑆𝑏𝑢, 𝑆𝑐𝑢, 𝑆𝑎𝑖, 𝑆𝑏𝑖 and 𝑆𝑐𝑖 in the ideal case can be expressed [4] with 

the help of a Fourier series as 

 

𝑆𝑎𝑢 = 𝑆𝑎𝑖 = ∑ 𝐴𝑛 cos(𝑛(𝜔𝑡 − 𝛼))

∞

𝑛=1

 

𝑆𝑏𝑢 = 𝑆𝑏𝑖 = ∑ 𝐴𝑛 cos (𝑛 (𝜔𝑡 − 𝛼 − 
2𝜋

3
))

∞

𝑛=1

 

𝑆𝑐𝑢 = 𝑆𝑐𝑖 = ∑ 𝐴𝑛 cos (𝑛 (𝜔𝑡 − 𝛼 − 
4𝜋

3
))

∞

𝑛=1

 

 
 
 
 
 
 
 
 

(2.29)  

where  

 𝐴𝑛 =
4

𝜋𝑛
∙ sin

𝑛𝜋

2
∙ cos

𝑛𝜋

6
 (2.30)  

2.8.2 Switching functions with known overlap angle 

The switching functions need to be modified if the overlap angle cannot be assumed to be 

zero, which is always the case in a practical situation. By analysing Table 2.2 according to 

section 2.8 the accurate voltage switching functions can be found when the overlap angle is 

known.  

Remember that when the potential is a negative phase-to-ground voltage divided by two in 

either 𝑉𝐴 or 𝑉𝐵, that it is the same as the sum of the other two phase-to-ground voltages 

divided by two, see Equations (2.14) to (2.16). With the help of Table 2.2 Figure 2.15 can 

be created that illustrates how the AC voltages contribute to the DC voltage 𝑢𝑑 i.e. the 

voltage switching functions. 

 

Figure 2.15 Voltage switching functions, amplitude equal to one. 
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The wave-shapes in Figure 2.15 can be expressed [4] in time-domain with the help of 

Fourier analysis as 

 

𝑆𝑎𝑢 = ∑ 𝐴𝑛 cos
𝑛𝜇

2
cos (𝑛 (𝜔𝑡 − 𝛼 −

𝑢

2
))

∞

𝑛=1

 

𝑆𝑏𝑢 = ∑ 𝐴𝑛 cos
𝑛𝜇

2
cos (𝑛 (𝜔𝑡 − 𝛼 −

𝑢

2
− 

2𝜋

3
))

∞

𝑛=1

 

𝑆𝑐𝑢 = ∑ 𝐴𝑛 cos
𝑛𝜇

2
cos (𝑛 (𝜔𝑡 − 𝛼 −

𝑢

2
− 

4𝜋

3
))

∞

𝑛=1

 

 
 
 
 
 
 
 
 

(2.31)  

Table 2.2 can also be used in a similar way to find the accurate switching functions for the 

currents. However, as discussed in section 2.4.2 and shown in Appendix A:, the waveform 

during the overlap angle 𝜇 is complex and it depends on a lot of system parameters. A 

common simplification is therefore to assume that the waveform is linear, and by looking 

at Figure 2.9 which shows an example of accurate commutations, it is a good 

simplification, especially when the overlap angle is small. The simplification is not used in 

BOWSER and DONKEYKONG and it is therefore not needed to go deeper into the 

implications of this simplification, and the purpose of this section is to show how switching 

functions can be created analytically with known waveforms. Figure 2.16 shows the linear 

simplification of the current switching functions. 

 

Figure 2.16 Current switching functions, amplitude equal to one. 

The wave-shapes in Figure 2.16 with the help of Fourier analysis can be expressed [4] as 

 

𝑆𝑎𝑢 = ∑ 𝐴𝑛 sinc
𝑛𝜇

2
cos (𝑛 (𝜔𝑡 − 𝛼 −

𝑢

2
))

∞

𝑛=1

 

𝑆𝑏𝑢 = ∑ 𝐴𝑛 sinc
𝑛𝜇

2
cos (𝑛 (𝜔𝑡 − 𝛼 −

𝑢

2
− 

2𝜋

3
))

∞

𝑛=1
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𝑆𝑐𝑢 = ∑ 𝐴𝑛 sinc
𝑛𝜇

2
cos (𝑛 (𝜔𝑡 − 𝛼 −

𝑢

2
− 

4𝜋

3
))

∞

𝑛=1

 

 
(2.32)  
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3 Cross-modulation phenomena 

Cross-modulation is a term used to describe the variety of frequency interactions across 

converters, and the associated phenomena which involve the effect on and interactions 

with the DC and AC-systems. The number of interactions is considered to be infinite 

because any number of frequencies can appear at the AC-system.[1] 

This chapter will analytically explain the cross-modulation phenomena by first explaining 

different kinds of modulation which occur in a converter. Then it illustrates how the AC-

side and DC-side interact with each other with what this report calls the “cross-modulation 

loop”. The chapter will finish with a short summary of how the cross-modulated 

harmonics can be calculated. 

3.1 Modulation 

Modulation is in this sense a term to describe how a signal is altered between two states. In 

a 6-pulse converter the signal is transformed from AC-side to DC-side and from DC-side 

to AC-side. This section will explain these two modulations in a converter with the help of 

switching functions. It will then be explained how the overlap angle affects the two kinds 

of modulation. 

3.1.1 Modulation from AC-side to DC-side 

In a LCC the voltages are modulated from the AC-side to the DC-side, therefore the 

converter can be seen as a voltage-dependent source from the DC-side. The source is 

dependent on the AC-system voltages and as explained in section 2.7.1 this source will 

generate characteristic harmonics if the converter is supplied by an ideally sinusoidal 

balanced AC-system. However, all other non-ideal AC voltages (harmonics and negative 

phase sequence) are modulated across in the same ratio as the ideal AC voltages and this 

means that additional DC-side frequencies will be created [1].  

There are several different ways to show what harmonics are being modulated across the 

converter when a general AC-system supplies the converter and this report will use a 

similar methodology as L. Hu and R. Yacamini [4] that uses ideal switching functions to 

show analytically which harmonics are being transferred when a general AC voltage source 

is used. However, the effect of the firing angle α on the switching functions will be 

included in this report, which represents a significant improvement on the work cited in 

[4]. 

By substituting Equations (2.4) and (2.29) into (2.27) the DC voltage of a converter 

supplied with a general AC-system voltage can be expressed as 
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𝑢𝑑 = ∑ ∑ ∑
𝐴𝑛�̂�𝑠𝑚

2

∞

𝑛=1

∞

𝑚=1

1

𝑠=−1

 

∙ [   [1 + 2 cos
2(𝑛 + 𝑠)𝜋

3
] cos((𝜔𝑚 + 𝑛𝜔)𝑡 + 𝛼𝑠𝑚 + 𝑛𝛼) 

+[1 + 2 cos
2(𝑛 − 𝑠)𝜋

3
] cos((𝜔𝑚 − 𝑛𝜔)𝑡 + 𝛼𝑠𝑚 − 𝑛𝛼) ] 

 
 
 
 
 
 

(3.1)  

For the zero sequence, 𝑠 =  0, the term [1 + 2 cos
2𝑛𝜋

3
] = 0 as long as 𝑛 is not a multiple 

of three i.e. 𝑛 ≠ 3𝑘 where 𝑘 is an integer. However, when 𝑛 = 3𝑘 the terms 𝐴𝑛 from 

Equation (2.30) are equal to zero. It can therefore be shown that 𝑢𝑑  is zero for any zero 

sequence AC voltage and that means that the converter is unaffected by a zero sequence 

AC voltage. 

In a similar way for the positive sequence, s = 1, it can be shown that the DC voltage can 

be expressed as 

 

𝑢𝑑
+ = ∑ ∑

3�̂�1𝑚

2

∞

𝑘=0

∞

𝑚=1

 

∙  [ 𝐴(6𝑘−1)cos((𝜔𝑚 + (6𝑘 − 1)𝜔)𝑡 + 𝛼1𝑚 + (6𝑘 − 1)𝛼) 

+  𝐴(6𝑘+1)cos((𝜔𝑚 − (6𝑘 + 1)𝜔)𝑡 + 𝛼1𝑚 − (6𝑘 + 1)𝛼) ] 

 
 
 
 

(3.2)  

and for negative sequence, s = -1, expressed as 

 

𝑢𝑑
− = ∑ ∑

3�̂�−1𝑚

2

∞

𝑘=0

∞

𝑚=1

 

∙ [  𝐴(6𝑘+1)cos((𝜔𝑚 + (6𝑘 + 1)𝜔)𝑡 + 𝛼−1𝑚 + (6𝑘 + 1)𝛼) 

+  𝐴(6𝑘−1)cos((𝜔𝑚 − (6𝑘 − 1)𝜔)𝑡 + 𝛼−1𝑚 − (6𝑘 − 1)𝛼) ] 

 
 
 
 

(3.3)  

where 

𝑢𝑑
+ is the DC voltage modulated from Positive Phase Sequence (PPS) AC voltages and 

𝑢𝑑
− is the DC voltage modulated from Negative Phase Sequence (NPS) AC voltages. 

From Equation (3.2) it can therefore be concluded that DC harmonics of order 

 ℎ =
𝜔𝑚

𝜔
+ (6𝑘 − 1) (3.4) 

and  

 ℎ =
𝜔𝑚

𝜔
− (6𝑘 + 1) (3.5) 

will be generated by a positive sequence angular velocity 𝜔𝑚. 

From Equation (3.3)  it can therefore be concluded that DC harmonics of order 
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 ℎ =
𝜔𝑚

𝜔
+ (6𝑘 + 1) (3.6) 

and  

 ℎ =
𝜔𝑚

𝜔
− (6𝑘 − 1) (3.7) 

will be generated by a negative sequence angular velocity 𝜔𝑚. 

Another consequence of the modulation is that varying the firing angle α does not change 

the magnitude on the non-characteristic harmonics transfer but just phase shifts them [1], 

as seen in Equation (3.2) and (3.3). The equations also show that the harmonic voltages are 

amplified when they are modulated across the converter by a factor  

 
3𝐴(6𝑘±1)

2
 (3.8) 

which for k = 0 gives an amplification of ≈1.65. 

3.1.2 Modulation from DC-side to AC-side 

In a LCC the currents are modulated from the DC-side to the AC-side, therefore the 

converter can be seen as a current-dependent source from the AC-side that is dependent 

on the DC current 𝐼𝑑 and as explained in section 2.7.1 this source will generate 

characteristic harmonics if the DC-side current is constant. However, the DC-side current 

ripple will be modulated in the same ratio and create additional AC harmonics [1].  

The same methodology as L. Hu and R. Yacamini [4] will be used once again to show how 

harmonics are modulated to the AC-side of the converter. 

A general DC current 𝑖𝑑 can be defined as 

 𝑖𝑑 = 𝐼𝑑 + ∑ 𝐼𝑟 cos(𝜔𝑟𝑡 + 𝛽𝑟)

∞

𝑟=1

 (3.9) 

where 

𝐼𝑟 is the crest value of the ripple at 𝜔𝑟, 

𝜔𝑟 is the angular velocity of the ripple and 

 𝛽𝑟 is phase shift of the ripple. [4] 

By substituting Equation (3.9) and (2.29) into (2.28) and for simplicity only calculating one 

phase current and assuming that the firing angle is zero, the AC current can be expressed 

as 

 𝑖𝑎 = 𝐼𝑑𝑆𝑎𝑖 + ∑ ∑
𝐴𝑛𝐼𝑟
2

∞

𝑟=1

∞

𝑛=1
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 ∙ [ cos((𝜔𝑟 + 𝑛𝜔)𝑡 + 𝛽𝑟)  

 +cos((𝜔𝑟 − 𝑛𝜔)𝑡 + 𝛽𝑟) ] (3.10) 

where 𝐼𝑑𝑆𝑎𝑖 is the ideal output caused by a constant DC current and is therefore generating 

the characteristic harmonics discussed in section 2.7.1. The non-characteristic harmonics 

caused by the ripple are seen in the summations and they will have angular velocities 

of (𝜔𝑟 ± 𝑛𝜔). However, 𝐴𝑛 from Equation (2.30) will equal zero for all 𝑛 ≠  6𝑘 ±  1 

and it can therefore be concluded that AC current harmonics of order 

 ℎ =
𝜔𝑟

𝜔
± (6𝑘 ± 1) (3.11) 

will be generated as a consequence of the current ripple, with an amplification of 

 
𝐴(6𝑘±1)

2
 (3.12) 

which for k = 0 gives an amplification of ≈ 0.56. 

3.1.3 Modulation and overlap angle 

The overlap angle 𝜇 will greatly affect both modulations in section 3.1.1 and 3.1.2, which 

used ideal switching functions. By replacing the switching functions for the AC to DC 

modulation from Equation (2.29) to (2.31) and performing the same analysis again the only 

difference will be that the amplification in Equation (3.8) is replaced with 

 
3A(6k±1)

2
∙ cos

(6k ± 1)μ

2
 (3.13) 

By replacing the switching functions for the DC to AC modulation from Equation (2.29) 

to (2.32) the amplification in Equation (3.12) will be replaced with 

 
𝐴(6𝑘±1)

2
∙ sinc

(6𝑘 ± 1)𝜇

2
 (3.14) 

In Equation (3.13) and (3.14) it is seen that the overlap angle does not introduce any 

additional harmonic orders, but merely changes the amplitude of them. However, the 

switching functions in Equation (2.31) and (2.32) are only true when an ideal AC network 

is supplying the converter, i.e. AC voltages defined as Equation (2.1), with balanced phase 

inductance and constant ripple-free DC current. That means that the switching functions 

cannot be used when the converter is supplied with a general voltage source defined as 

Equation (2.2). It can therefore be concluded that the overlap angle does not introduce 

new harmonics during these ideal conditions. 

When a general voltage source is used the current waveform will not be the same for all 

valves within the same cycle. This is because the current characteristic during the 

commutation is highly dependent on the instantaneous commutation AC voltage and DC 
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current.  As there will be no symmetry for the six commutations when a general voltage 

source is used, the current characteristic will therefore be different for the valves within the 

cycle, which in turn means that the overlap angle will be different for the valves. This effect 

is called overlap angle variation. 

The effect of these overlap angle variation is that even more non-characteristic harmonics 

are generated e.g. a fundamental frequency unbalance in the AC-system will, even with 

constant DC current, generate harmonic currents of order 3 in positive sequence at the 

AC-side [1]. This is not shown in section 3.1.2. This effect is possible to describe 

analytically but complex to handle in the case of practical filter design, because the possible 

variations of overlap variation are infinite and each case of variation would create different 

harmonics. Typically, some statistical approach is adopted. 

3.2 Cross-modulation loops 

This section will explain what this reports calls, the “cross-modulation loops”. Two loops 

will be explained, in one converter and in a HVDC link. The loops show how harmonics 

interact with each other when non-ideal impedances are present in the system.  

3.2.1 Cross-modulation loop in one converter 

To consider cross-modulation in one converter alone implies that the DC-side load 

connected to the converter has such high impedance that the converter is considered 

decoupled from any other source on the DC-side. The load could therefore be another 

converter if the impedance between them is sufficiently high to decouple them so that they 

do not interact with each other. This is practically the case for long cable connections, 

where the cable shunt admittance is so high that it will provide an effective short circuit 

between the poles for higher frequencies. 

Figure 3.1 shows an illustration of the cross-modulation phenomena in one converter. 

Modulation occurs at two different places in the loop, from AC voltages to DC voltages, 

(section 3.1.1) as well as from DC currents to AC currents (section 3.1.2). The impedances 

in the figure are the impedances seen from the DC-side and the AC-side of the converter 

respectively.  

 

Figure 3.1 Illustration of the cross-modulation phenomena in one converter. The arrows represent the iterative process 
used for calculation in this report, in reality the arrows could go both ways because the entire system is dynamic. 
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In the figure it is clear that as long as 𝑍𝑑𝑐 is big enough there would be no DC current 

harmonics and thus the loop would not be closed. However, non-characteristic harmonics 

can still be produced on the AC-side because of the action of the overlap angle variations 

(mentioned in section 3.1.3) on the smooth direct current. 

3.2.2 Cross-modulation loop in a complete HVDC-link 

An HVDC link consists of two converters and two AC-systems that may or may not be 

synchronous. Figure 3.2 shows an illustration of the cross-modulation phenomena in an 

HVDC link where the converters cannot be considered to be decoupled because of 

insufficient impedance between them. There are four modulations and there are four 

different impedances to consider compared to two in Figure 3.1. 

 

Figure 3.2 Illustration of the cross-modulation phenomena in an HVDC link. The arrows represent the iterative 
process used for calculation in this report, in reality the arrows could go both ways because the entire system is 
dynamic. 

In the figure it is seen that the connection, and thus the transfer of harmonics between the 

AC-systems, occurs via the DC current harmonics i.e. the DC current ripple. Both 

converters contribute to the total DC current ripple. If the DC current is ripple-free 

because of sufficiently high 𝑍𝑑𝑐,𝐴 and 𝑍𝑑𝑐,𝐵 then the two systems will not interact with 

each other; this would effectively decouple the converters and the analysis in section 3.2.1 

could be used instead.  

Another mechanism of the cross-modulation between the links occurs when the AC-

systems have different frequencies. Even if the nominal frequency is the same in both 

systems the practical frequency can differ because of the frequency tolerances in the two 

systems. Because the systems interact with each other via the DC ripple non-integer 

harmonics will be created i.e. interharmonics [8]. For example, AC-system 1 with a 
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fundamental frequency of 50 Hz in positive sequence will generate a DC voltage harmonic 

of order ±6 i.e. ±300 𝐻𝑧 according to Equation (3.4) and (3.5) ; the voltage will then 

produce a current with the same frequency and that current will modulate into AC currents 

in both AC-systems with order ±5 and ±7 i.e. ±250 and ±350 𝐻𝑧 according to Equation 

(3.11). However, if AC-system 2 has a fundamental frequency of 60 Hz the harmonics will 

be of order ±250/60 ≈  ±4.17 and ±350/60 ≈ ±5.83 based on system 2’s 

fundamental frequency. 

3.3 Summary of the cross-modulation phenomena 

As seen above a wide range of characteristic as well as non-characteristic harmonics are 

generated at the converters. It is also seen that harmonics are generated due to two 

different factors: the non-ideal impedances in the cross-modulation loop, and the overlap 

angle variation. The latter is hard to describe analytically. 

It is also seen that the converters in a HVDC link interact with each other via the DC 

current. It can therefore be useful to analytically describe which harmonics are being 

generated by the converter by looking at how the DC current includes harmonics and how 

these harmonic will modulate into AC currents. When the overlap-angle variation is 

ignored the generated AC harmonic orders at converter A in Figure 3.2, can be divided into 

four groups, where AC-system 1 and 2 are denoted with 1 and 2 respectively. The 

harmonics are expressed with the help of paper [8]. 

1. DC currents caused by fundamental frequency voltages from the same 

converter. 

The ripple frequency will be 𝜔𝑟 = 6𝑘𝜔1 and according to Equation (3.11) the DC 

current will modulate into AC current of harmonic order 

 ℎ =
6𝑘𝜔1

𝜔1
± (6𝑗 ± 1) = (6𝑖 ± 1) (3.15) 

where 

𝑖 and 𝑗 are integers. 

2. DC currents caused by a general AC-system supplying its own converter. 

According to Equation (3.4) to (3.7) the DC ripple can contain 𝜔𝑟 = 𝜔𝑚1 ±

(6𝑘 ± 1)𝜔1 and according to Equation (3.11) the DC current will modulate into 

AC current of harmonic order 

 ℎ =
𝜔𝑚1 ± (6𝑘 ± 1)𝜔1

𝜔1
± (6𝑘 ± 1) =

𝜔𝑚1

𝜔1
± 2𝑖 (3.16) 

3. DC currents caused by fundamental frequency voltages from the other 

converter. 

The ripple frequency will be 𝜔𝑟 = 6𝑘𝜔2 and according to Equation (3.11)  the DC 

current will modulate into AC current of harmonic order 
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 ℎ =
6𝑘𝜔2

𝜔1
± (6𝑗 ± 1) (3.17) 

4. DC currents caused by a general AC-system supplying the other terminal. 

According to Equation (3.4) to (3.7) the DC ripple can contain 𝜔𝑟 = 𝜔𝑚2 ±

(6𝑘 ± 1)𝜔2 and according to Equation (3.11) the DC current will modulate into 

AC current of harmonic order 

 

ℎ =
𝜔𝑚2 ± (6𝑘 ± 1)𝜔2

𝜔1
± (6𝑘 ± 1) = 

=
𝜔𝑚2

𝜔1
± (6𝑘 ± 1)

𝜔2

𝜔1
± (6𝑖 ± 1) 

 

 
(3.18) 

The calculations above can be used for a 12-pulse converter if the number 6 is replaced 

with 12. The amplitude of the harmonics can also be calculated analytically by looking at 

the amplification factors in Equations (3.8) and (3.12) for each modulation. It should also 

be noted that the AC harmonic order at converter B in Figure 3.2 can be calculated in the 

same way, if the denotations 1 and 2 are switched in all calculations. 

The characteristic harmonics are shown in group 1 and the non-characteristic harmonics in 

group 2, 3 and 4. Harmonic orders from group 3 and 4 will only appear when the two 

converters cannot be considered to be decoupled.  
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4 Theory BOWSER program 

This chapter will first explain how a 6-pulse converter can be modelled with general 

switching functions, then show how the AC voltages around both transformers in Figure 

2.11 relate to each other and finally show what inputs the program should require to be 

useful. 

The purpose of this program is that it should accurately represent how harmonics are 

modulated in a 12-pulse converter for general AC voltages and any DC current i.e. currents 

according to Equation (3.9). As explained in section 2.5 are a 12-pulse converter actually 

two phase shifted 6-pulse converters in series. Which means that if one 6-pulse converter is 

modelled accurately can it easily be duplicated to create a 12-pulse model instead. 

4.1 Switching functions with general voltage source and 
general DC current 

The switching functions from section 2.8.2 have one major flaw, which is that they are 

created assuming that the overlap angle is the same for all the valves within the cycle. But 

this is not the case as discussed in section 3.1.3. The overlap variations within the cycle 

which may be caused by a general voltage source and a general DC current need to be 

taken into consideration to properly model the converter. 

Appendix C: shows similar calculations as Appendix A: but are considering a general 

voltage source, from the appendix can the commutation current during the commutation 

between valve 3 and 1 be expressed as 

 𝑖𝑏 =
1

𝐿𝑎 + 𝐿𝑏
∙ ∫(𝑢𝑏 − 𝑢𝑎) 𝑑𝑡 +

𝐿𝑎

𝐿𝑎 + 𝐿𝑏
∙ 𝑖𝑑 + 𝐴 (4.1)  

where the voltages are general according to Equation (2.2), and the DC current according 

to Equation (3.9)  and 𝐴 is a constant that is solved by the condition that the current starts 

at zero. The other condition is that commutation stops when the instantaneous AC current 

in the corresponding turning-on valve 𝑖𝑏 , is equal to the instantaneous DC current 𝑖𝑑.  

To accurately model the converter should Equation (4.1) be solved for all the valves to 

firstly calculate the overlap angle so that the voltage switching functions can be created and 

secondly using the current characteristic to create accurate current switching functions 

following the same general methodology that was explained in section 2.8. 

Solving Equation (4.1) for all valves and then create a general Fourier series for all the 

phases analytically will be an almost impossible task because the input parameters for that 

Fourier series would tend to infinity. The program will therefore solve Equation (4.1) 

numerically for all the valves and then create switching function vectors for one cycle based 

on that information, the vectors are then used to numerically modulate the DC current and 

AC currents by using Equation (2.27) and (2.28). This means that the calculated vectors are 

only valid for the specific operating state. 
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4.2 12-pulse converter model 

Two 6-pulse converters are used to model a 12-pulse converter as discussed in section 2.5. 

The only difference is that the voltages suppling each converter will not be the same. The 

transformer configuration in this program are Yy0 and Yd11, which means that the valve 

side voltages for each converter are 30 electrical degrees phase shifted. It should be noted 

that any configurations can be used as long as the converters are 30 electrical degrees phase 

shifted. 

Appendix B: shows how the voltages and currents are transformed over an Yd11 

transformer and it says that the phase voltages at the transformers secondary side can be 

expressed as 

 𝑢𝑎 =
1

√3
(𝑢𝐴 − 𝑢𝐵)

1

𝑁
 (4.2)  

 𝑢𝑏 =
1

√3
(𝑢𝐵 − 𝑢𝐶)

1

𝑁
 (4.3)  

 𝑢𝑐 =
1

√3
(𝑢𝐶 − 𝑢𝐴)

1

𝑁
 (4.4)  

where 

𝑁 is the transformer ratio.  

However, the primary voltages are the same voltages that supplies the Yy0 transformer, 

which means that if the transformer ratio is the same for both transformers, which it 

should be, that the Yd11 transformers voltages can be expressed as 

 𝑢𝑎_𝑑 =
1

√3
(𝑢𝑎_𝑦 − 𝑢𝑏_𝑦) (4.5)  

 𝑢𝑏_𝑑 =
1

√3
(𝑢𝑏_𝑦 − 𝑢𝑐_𝑦) (4.6)  

 𝑢𝑐_𝑑 =
1

√3
(𝑢𝑐_𝑦 − 𝑢𝑎_𝑦) (4.7)  

where 

𝑢𝑎_𝑑, 𝑢𝑏_𝑑  and 𝑢𝑐_𝑑  are the Yd11 transformers secondary phase voltages and 

𝑢𝑎_𝑦, 𝑢𝑏_𝑦  and 𝑢𝑐_𝑦 are the Yy0 transformers secondary phase voltages. 

If the AC-system voltages are ideal voltages the only difference will be that they are 30 

electrical degrees phase shifted from each other, this is however not the case for general 

voltages. 

The switching vectors for the wye/delta converter can be created in the same way as 

section 4.1 if the new voltages are calculated using Equation (4.5), (4.6) and (4.7). Then can 

the DC voltage be calculated for both converters and summarized, and the AC current 
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from each converter can be calculated and summarized at the bus bar that is feeding both 

transformers, as explained in section 2.5.  

4.3 Inputs to the program 

The program inputs will be adapted to parameters that is usually found in various ABB 

reports so that the program becomes readily usable for practical design work. Table 4.1 

shows the available inputs that the program should be based on. Other parameters to be 

used within the BOWSER are derived from these, as described below. 

Table 4.1 Available parameters from internal reports. 

Parameter Unit Explanation 

UacL V Phase-to-phase RMS voltage, line side of the transformer 

Udi0N V Base no-load DC voltage per 6-pulse bridge 

IdN A Base DC current  

Udi0 V No-load DC voltage per 6-pulse bridge 

Id A DC current per 6-pulse bridge 

α deg Firing angle 

dx p.u. Relative reactance of the transformer 

f Hz Fundamental frequency 

The converter is supplied with the valve side voltage and the crest value of that voltage is 

used in the program to calculate the AC voltage input, the voltage can be expressed as 

 �̂�𝑓 =
𝑈𝑑𝑖0 ∙ 𝜋

3√3
 (4.8)  

The transformer ratio is used to transfer currents between the valve and the line side and it 

can be defined as 

 𝑁 =
𝑈𝑎𝑐𝐿

�̂�𝑓

√
2

3
 (4.9)  

The rated power of the transformers can be defined with the base values as 

 𝑆𝑛 =
𝜋

3
𝑈𝑑𝑖0𝑁 ∙ 𝐼𝑑𝑁 (4.10)  

The phase reactance can be calculated with the help of the rated power as 

 
𝑋 =

(
𝑈𝑑𝑖0𝑁 ∙ 𝜋

3√2
)
2

𝑆𝑛
∙ 2𝑑𝑥 

(4.11)  

which is used to calculate the phase inductance in Equation (4.1) as 
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 𝐿 =
𝑋

2𝜋𝑓1
 (4.12)  
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5 The BOWSER program in MATLAB 

This chapter will first explain how the theory from chapter 4 is implemented in MATLAB 

to create the BOWSER program, then data from BOWSER will be presented and 

evaluated. 

5.1 Build up 

BOWSER can be divided into three main parts. Part 1 is the main part of the program that 

calculates the overlap angles and switching functions of the converter with the help of the 

current characteristic calculated with Equation (4.1). Part 2 calculates the AC-side to DC-

side voltage modulation with Equation (2.27) and Part 3 calculates the DC-side to AC-side 

current modulation with Equation (2.28) where the constant DC current 𝐼𝑑 is replaced with 

the general DC current 𝑖𝑑 . The concept is illustrated in Figure 5.1. 

 

Figure 5.1 The three parts of BOWSER 

The program will solve everything numerically as mentioned in section 4.1. Which in this 

case means that the program operates with one complete cycle, based on the fundamental 

AC voltage, throughout the entire program, on all the parameters that could be expressed 

in the time-domain, e.g. voltages, currents and switching functions. 

It should be noted that the AC voltage input at Part 2 and the DC current input at Part 3 

do not need to be the same as the inputs in Part 1. The parameters can be altered along the 

way as seen in Figure 3.1 with the help of impedance models and it is optional if 

impedances should be included. It should however also be noted that if the parameters are 

altered along the way the switching functions will not be correct, unless an iterative 

approach is used.  However, impedance models will not be used during the evaluation 

because the interesting part is to see if the modulation is calculated accurately i.e. if the 

correct switching functions are calculated. 

It should also be noted that the output of the entire program is very flexible; it is easy to 

move between time and frequency domain with MATLAB: s fast Fourier transform (fft) 
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and inverse fast Fourier transform (ifft). It is also easy to move between phase parameters 

and symmetrical components with the help of Equation (2.3). This means that the output 

could be the harmonic spectrum or time vector for any parameter seen in Figure 2.11 

either in symmetrical components or in phase values.  

5.2 Evaluation 

The purpose of the evaluation is to see if the calculated modulation from AC-side to DC-

side and from DC-side to AC-side are correct for a general voltage and a general DC 

current. The modulation is dependent on the switching functions from Part 1, but the 

evaluation is based on the output from Part 2 and Part 3. 

The first test will be with an AC-system that contains PPS and NPS in the fundamental 

frequency, which is a common form of distortion at the converter [2]. The internal ABB 

software NONCHAR is used to verify the results. NONCHAR is an analytical program 

that accurately calculates the AC currents and DC harmonic voltages by constructing a 

piece-wise waveform considering all the input parameters and then applying a Fourier 

transform. Figure 5.2 illustrates how NONCHAR operates, which can be compared to the 

actual cross-modulation loop in Figure 3.1. The limitation of NONCHAR is that the DC 

current is assumed to be constant because of ideal DC-side impedance and that the AC 

voltage only contains the fundamental frequency of PPS and NPS. 

 

Figure 5.2 Flowchart of the NONCHAR program. The 1/∞ circle represents the DC impedance is ideal, i.e. 
equal to zero for all frequencies except 0 Hz. 

The second test of the program will be analytically, with the help of chapter 3. Firstly, the 

AC-side to DC-side modulation will be tested by applying a harmonic to the AC voltage, 

then the DC-side to AC-side modulation will be tested by applying a harmonic to the DC 

current. 

5.2.1 Verification using NONCHAR 

Six different cases have been tested and Table 5.1 shows the settings of the different cases. 

Each case will generate three graphs, one for the positive sequence AC currents, one for 

the negative sequence AC currents and one for the total DC voltage. The results from Case 

1 is seen in Figure 5.3, and the results from the other cases are shown in Appendix D:. 
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Table 5.1 Settings for the different cases run to evaluate BOWSER with NONCHAR. 

Case 
number 

α 
[deg] 

NPS 
[%] 

dx 
[%] 

Id 
[A] 

Udi0N 
[kV] 

Uadi0 
[kV] 

UacL 
[kV] 

IdN 
[A] 

1 15 1 6 1000 400 400 300 1000 

2 15 3 6 1000 400 400 300 1000 

3 15 3 10 1000 400 400 300 1000 

4 60 3 10 1000 400 400 300 1000 

5 60 3 10 1500 400 400 300 1000 

6 60 3 10 2000 400 400 300 1000 

 

Figure 5.3 BOSWER evaluation Case 1 results, PPS currents (top), NPS currents (middle) and DC voltage 
(bottom). 

As seen in the figures the BOWSER results are almost identical to the NONCHAR results, 

which means that the calculated switching functions are accurate for when the DC current 

is constant and when the AC voltage only contains fundamental in PPS and NPS. This is 

the first step of successful validation of BOWSER. 
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5.2.2 Analytical verification 

The AC-side to DC-side modulation will be tested by applying a  harmonic of order four in 

NPS with a crest value of 1000 V to the AC voltages; that harmonic will generate DC 

voltage harmonics of order according to Equation (3.6) and (3.7) with an amplification 

according to Equation (3.8). For simplicity, this will be tested on a 6-pulse converter. Table 

5.2 shows the comparison between the analytical results and the results from BOWSER for 

the six first harmonic orders. It is seen that the BOWSER results are almost identical to the 

theoretic results. 

Table 5.2 Analytical evaluation of BOWSER when the ac supply has 4th harmonic in NPS with a crest value of 
1000 V. 

Harmonic 
order 
Equation  
(3.6) 

Harmonic 
order 
Equation  
(3.7) 

Amplification 
[%] 
 Equation 
(3.8) 

Theoretic 
DC voltage 
crest 
[V] 

BOWSER 
DC voltage 
crest 
[V] 

5 - 165.4 1654 1649 

11 - 23.6 236 234 

17 - 12.7 127 126 

- 5 165.4 1654 1649 

- -1 33.1 331 333 

- -7 15.0 150 148 

The DC-side to AC-side modulation will be tested by applying a harmonic of order two 

with a crest value of 150 A to the DC current;, that harmonic will generate AC current 

harmonics of order according to Equation (3.11) with an amplification according to 

Equation (3.12). For simplicity, this will be tested on the line side of a 12-pulse converter; 

this means that the digit 6 in the equations needs to be replaced with the digit 12. As 

shown in section 2.7 the currents are doubled in a 12-pulse converter, which means that 

the theoretical currents need to be doubled or that the BOWSER currents need to be 

halved in order to accurately compare the results. The latter option is chosen in this case 

and Table 5.3 shows the comparison between the results from BOWSER and the 

equations in chapter 3 for the six first harmonic orders. 
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Table 5.3 Analytical evaluation of BOWSER when the DC current is subjected to a 2nd harmonic with a crest 
value of 150A. 

Harmonic 
order 
Equation  
(3.11) 

Amplification 
[%] 
 Equation 
(3.12) 

Theoretic 
AC current 
crest 
[A] 

BOWSER 
AC current 
PPS 
crest 
[A] 

BOWSER 
AC current 
NPS  
crest 
[A] 

1 55.13 82.7 1654.0 82.7 

3 55.13 82.7 82.7 0 

13 5.05 7.6 127.2 7.5 

15 4.24 6.4 6.4 0 

25 2.40 3.6 66.2 3.6 

27 2.21 3.3 3.3 0 

It should be noted that the characteristic harmonics are included in the BOWSER output - 

the characteristic harmonics in Table 5.3 are positive sequence of order 1, 13 and 25. When 

those harmonics are ignored the theoretical AC currents are almost identical to the results 

from BOWSER. 

The analytical evaluations show that the switching functions are accurate for other AC 

voltages than fundamental PPS and NPS as well as for non-constant DC currents. This 

means that BOWSER accurately calculates the switching functions for a general AC-system 

and a general DC current. This is the second step in validation of the accurate performance 

of BOWSER. 
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6 Theory DONKEYKONG program 

This chapter will explain the theory behind the second MATLAB program which has been 

created, called DONKEYKONG. Firstly, the concept of a frequency domain model of a 

converter will be explained, thereafter it will be shown how the frequency domain model 

can be used in a HVDC link to calculate the converter bus voltage. Then will it be shown 

how BOWSER is modified so that it can be used to create a frequency domain model of 

the converter, and finally it will be shown how the frequency domain model can be 

calculated when using the modified version of BOWSER. 

6.1 Frequency domain model of a converter 

Switching functions were used in time domain to modulate between AC-side and DC-side 

in BOWSER. In the frequency domain, a parallel to switching functions is transformation 

matrices. Paper [9] shows that the DC to AC modulation in the frequency domain for one 

phase can be expressed as 

 [𝑈𝑑] = [𝐻][𝑈𝑎𝑐] (6.1)  

where 

[𝑈𝑑] is an infinitely large matrix containing the DC-side voltages for all the frequencies, 

[𝐻] is the infinitely large transformation matrix and 

[𝑈𝑎𝑐] is an infinitely large matrix containing the AC-side voltages for all the frequencies. 

However, a good simplification of this relationship is to use limited matrices which means 

that Equation (6.1) can be expressed as 

 

[
 
 
 
 
 
𝑢𝑑−𝑛

⋮
𝑢𝑑−1

𝑢𝑑0
𝑢𝑑1

⋮
𝑢𝑑𝑛 ]

 
 
 
 
 

=
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⋮
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⋯
⋰
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⋯
⋱
⋯

  

ℎ−2𝑛−1
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⋮
ℎ0

 

]
 
 
 
 
 
 

   

[
 
 
 
 
 
𝑢𝑎𝑐−𝑛

⋮
𝑢𝑎𝑐−1

𝑢𝑎𝑐0
𝑢𝑎𝑐1

⋮
𝑢𝑎𝑐𝑛 ]

 
 
 
 
 

 (6.2)  

 

where the elements in the voltage vectors represent the complex double-sided Fourier 

series coefficients from Equation (2.8), ranging from harmonic order – 𝑛 to 𝑛. The integer 

𝑛 will therefore represent the number of harmonic orders that are considered in the 

modulation. The simplification can be used with great accuracy in decoupled HVDC links 

because non-integer number harmonics are not expected in great magnitudes.  

From Equation (6.2) it is seen that the sizes of each voltage matrix are [(2n+1) x 1] and that 

the size of the transformation matrix is [(2n+1) x (2n+1)]. 
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However, a converter contains three phases and it is more practical to analyze the electrical 

parameters in terms of phase sequence instead of individual phase magnitudes. This means 

that Equation (6.1), for a converter, can be rewritten into 

 [𝑈𝑑] = [𝐻+][𝑈+] + [𝐻−][𝑈−] (6.3)  

and simplified in the same way as Equation (6.2) where 

[𝐻+] and [𝐻−] are the transformation matrices for positive and negative sequence 

respectively, and 

[𝑈+] and [𝑈−] are the voltage matrices for positive and negative sequence respectively. 

This can be compressed to 

 [𝑈𝑑] = [𝐻+ 𝐻−] [
𝑈+

𝑈−
] = [𝐻+,−][𝑈+,−] (6.4)  

The DC current depends on the DC voltage which in a decoupled HVDC-link can be 

explained by Ohm’s Law as 

 [𝐼𝑑] = [𝑌𝑑][𝑈𝑑] (6.5)  

where  

[𝑌𝑑] is the admittance matrix on the DC-side. 

The AC currents are dependent on the DC current which also can be described with 

transformation matrices as 

 [𝐼𝑎] = [𝐻𝑎][𝐼𝑑] (6.6)  

 [𝐼𝑏] = [𝐻𝑏][𝐼𝑑] (6.7) 

 [𝐼𝑐] = [𝐻𝑐][𝐼𝑑] (6.8) 

where 

[𝐻𝑎], [𝐻𝑏] and [𝐻𝑐] are the transformation matrices for each phase and of size 

[(2n+1) x (2n+1)]. 

The currents can be expressed in positive and negative sequence with the help of 

symmetrical components in the frequency domain as 

 [𝐼+] =
1

3
([𝐻𝑎] + [𝐻𝑙𝑒𝑎𝑑][𝐻𝑏] + [𝐻𝑙𝑎𝑔][𝐻𝑐]) ∙ [𝐼𝑑] (6.9)  

 [𝐼−] =
1

3
([𝐻𝑎] + [𝐻𝑙𝑎𝑔][𝐻𝑏] + [𝐻𝑙𝑒𝑎𝑑][𝐻𝑐]) ∙ [𝐼𝑑] (6.10) 
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where  

[𝐻𝑙𝑎𝑔] and [𝐻𝑙𝑒𝑎𝑑] are transfer matrices that are used to phase shift 120 and -120 electrical 

degrees respectively, which represent the turning factor in Equation (2.3). 

By substituting Equation (6.4) into (6.5) and then into (6.9) and (6.10) the positive and 

negative sequence currents can be expressed as 

 [𝐼+] =
1

3
([𝐻𝑎] + [𝐻𝑙𝑒𝑎𝑑][𝐻𝑏] + [𝐻𝑙𝑎𝑔][𝐻𝑐]) ∙ [𝑌𝑑][𝐻+,−][𝑈+,−] (6.11)  

 [𝐼−] =
1

3
([𝐻𝑎] + [𝐻𝑙𝑎𝑔][𝐻𝑏] + [𝐻𝑙𝑒𝑎𝑑][𝐻𝑐]) ∙ [𝑌𝑑][𝐻+,−][𝑈+,−] (6.12) 

which can be simplified to 

 [𝐼+] = [𝐻𝑝][𝑈+,−] (6.13)  

 [𝐼−] = [𝐻𝑛][𝑈+,−] (6.14) 

where  

[𝐻𝑝] and [𝐻𝑛] are the transformation matrices for positive and negative sequence currents 

respectively and the size needs to be [(2n+1) x (4n+2)]. 

which can be compressed into 

 [
𝐼+
𝐼−

] = [
𝐻𝑝

𝐻𝑛
] [𝑈+,−] (6.15)  

or 

 [𝐼+,−] = [𝐻𝐶][𝑈+,−] (6.16)  

where 

[𝐻𝐶] is the converter’s transformation matrix of size [(4n+2) x (4n+2)] and could be seen 

as the converter’s nonlinear admittance. It will be shown later in the report how this matrix 

can be calculated using an iterative approach. 

Equation (6.16) says that there exists a transfer matrix [𝐻𝐶] of size [(4n+2) x (4n+2)] which 

can be used to calculate the AC currents [𝐼+,−] from the converter when different voltages 

[𝑈+,−] are supplying the converter, if the DC-side impedance is known. Figure 6.1 

illustrates the concept. 
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Figure 6.1 Frequency domain model of a converter with the help of an H matrix. 

6.2 Frequency domain model of HVDC link 

This section will show how a converter can be modeled in the frequency domain when it is 

connected to a general voltage source with grid impedance as well as to filters. Figure 6.2 

illustrates the SLD of the circuit, where 

[𝑈𝑔𝑟𝑖𝑑,+,−] is the voltage spectrum in positive and negative sequence of the supplying 

network and 

[𝑍𝑔𝑟𝑖𝑑] and [𝑍𝑓𝑖𝑙𝑡𝑒𝑟] are the impedance matrices for the grid and the filters, defined as 

diagonal matrices ranging from firstly the positive sequence impedance from harmonic 

order – 𝑛 to 𝑛 and secondly from the negative sequence impedance from harmonic order 

– 𝑛 to 𝑛. 

 

Figure 6.2 Symbolic single line representation of the three phase converter circuit when the converter is connected to a 
general voltage source as well as to filters. 

The external circuit can be expressed as a Thevenin equivalent two pole network [10] as 

shown in Figure 6.3 where 

 [𝐸+,−] = [𝑈𝑔𝑟𝑖𝑑,+,−]
[𝑍𝑓𝑖𝑙𝑡𝑒𝑟]

[𝑍𝑓𝑖𝑙𝑡𝑒𝑟] + [𝑍𝑔𝑟𝑖𝑑]
 (6.17)  

 [𝑍𝑎𝑐] =
[𝑍𝑓𝑖𝑙𝑡𝑒𝑟][𝑍𝑔𝑟𝑖𝑑]

[𝑍𝑓𝑖𝑙𝑡𝑒𝑟] + [𝑍𝑔𝑟𝑖𝑑]
 (6.18)  

where 

[𝐸+,−] is the Thevenin equivalent voltage matrix and 

[𝑍𝑎𝑐] is the Thevenin equivalent impedance matrix. 
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Figure 6.3 Symbolic single line representation of the three phase converter circuit when the converter is connected to a 
general voltage source as well as to filters expressed as a Thevenin equivalent two pole. 

Using Kirchhoff’s Voltage Law (KVL) in Figure 6.3 can it can be concluded that the 

converter voltage can be expressed as  

 [𝑈+,−] = [𝐸𝑎𝑐] − [𝑍𝑎𝑐][𝐼+,−] (6.19)  

Substituting Equation (6.16) in (6.19) gives 

 [𝑈+,−] = [𝐸𝑎𝑐] − [𝑍𝑎𝑐][𝐻𝐶][𝑈+,−] (6.20)  

which makes it possible to express the converter voltage as  

 [𝑈+,−] = ([𝐼] + [𝑍𝑎𝑐][𝐻𝐶])−1[𝐸𝑎𝑐] (6.21)  

where 

[𝐼] is the unit matrix. 

Equation (6.21) implies that the converter voltage can be calculated for different AC-

systems supplying the converter as well as for different AC impedances e.g. different filters, 

as long as the converter transfer matrix [𝐻𝐶] is known. The converter currents can then be 

calculated with Equation (6.16).  

The frequency domain model of the HVDC link makes it easy to calculate the AC voltages 

and currents considering the cross-modulation phenomena, if the transfer matrix [𝐻𝐶] is 

calculated accurately. 

6.3 Modified version of BOWSER 

BOWSER has a lot of different outputs as explained in section 5.1 and it can easily be 

modified so that the output is the AC currents when the converter is supplied with a 

general voltage source with ideal AC-side impedance. The non-ideal DC impedance must 

however be involved in the model to consider the cross-modulation effect, as seen in 

Figure 3.1. Because the AC-side voltages depend on the DC-side currents, which in turn 

depend on the AC-side voltages, the model must iterate until steady state is reached.  

Two things need to be implemented to the program in order to implement the iteration 

function. Firstly, a DC impedance so that the DC current ripple can be calculated from the 
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DC-side voltage after each iteration, secondly a model that considers the voltage drop over 

the AC phase inductances caused by the modulated DC current ripple. 

This chapter will first explain the theory behind these two additions and then show how 

they are implemented in the modified version of BOWSER. 

6.3.1 Additions to BOWSER 

The DC current ripple is simply calculated with Ohms Law in the frequency domain for all 

frequencies except 0 Hz as 

 𝐼𝑟(𝐻𝑧) =
𝑢𝑑(𝐻𝑧)

𝑍𝑑𝑐(𝐻𝑧)
 (6.22)  

It is not calculated for 0 Hz because the 0 Hz component is constant for the converter. 

The voltage drop caused by the DC current ripple is very complex because the AC 

inductance seen from the converter side of the transformer is both time and frequency 

dependent [8]. Figure 6.4 illustrates the circuits when two and three valves are conducting. 

When two valves are conducting in a 6-pulse converter the total AC impedance is two 

phase inductances in series, but when three valves are conducting two phases are in parallel 

with each other and then in series with the third phase, i.e. the total AC inductance is 1.5 

times the phase inductance. 

 

Figure 6.4 Circuits of the converter when two and three valves are conducting. Lac is the total AC phase impedance 
seen from the converter side of the transformer. 

This time-dependent inductance is very hard to model accurately, and so the modified 

version of BOWSER will therefore use a simplification that assumes a constant inductance 

throughout the entire cycle. The inductance is estimated based on the average overlap angle 

for that cycle  𝜇𝑎𝑣𝑒𝑟𝑎𝑔𝑒   and AC phase inductance seen from the converter side of the 

transformer 𝐿𝑎𝑐 . As mentioned in section 2.4.2 three valves conduct during the entire cycle 

if the overlap angle is equal to 60 degrees, it is also mentioned that two valves will conduct 

during the entire cycle if the overlap angle is 0 degrees. The average inductance seen by the 

DC current ripple, as a function of the overlap angle, when the overlap angle is between 0 

and 60 degrees, can therefore be linearly estimated as 

 𝐿(𝜇𝑎𝑣𝑒𝑟𝑎𝑔𝑒) = (
𝜇𝑎𝑣𝑒𝑟𝑎𝑔𝑒

120
− 2) 𝐿𝑎𝑐 (6.23)  
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for a 6-pulse converter, and  

 𝐿(𝜇𝑎𝑣𝑒𝑟𝑎𝑔𝑒) = (
𝜇𝑎𝑣𝑒𝑟𝑎𝑔𝑒

60
− 4) 𝐿𝑎𝑐 (6.24)  

for a 12-pulse converter. 

The constant AC-side inductance simplification is considered to be satisfactory for HVDC 

links with high DC impedance because the AC-side inductance is so small compared to the 

DC-side impedance. The simplification should therefore not be used for links where the 

DC impedance is relatively small. [8] 

With the inductance from Equation (6.24) the voltage drop from the DC current ripple can 

be calculated in the frequency domain as 

 𝑢𝑑,𝑑𝑟𝑜𝑝(𝐻𝑧) = 𝐼𝑟(𝐻𝑧) ∙ 𝑗2𝜋𝑓𝐿(𝜇𝑎𝑣𝑒𝑟𝑎𝑔𝑒) (6.25)  

6.3.2 MATLAB model of the modified version of BOWSER 

Figure 6.5 shows a block scheme of the modified version of BOWSER. Part 1, Part 2 and 

Part 3 are as explained in detail in chapter 5. Block 1 uses Equation (6.22) to calculate 

𝐼𝑟 and block 2 uses Equation (6.24) and (6.25) to calculate the voltage drop 𝑢𝑑,𝑑𝑟𝑜𝑝 . The 

entire program iterates until steady state is reached, i.e. when 𝐼𝑟 stops changing between 

each iteration. 

 

Figure 6.5 Modified version of BOWSER. 

The purpose of the modified version of BOWSER is that for a specific set of AC voltages, 

held constant at the converter bus, it is possible to see the response of the AC currents 

when cross-modulation in Figure 3.1 is considered. This is the same concept that is 

illustrated in Figure 6.1, the difference is that Figure 6.1 uses the frequency domain. It is 

however easy to move between frequency- and time domain with Fourier analysis.  

The simplification at this stage of the program development is therefore that the 

modification of the AC voltages by the currents injected into the AC-side impedance is not 
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considered. The interactive loop is therefore not fully closed (except for the theoretical case 

of an AC supply system with zero grid impedance). 

6.4 Calculating the transfer matrix 

The transfer matrix [𝐻𝑐] can, with the help of Equation (6.16), be expressed as 

 [𝐻𝐶] = [𝐼+,−] ∙ [𝑈+,−]
−1

 (6.26)  

however, the matrix [𝑈+,−] needs to be a square matrix in order to be invertible, so that the 

equation can be solved.  

By using a different voltage matrix [𝑈+,−]  in Equation (6.16), but the same transfer 

matrix [𝐻𝑐], a different current matrix [𝐼+,−] will be calculated. Calculations with different 

voltage matrices can be done by increasing the number of columns in the matrix such as 

 [𝐼+,−,1 𝐼+,−,2 …] = [𝐻𝐶] ∙ [𝑈+,−,1 𝑈+,−,2 …] (6.27) 

where the subscripted number represents the case number. If enough cases i.e. columns are 

used the voltage and current matrices can eventually be a square matrix.  

The cases need to be different in order to solve the equation and the transfer matrix, as 

explained in section 6.1, has a size of [4n+2 x 4n+2]. However, for simplicity the DC part 

of the matrices can be removed, because they will not go through the transformers anyway, 

this will decrease the size of the transfer matrix to [4n x 4n]. This means that 4𝑛 different 

cases need to be created and simulated with the modified version of BOWSER before the 

transfer matrix can be calculated with Equation (6.26). 

The ideal would be to introduce one harmonic order at a time to the modified version of 

BOWSER, but the modified version of BOWSER does not work without the fundamental 

component. All cases are therefore created as 100 % fundamental + 0.1 % of one 

harmonic. This gives a total of 2𝑛 cases and 2𝑛 more cases can be created with 100 % 

fundamental + 0.1 % of one phase shifted harmonic.  But with two exceptions, the first 

case will just be 100 % fundamental, and one case will be 100 % phase shifted fundamental 

instead of 100 % fundamental + 0.1 % phase shifted fundamental. 

Two problems with the chosen cases are that the characteristic harmonics from the 

fundamental appear in all cases, and that a scaling issue appears when just 0.1 % of the 

harmonics are applied. This is solved by removing the output from the 100 % fundamental 

case from all cases, except for the two exceptions above and then multiplying the output 

with 1 000 to get the correct scaling. 

It should also be noted that a small percentage of the harmonic is used with the 

fundamental because it does not affect the characteristic harmonics much, which makes it 

easier, in MATLAB, to remove the noise when the data is manipulated as above. 
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7 The DONKEYKONG program in MATLAB 

DONKEYKONG consists of two different, but closely related programs. The first 

program, DONKEY, is the main program that is used to create the transfer matrix [𝐻𝐶] 

for different converter settings. This program is relatively slow.  

The second program, KONG, imports a [𝐻𝐶] matrix and uses it for calculations, as 

explained in section 6.2, and these calculations are close to instantaneous. 

The relationship between the two programs is illustrated in Figure 7.1 and this chapter will 

firstly explain how each program is built up and secondly evaluate the programs in several 

different ways. 

 

Figure 7.1 Block scheme of the two major parts in DONKEYKONG. 

7.1 Build up DONKEY program 

Figure 7.2 shows a block scheme of DONKEY where: 

o Block 1 takes an integer  𝑛 and creates a [4n x 4n] voltage matrix [𝑈+,−] where each 

column represents a specific case, explained in section 6.4. 

o Block 2 takes one column from the [𝑈+,−] matrix i.e. one case, and transforms into 

time domain phase voltages using Fourier analysis. 

o The modified version of BOWSER block, which is explained in section 6.3, runs 

the case and calculates the AC currents that correspond to that specific case. Block 

2 then sends in a new case, until all cases have been calculated. 

o Block 3 takes the three output currents from each case and transforms into a [4n x 

4n] current matrix [𝐼+,−] using Fourier analysis. 

o Block 4 uses Equation (6.26) to calculate the transfer matrix  [𝐻𝐶]  
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Figure 7.2 Block scheme of the DONKEY program. 

7.2 Build up KONG program 

The block scheme of KONG is illustrated in Figure 7.1 and does not need to be broken 

down further. The program uses Equation (6.17) and (6.18) to create the Thevinin 

equivalent two pole network [10] of the AC-system and filters, which is illustrated in Figure 

6.3 and then uses Equation (6.21) to calculate the converter bus voltage. 

7.3 Evaluation 

DONKEY will be evaluated by creating a simple third program that operates according to 

Figure 6.1 i.e. sending in an AC voltage [𝑈+,−] with ideal AC-side impedance to the [𝐻𝐶]  

matrix, and then checking if the correct AC current [𝐼+,−]  is calculated. This is done with 

the help of Equation (6.16). The purpose of the test is to see that the data manipulation 

which is explained in section 6.4 is accurately done because the data from which the matrix 

is created is taken directly from BOWSER, which has already been evaluated accurately. 

DONKEYKONG is evaluated when DONKEY and KONG work together and the 

evaluation will be done by using system parameters from the NordNed HVDC link and 

comparing the converter voltages [𝑈+,−] and currents [𝐼+,−]  with the results calculated 

using the normal ABB design suite, which consists of the programs HARMON and HAP. 

HARMON is based on NONCHAR but can run many cases with variations of unbalances 

in the filters, phase reactance, firing angles and so forth, using a statistical approach to 

derive a worst case for each harmonic. (However, in this evaluation no such unbalances 

will be implemented; everything is ideal except for the background harmonics.) HAP is a 

harmonic penetration program which models all the AC-side impedances and calculates the 

resulting voltages and currents throughout the filter and network system, including the 

resulting harmonic voltages at the converter bus. Figure 7.3 illustrates how HARMON and 

HAP operate, which can be compared to NONCHAR in Figure 5.2 and with the actual 

cross-modulation loop in Figure 3.1. 
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Figure 7.3 A simplified flowchart of the HARMON and HAP programs. The top part is calculated with 
HARMON and the lower with HAP. 

The limitation of HARMON and also NONCHAR is that they both use a constant DC 

current i.e. an ideal DC impedance. Another problem is that HARMON does not iterate 

the new AC voltages, from HAP, until steady state is reached. The reason for this is that 

the program cannot do it, because it can only calculate the modulations when the DC 

current is constant and when the AC voltages contain only the fundamental frequency in 

PPS and NPS and no frequencies other than the fundamental. 

DONKEYKONG operates with the full cross-modulation loop in Figure 3.1 which means 

that the results will be different from HARMON + HAP in this evaluation. However, the 

program will be evaluated by creating two matrices, one with the actual DC impedance and 

one with the ideal DC impedance. The latter will be close to the HARMON + HAP 

results, because the only difference there is that steady state is reached in 

DONKEYKONG and not in HARMON + HAP. 

7.3.1 Evaluation of DONKEY 

The matrix will be created with an ideal DC-side impedance so that the DC current is 

constant and ripple-free, this means that the matrix can be evaluated with NONCHAR 

again. Only one test is necessary because the purpose is, once again, to see if the data 

manipulation worked accurately. The settings for the matrix are the same as Case 1 in Table 

5.1, this also makes it possible to compare the difference between BOWSER and 

DONKEY. 

The AC current spectrum [𝐼+,−]  from when the applied voltage spectrum contains 100 % 

PPS fundamental and 1 % NPS fundamental is shown in Appendix E: for NONCHAR, 

BOWSER and DONKEY. It is seen that the accuracy is decreased a little in DONKEY 

e.g. it is seen that the characteristic harmonics 11th NPS, 13th PPS, 23rd NPS and 25th PPS 

diverge 0.7, 0.1, 0.6 and 0.4 percent respectively compared to NONCHAR while the non-

characteristic harmonics 1st NPS, 3rd PPS, 9th NPS and 15th PPS are equal to NONCHAR. 

The accuracy of DONKEY is therefore considered to be sufficient for practical design 

purposes. 
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7.3.2 Evaluation of DONKEYKONG 

DONKEYKONG will be evaluated based on a real HVDC link as explained in section 

7.3. This section will therefore, to put the evaluation into context, first give a brief 

summary of the NordNed link. After that the actual evaluation will be presented. 

7.3.2.1 NordNed HVDC link 

The program will be tested with data from the NordNed link, which is a 580 km long 

undersea cable link that can transfer 700 MW with a voltage of ±450 kV between the 

Norwegian station Feda and the German station Eemshaven. Figure 7.4 shows an 

overview picture of the Feda station. The link is a long range cable connection which 

means that the two stations can be considered to be harmonically decoupled, as explained 

in section 3.2.1, so that the DC-side impedance as seen from one station can be modeled as 

the total inductance from the smoothing reactors.  

 

Figure 7.4 Picture of the Norwegian HVDC converter station in Feda. (Picture taken from ABB’s image bank 
with permission) 

The evaluation will be at the Norwegian station Feda. The big building in Figure 7.4 

contains the thyristor valves i.e. the actual converter. This building is called the valve hall 

and a picture of the valves is shown at the front page of this report. All AC filters are 

placed in the first switchyard to the right of the valve hall. The station is then connected to 

the Norwegian AC grid at the second switchyard, to the right of the AC filters. A picture of 

the filter switchyard is shown in Figure 7.5 to give perspective to physical size of the filters. 
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Figure 7.5 Picture of the filter switchyard at the Feda station during construction. (Picture taken from ABB’s image 
bank with permission) 

The parameters from which the matrix is calculated from are shown in Table 7.1 and the 

AC impedance, i.e. the filters in parallel of the grid impedance is calculated according to 

Appendix F:, which shows how the different filters are built up, and how the complex grid 

impedance can be modeled. As mentioned in section 3.2.1 two matrices will be created 

using DONKEY, one with the actual DC impedance and one with the ideal DC 

impedance. 

Table 7.1 Settings of matrices for DONKEYKONG evaluation. 

Parameter Matrix 1 Matrix 2 

Zdc ∞ Ω j 1.4 ω Ω 

Udi0N 506.5 kV 506.5 kV 

Udi0 506.5 kV 506.5 kV 

IdN 686 A 686 A 

Id 686 A 686 A 

UacL 300 kV 300 kV 

α 15 deg 15 deg 

dx 6 % 6 % 

7.3.2.2 Results and analysis from the evaluation 

The matrices from DONKEY are used in KONG with two different filter settings 

calculated with the help of Appendix F:. Figure 7.6 shows the total AC-side impedance for 

the first filter setting and Figure 7.7 shows the total AC-side impedance for the second 

filter setting. 
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Figure 7.6 Total AC-side impedance for filter setting 1; one filter a) and one filter b) from Appendix F:. 

 

Figure 7.7 Total AC-side impedance for filter setting 2; two filter a), two filter b) and one filter c) from Appendix 
F:. 

Figure 7.8  illustrates the AC current and voltage harmonics respectively for the first filter 

setting and Figure 7.9 illustrates the AC current and voltage harmonics respectively for the 

second filter setting. It should be kept in mind that the y-scale is different for this case. 
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The harmonics in this section are displayed as the maximum amplitude from any phase i.e. 

not in terms of phase sequence. The reason for this is that this is the form of output from 

HARMON.  

 

Figure 7.8 AC current (top graph) and voltage (bottom graph) harmonics with AC-side impedance from Figure 7.6. 

 

Figure 7.9 AC current (top graph) and voltage (bottom graph) harmonics with AC-side impedance from Figure 7.7. 

The results from KONG are quite different from HARMON+HAP, especially for matrix 

2. This was expected, as discussed in section 7.3.2, as the newly developed 
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DONKEYKONG program is intended to provide a more accurate calculation, 

overcoming the limitations of HARMON+HAP by taking into account cross-modulation. 

The hard part is to know if these results from DONKEYKONG are accurate, as there is 

no benchmark available for comparison. It can however be seen, when looking at matrix 1, 

that the characteristic currents are slightly bigger than the HARMON+HAP results, which 

is a good sign because DONKEYKONG iterates the entire cross-modulation loop while 

HARMON+HAP does not, and it is reasonable that the currents are slightly bigger with 

this full solution. 

Another good sign is that the non-characteristic current harmonics are greatly amplified for 

matrix 2, which is expected when the DC impedance is non-ideal, especially for the low 

order harmonics. Because NPS unbalance on the AC-side will modulate into a 2nd 

harmonic DC voltage on the DC-side according to Equation (3.6); the voltage will find a 

relatively small DC impedance and generate a 2nd harmonic on the DC current as well, 

which in turn will modulate into non-characteristic harmonics of order 1, 3, 9 … on the 

AC-side according to Equation (3.11). The effect is bigger for low order harmonics because 

the DC impedance is lower for these frequencies due to the smoothing reactor, which 

means that the DC current ripple is bigger for these frequencies. 

It is also known from the previous evaluation that the matrix from DONKEY is correct 

when using ideal AC-side impedance, and the only difference between the evaluation of 

DONKEY and DONKEYKONG is the AC-side impedance, which does not change the 

transfer matrix [𝐻𝐶]. The results do therefore seem reasonable when all of this is taken into 

consideration. 

This step may therefore be taken as a reasonable provisional validation of 

DONKEYKONG. More precise validation would depend on there being a valid 

benchmark, as might be provided for example by a full-scale time-domain simulation in 

PSCAD. However, such a simulation was not available from ABB during the period of this 

thesis work. 
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8 Sensitivity analysis of the cross-modulation 
effect 

This chapter will, with the help of DONKEYKONG, analyze the cross-modulation effect 

in converters and its sensitivity to variation of different parameters. The effect on 

characteristic and non-characteristic harmonics will be analyzed separately. It should be 

noted that this chapter will only present results from DONKEYKONG and not offer any 

theoretical analysis of the results. 

Two factors may be seen as influencing cross-modulation: firstly the effect of non-ideal 

AC-side and DC-side impedances and secondly the effect of overlap variations, as 

mentioned in chapter 3. The analysis in this chapter will try to analyze the factors 

separately. The DC impedance is a part of the [𝐻𝐶] matrix from DONKEY, so matrices 

with different DC impedances need to be created; the AC impedance is easy to change by 

changing the filter configurations and grid impedance used in KONG, this is done without 

changing the [𝐻𝐶] matrix, see section 6.2. The overlap variations are however always 

present in the calculations because they are implemented in BOWSER and therefore also 

DONKEY. With a low DC current the overlap angle will be so small so that the overlap 

variations can be ignored, but the DC current is a parameter that is used to create the 

[𝐻𝑐] matrix so matrices with different DC currents need to be created to see how this 

second factor of cross-modulation affects the harmonics. 

The analysis is therefore done by analyzing two variables, DC current and DC inductance. 

35 different [𝐻𝐶] matrices are created with DONKEY. The matrices are based on data 

from the Feda station from section 7.3.2.1 but with different combinations of DC 

inductances and different DC currents as Figure 8.1 illustrates. It should be noted that the 

case with infinite 𝐿𝐷𝐶  is the case that is calculated with the NONCHAR/HARMON 

program and that the actual DC-side inductance at the Feda station is 1.4 H. 

 

Figure 8.1 Matrix settings for the 35 different matrices with two changing variables, DC inductance and DC 
current. 
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The matrices are then used in KONG for two tests. The first test is done with ideal AC 

impedance. Here only the harmonic currents are interesting to look at because the voltages 

will not change, see Figure 3.1. The grid voltage spectrum comprises 100 % PPS 

fundamental + 1 % NPS fundamental and the current harmonics are calculated with 

Equation (6.16). The second test will be with non-ideal AC-side impedance and now the 

current and voltage harmonics will be analyzed. The applied voltage spectrum will be the 

same as in the first test and the AC impedance will only comprise one shunt capacitor and 

the grid impedance from Appendix F:. Figure 8.2 shows the magnitude as well as the angle 

of the applied non-ideal AC impedance. 

 

Figure 8.2 Non-ideal AC impedance used in chapter 8 for cross-modulation analysis. 

The data is plotted in 3D graphs in order to see how the two variables affect the 

harmonics. The divergence will also be plotted to isolate the different factors of cross-

modulation and this can be done in many different ways; this report will however plot 

three different divergence curves: 

o Divergence with full DC current and variable DC inductance. The divergence is 

calculated by looking at how matrices H52, H53, H54… are diverging from matrix 

H51 in Figure 8.1. 

o Divergence with infinite DC inductance and variable DC current. The divergence is 

calculated by looking at how matrices H21, H31, H41… are diverging from matrix 

H11 in Figure 8.1. 

o Divergence with 1.4 H DC inductance and variable DC current. The divergence is 

calculated by looking at how matrices H24, H34, H44… are diverging from matrix 

H14 in Figure 8.1. 



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 58 

The raw data from all plots and calculations is found in Appendix G:. 

8.1 Characteristic harmonics 

The first four characteristic harmonics will be analyzed in this section. The characteristic 

harmonics come in pairs and the harmonic orders are calculated with Equation (2.25), i.e. 

11th NPS and 13th PPS as well as 23rd NPS and 25th PPS. 

8.1.1 Ideal AC impedance 

Figure 8.3 shows the 11th, 13th, 23rd and 25th AC current harmonics when the AC 

impedance is ideal. It is seen that the 13th and 11th harmonics increase with DC current, 

which is expected. The 23rd and 25th does however not increase linearly with DC current, it 

has a cyclic but increasing magnitude with a  local maximum at around 25 % DC current 

and this is the expected behavior  of the characteristic harmonics. It is also seen that all 

harmonics diverge slowly with decreased DC-side inductance. An unexpected phenomenon 

is that the 11th and 13th suddenly start to diverge in the opposite direction somewhere 

between 0.6 and 0.4 H.  

 

Figure 8.3 3D plots of the 13th and 11th harmonic AC currents, left. And the 25th and 23rd harmonic AC 
currents, right. AC impedance is ideal. 

Figure 8.4 shows the divergence of the AC current harmonics when the DC current is 686 

A and while the DC inductance varies from ∞ H to 0.4 H. It is seen that the decreasing DC 

inductance causes divergence of the higher frequency harmonics 23rd and 25th more than 

the lower frequencies 11th and 13th. At the actual DC inductance, 1.4 H, the divergence is 

around ± 13 % for 23rd and 25th, and around ± 1-2% for the 11th and 13th.  



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 59 

 

Figure 8.4 Characteristic AC current harmonic divergence with constant DC current (686A) and variable DC 
inductance. AC impedance is ideal. 

Figure 8.5 shows the divergence of the AC currents harmonics when the DC inductance is 

constant and when the DC current is changing. The left graph shows when the DC 

inductance is ∞ H and the right graph when the DC inductance is 1.4 H. In the left plot it 

is seen that the 11th and 13th follow each other in the beginning, and that the 11th harmonic 

starts to diverge more than the 13th with higher DC current, i.e. more overlap angle 

variation. It is also shown that the 23rd and 25th have a maximum at different DC currents. 

In the right graph it is shown instead that the divergence for the 13th PPS and 25th PPS 

harmonic is increased a lot while the divergence for the 11th NPS is decreased a lot, 

compared to the left graph, while the 23rd stays almost the same. 

 

Figure 8.5 Characteristic AC current harmonic divergence with constant DC impedance (∞ H to the left and 1.4 H 
to the right) and variable DC inductance. AC impedance is ideal. 

8.1.2 Non-ideal AC impedance 

Figure 8.6 shows the 13th and 11th AC current and voltage harmonics when the AC 

impedance is non-ideal. The currents look very similar to the currents without AC 

impedance in Figure 8.3. The voltages look very similar to the currents, which are expected 

because they are just scaled with the AC impedance, which is almost the same for these 

harmonics, see Figure 8.2.  
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Figure 8.6 3D plots of the 13th and 11th harmonic AC currents (to the left) and voltages (to the right). AC 
impedance is non-ideal. 

Figure 8.7 shows the 25th and 23rd AC current and voltage harmonics when the AC 

impedance is non-ideal. The same analysis as above can be made for the currents and 

voltages. 

 

 

Figure 8.7 3D plots of the 25th and 23rd harmonic AC currents (to the left) and voltages (to the right). AC 
impedance is non-ideal. 

Figure 8.8 shows the divergence of the AC current (to the left) and voltage (to the right) 

harmonics when the DC current is 686 A and when the DC inductance moves from ∞ H 

to 0.4 H. The first thing that is seen is that the divergences between the currents and 

voltages are almost identical. The second thing is that the divergence is higher for the lower 
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frequencies and lower for the higher frequencies, compared to the case with ideal AC 

impedance in Figure 8.4. The divergence is around ± 10-13 % for 23rd and 25th, and around 

± 3-5 % for the 11th and 13th at the actual DC impedance. 

 

Figure 8.8 Characteristic AC current (to the left) and voltage (to the right) harmonic divergence with constant DC 
current (686A) and variable DC inductance. The AC impedance is non-ideal. 

Figure 8.9 shows the divergence of the AC currents harmonics (the top graphs) and voltage 

harmonics (the bottom graphs), when the DC inductance is constant and when the DC 

current is changing. The left graphs show when the DC inductance is ∞ H and the right 

graphs when the DC inductance is 1.4 H. The biggest difference from the current 

divergence with ideal AC impedance in Figure 8.5 is that the divergence is a little bit smaller 

and that the 23rd and 25th diverge at full DC current. The voltages follow the currents at 

low DC currents and start to diverge from the currents at higher DC currents. 

 

Figure 8.9 AC harmonic divergence, currents at the top, voltages at the bottom. The left graphs are with ∞ H DC 
inductance and the right graphs with 1.4 H DC inductance. The AC impedance is non-ideal. 
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8.2 Non-characteristic harmonics 

The two biggest non-characteristic harmonics, with the applied voltage spectrum, are 1st 

NPS and 3rd PPS and these will be plotted in this section. The 3rd harmonic is also the most 

important non-characteristic harmonic for practical design purposes, and the provision or 

not of large 3rd harmonic filters will depend on its correct analysis. The ratio between the 

NPS fundamental and the PPS 3rd harmonic will also be calculated and plotted. 

8.2.1 Ideal AC impedance 

Figure 8.10 shows the 3rd and 1st AC current harmonics as well as the ratio of them when 

the AC impedance is ideal. It is seen that the amplitude is mainly decided by the DC 

inductance, which is the opposite compared to the characteristic harmonics in section 8.1. 

It is also seen that the ratio of the harmonics increase with increased DC current, while it 

stays almost constant with increased DC inductance. 

 

Figure 8.10 3D plots of the 3rd and 1st harmonic AC currents harmonics, left. And the ratio between them, right. 
AC impedance is ideal. 

Figure 8.11 shows the divergence of the AC current harmonics when the DC current is 686 

A and when the DC inductance moves from ∞ H to 0.4 H. It is seen that the DC 

inductance diverges the non-characteristic harmonics a lot and that the divergence between 

them at the actual DC inductance is around 150 – 210 %. 
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Figure 8.11 Non-characteristic AC current harmonic divergence with constant DC current (686A) and variable 
DC inductance. AC impedance is ideal. 

Figure 8.12 shows the divergence of the AC current harmonics when the DC inductance is 

constant and when the DC current is changing. The left graph shows when the DC 

inductance is ∞ H and the right graph when the DC inductance is 1.4 H. In the left graph 

is is seen that the DC current causes both harmonics to diverge almost identically, which 

only makes it possible to properly see one line. It should also be noted that the percentage 

divergence is a bit misleading, the currents move from around 0.02 A to 2.5 A, which are 

rather small values, so the >12 000 % divergence is not as bad as it seems. In the right 

graph it is shown that the 1st harmonics is diverged almost 6 times as much as the 3rd 

harmonic at full DC power, and in this case the 35 A DC current corresponds to  an AC 

current of around 6 A for the 1st and 3rd harmonic. 

 

Figure 8.12 Non-characteristic AC current harmonic divergence with constant DC impedance (∞ H to the left and 
1.4 H to the right) and variable DC inductance. AC impedance is ideal. 

8.2.2 Non-ideal AC impedance 

Figure 8.13 shows the 3rd and 1st AC current and voltage harmonics when the AC 

impedance is non-ideal. It is seen that the currents have changed a lot compared to the 

ideal AC impedance case in Figure 8.10. The currents at the actual DC inductance are 

almost 3 times as big with this non-ideal AC impedance. There also seems to be a local 

maximum point at around 0.8 H DC inductance. 
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The 3rd harmonic voltage follows the current wave shape, which is expected because it is 

scaled with the AC impedance. The 1st harmonic does not follow the wave shape of the 

corresponding current, the reason for this is that the NPS 1st voltage harmonic is present in 

the background harmonics, so the contribution caused by the current needs to be added to 

this constant voltage source. Another reason is that the AC impedance in this case is a lot 

higher for the 3rd harmonic than for the 1st harmonic, so the 3rd harmonic voltage will 

therefore be a lot bigger than the NPS fundamental voltage harmonic. 

 

Figure 8.13 3D plots of the 3rd and 1st harmonic AC currents (to the left) and voltages (to the right). AC 
impedance is non-ideal. 

Figure 8.14 shows the ratio between the 1st and 3rd AC current harmonics when the AC 

impedance is non-ideal. It is seen that the ratio is decreased compared to the ideal AC 

impedance case in Figure 8.10. 

 

Figure 8.14 3D plot of the ratio between the 3rd and 1st harmonic AC currents, with finite AC impedance. 

Figure 8.15 shows the divergence of the AC current (to the left) and voltage (to the right) 

harmonics when the DC current is 686 A and when the DC inductance moves from ∞ H 

to 0.4 H. It is seen that the current divergence is increased a lot compared to the case with 

zero AC impedance in Figure 8.11; the divergence at the actual DC inductance is around 
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900 % for the NPS 1st and 800 % for the 3rd. The 3rd harmonic voltage follows the current 

divergence and the NPS 1st harmonic voltage does not follow the current; the reason for 

this is the same as explained above. 

 

Figure 8.15 Non-characteristic AC current (to the left) and voltage (to the right) harmonic divergence with constant 
DC current (686A) and variable DC inductance. The AC impedance is non-ideal. 

Figure 8.16 shows the divergence of the AC current harmonics (the top graphs) and 

voltage harmonics (the bottom graphs), when the DC inductance is constant and when the 

DC current is changing. The left graphs shows when the DC inductance is ∞ H and the 

right graphs when the DC inductance is 1.4 H. It is seen that the currents once again follow 

each other when the DC impedance is ideal and that the NPS 1st harmonic diverges more 

than the 3rd when the DC impedance is non-ideal. The difference between the NPS 1st and 

the 3rd is however smaller than for the ideal AC impedance case in Figure 8.12. There also 

seems to be a local maximum point at 300 A. 

The 3rd harmonic voltage follows the current while the NPS 1st harmonic voltage once 

again does not. It is also seen that the 3rd harmonic voltage diverges more than the 1st 

harmonic voltage when the DC impedance is non-ideal, which is the opposite from the 

current harmonics.  
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Figure 8.16 AC harmonic divergence, currents at the top, voltages at the bottom. The left graphs are with ∞ H DC 
inductance and the right graphs with 1.4 H DC inductance. The AC impedance is non-ideal. 

Further discussion and a summary of all the above results is included in 9.4 below.  
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9 Analysis and discussion 

The results from each item in the project scope is analyzed and discussed in this chapter. 

The chapter also contains suggestions to future work related to the project. 

9.1 Cross-modulation phenomena 

Chapter 3 contains the explanation of the cross-modulation phenomena. It starts by 

explaining how currents and voltages are modulated between the AC-side and DC-side of 

the converter. It then mentions how the overlap angle will affect the modulation. It is seen 

that the overlap angle will not introduce additional harmonic orders, but merely change the 

amplitude of them, if the converter is supplied with an ideal voltage source. It is then 

mentioned that a general voltage source, i.e. an AC voltage source that contains either 

other frequencies than the fundamental frequency or unbalances between the phases, will 

introduce a phenomena which is called overlap angle variation, which will generate 

additional harmonic orders.  

The chapter then describes how non-ideal impedances will influence harmonics in a cross-

modulation loop. It is briefly mentioned that interharmonics can be generated because of 

this. The phenomenon of interharmonics could have been explained in more detail, 

however the focus of this project was not interharmonics. The chapter also describes 

which AC harmonic orders are being generated in a converter from the cross-modulation 

loop by dividing them into four different groups, depending on the background harmonics 

in each AC-system.  

The cross-modulation phenomenon could overall be described further. Insight is however 

quickly lost when describing it analytically and it is very difficult to write general equations 

with enough value, because the implications caused by cross-modulation are theoretically 

infinite. This chapter instead shows the basics of how cross-modulation affects a converter 

and an HVDC link, in order to see the complexity and better understand the rest of the 

report. The most important aspect of the chapter is to understand that cross-modulation 

can be divided into two different factors: non-ideal impedances and overlap angle variation. 

It is therefore considered that this project goal is reached. 

9.2 The BOWSER program 

Chapter 4 shows that the overlap angle variation can be calculated and considered for the 

general case with the help of integrals. It also shows that the entire 12-pulse converter can 

be modeled if the switching functions are calculated for all the 6 different phases. 

Unbalance in the phase reactance is also briefly covered in the theory, but not used in the 

evaluation. The constant voltage drop over the thyristors and the transformer phase 

resistance is not covered in the theory and these parameters should be added later; the 

impact of these parameters is however quite low. 
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Chapter 5 shows how the theory is implemented in a MATLAB program, BOWSER. The 

program is evaluated in comparison with the ABB internal program NONCHAR, but also 

analytically, and shows great accuracy. The program code itself could however be 

optimized to decrease runtime. More functions, as mentioned above, could be added to 

increase the accuracy even more. 

A MATLAB program is created that accurately considers the cross-modulation phenomena 

in a HVDC converter which is considered as harmonically decoupled on the DC-side, as 

caused by overlap angle variation, when the AC voltages and DC current can contain any 

combination of different frequencies. This is achieved by creating numerical switching 

functions that are used to modulate between the AC-side and DC-side. This project goal is 

therefore also reached. 

9.3 The DONKEYKONG program 

Chapter 6 shows that an entire converter can be modeled in the frequency domain, in order 

to consider cross-modulation influenced by non-ideal impedances and that BOWSER, 

which considers cross-modulation due to overlap angle variation, can be used to create that 

frequency domain model. Cross-modulation due to non-ideal impedances and due to 

overlap angle variation are therefore considered in process. 

The chapter also covers two crucial additions which are needed to create a modified 

version of BOWSER. The first addition is the DC impedance, which is used to calculate 

the DC current ripple and this addition is simply an application of Ohms Law in the 

frequency domain. The second addition is more complex, which is to consider the voltage 

drop across the commutating reactance caused by the DC ripple, and the used 

simplification is only valid for HVDC links with high DC impedance [8]. BOWSER is 

probably the best program to implement the time-dependent impedance in, where it would 

create additional loops of iteration. 

Chapter 7 shows how the theory is implemented into a MATLAB program, 

DONKEYKONG, and the program is then evaluated in two steps. The first evaluation is 

used to see that the data manipulation is accurately done when creating the matrix. The 

results from the first evaluation showed that some accuracy was lost when comparing to 

BOWSER; the accuracy was however still acceptable for practical purposes. The best way 

to achieve a better accuracy would be to either decrease the time-step in the MATLAB 

simulation or to optimize the data manipulation. Both solutions would however increase 

the runtime. 

The second evaluation was based on comparison with the ABB HARMON+HAP 

programs for when their settings were as close as possible to DONKEYKONG. The 

problem with the evaluation is that HARMON does not consider the full cross-modulation 

loop, while DONKEYKONG does. It is therefore hard to draw any definitive conclusions 

regarding the accuracy of the program. However, the results from DONKEYKONG 
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seems reasonable and the program should be evaluated further with other programs to 

guarantee the accuracy. 

BOWSER was accurately evaluated analytically and the first evaluation of 

DONKEYKONG showed that a little accuracy was lost in the creation of the transfer 

matrix. That implies that two additions are the only thing that could be wrongly 

implemented into DONKEYKONG for the second evaluation and therefore the voltage 

drop function is the most probable cause of error in the program. 

The run time for DONKEY is around 20 minutes and the run time for KONG close to 

instantaneous, which makes it easy to analyze different AC impedances and different 

background harmonics for a given converter state. 

The scope was to create a program which is used to model a decoupled HVDC link in the 

frequency domain. The project goal is considered to be reached even though the program 

is not yet evaluated properly because of the lack of a suitable benchmark. 

9.4 Sensitivity analysis of the cross-modulation effect 

The cross-modulation effect was analyzed further in chapter 8, with the help of 

DONKEYKONG. It should be noted that DONKEYKONG still needs to be evaluated 

better and therefore the data and results from this evaluation might differ from reality. 

The purpose of the analysis was to see how the cross-modulation affects the AC current 

and voltage harmonics. This was done by trying to isolate the two major factors of cross-

modulation, non-ideal impedance and overlap angle variation, and then looking at how 

they affect the characteristic and non-characteristic harmonics. This was done by creating 

transfer matrices with different DC inductance and DC currents and then using different 

AC impedances when calculating the harmonics.  

There are two downsides with the analysis. Firstly, the overlap angle variation factor cannot 

be properly isolated, as it is always present for all DC currents. Also, when increasing the 

DC current all characteristic harmonics currents will also increase in amplitude, which has 

nothing to do with the overlap angle variation. Secondly, only two different AC 

impedances were analyzed, ideal and non-ideal, and it can be hard to draw any absolute or 

general concussions based on that, because the AC impedance can vary a lot. The chosen 

non-ideal AC impedance will however represent a case where no AC filters are connected 

and that should be a good case to analyze the impact of the AC impedance. 

Looking at the characteristic harmonics in section 8.1 it is seen that cross-modulation due 

to DC inductance causes the magnitudes of each harmonic pair to diverge and that the 

effect is higher for higher frequencies. It is also seen that cross-modulation due to non-

ideal AC impedance amplifies the divergence for the lower frequencies and slightly 

dampens the divergence for higher frequencies. It is seen that the divergence with the 

actual DC impedance, non-ideal AC impedance and full DC power is -3 %, +5 %, +12 % 

and -10 % for the 11th, 13th, 23rd and 25th harmonic respectively. This is not seen in 



Analysis of harmonic cross-modulation in HVDC line-commutated converters for practical design purposes 

 70 

NONCHAR/HARMON and could significantly affect the optimal filter design because 

these filters are usually the biggest. The current amplitudes for these frequencies were 70.5 

A, 46.14 A, 9.8 A and 11.37 A respectively for the ideal DC impedance case. 

It is hard to analyze the effect of the overlap angle variations of the characteristic 

harmonics by looking at the DC current, because these harmonics are supposed to increase 

with increased DC current. One thing that is possible to see is that the overlap angle 

variation with ideal DC impedance affects the 11th harmonic more than the 13th. Also, the 

overlap angle variation with non-ideal DC impedance increases the PPS harmonics a lot 

while decreasing the NPS harmonics. 

Furthermore, one strange phenomenon happened when the DC inductance moved from 

0.6 H to 0.4 H; the 11th and 13th harmonic suddenly diverged a lot in the opposite direction. 

One explanation could be that the program does not work with such low DC inductance 

because of the simplification of the voltage drop function, as explained in the previous 

section the simplification is not accurate with low DC impedance. Extra caution should 

therefore be exercised with respect to the 0.4 H data points. 

Looking at the non-characteristic harmonics in section 8.2 it is seen that cross-modulation 

due to DC inductance causes significant divergence in the magnitudes of pairs of 

harmonics. The divergence at the actual DC impedance is 217 % and 156 % for the 1st and 

3rd harmonic respectively. It is also seen that the overlap variation diverges both harmonics 

exactly the same with ideal DC impedance and that the 1st harmonic is diverged 6 times as 

much as the 3rd harmonic at the actual DC inductance and full DC current. Furthermore, 

the non-ideal AC impedance amplifies the cross-modulation effect further, the divergence 

reaching 912 % and 821 % for the 1st and 3rd harmonic respectively. The overlap angle 

variation effect is however damped with the actual DC inductance for the 1st harmonic and 

amplified for the 3rd. It is also seen that the amplitude of the harmonics is almost the same 

for all DC currents i.e. transmission power levels; this means that the filter needs to be 

connected for all power transmission levels. This divergence is once again not shown in 

NONCHAR/HARMON and will greatly affect the optimal filter design. In percentage 

terms the divergence sounds catastrophic, but it should be noted that the amplitudes for 

the ideal DC impedance case are only 2.04 A and 2.02 A respectively. The divergence may 

however increase both harmonics up to significant amplitudes where their impact cannot 

be ignored. 

In summary, the characteristic harmonics are diverged by the cross-modulation effect 

mainly due to the non-ideal impedances. The divergence is quite small, but these filters are 

usually the biggest, so each percentage point will affect the cost of the filter. If the increase 

in component stresses due to this effect of cross-modulation is not considered, the filters 

may be under-rated and trip during extreme conditions. The non-characteristic harmonics 

are also mainly diverged by the non-ideal impedances while the overlap variation mainly 

changes the ratio between the harmonic pair. 
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It should finally be noted once again that this is just a comparison between two selected 

AC impedances and with once specific voltage spectrum, 100 % PPS fundamental + 1 % 

NPS fundamental. Also only 6 different harmonics are analyzed. However, the matrices 

can be used to instantaneously calculate new data for different AC impedances, different 

voltage spectrums and extract more harmonics, which means that transfer matrices in the 

frequency domain provide an effective tool when analyzing the cross-modulation effect. 

The scope was to analyze how cross-modulation affects different kinds of AC harmonics 

that are generated in a converter, which is done for one specific voltage spectrum where 

interesting phenomena are discovered. It will be easy with this tool to analyze further, with 

different voltage spectrums and different impedances. The project goal is therefore 

considered to be reached. 

9.5 Future work 

This section contains suggestions for future work; the priority should however be to 

evaluate DONKEYKONG with in comparison with a full time domain simulation using 

PSCAD to see if the results are accurate.  

Suggestions for future work: 

o Investigate if the time dependent impedance function can be added in BOWSER. 

The function is the biggest simplification in both programs and could affect the 

results significantly. It will also make it possible to use BOWSER for links with low 

DC impedance. [8] 

o Implement functions to consider the transformer phase resistance and the constant 

voltage drop caused from thyristors, to the BOWSER program. The 

implementations should be easy and the impact on the results minor. It is however 

one step closer to an optimal model. 

o Use DONKEYKONG to analyze the cross-modulation effect further in order to 

see if any general conclusions can be made regarding the cross-modulation 

phenomena. 

o Use DONKEYKONG to develop a user friendly program with a graphical user 

interface, which can be used as an alternative or complement to HARMON+HAP 

when designing filters in HVDC links. 

o Investigate how the DC-side harmonics can be calculated when the AC harmonics 

are calculated in the frequency domain with DONKEYKONG. 

o Investigate how the programs can be used to model HVDC links where the 

converters cannot be considered to be decoupled from each other. BOWSER has a 

lot of potential because it calculates the modulations accurately for the general case. 
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10 Conclusions 

This section contains the main conclusions of the report in relation to the aim of the 

project. 

o Cross-modulation is a complex phenomenon which is hard to describe analytically 

with good insight. The phenomenon can however be divided into two groups, 

affected by non-ideal impedance and affected by overlap angle variation.  

o An HVDC link with high DC impedance can be modeled efficiently in the 

frequency domain, where it is easy to analyze the AC harmonics when the cross-

modulation phenomena due to non-ideal impedance and overlap angle variation are 

considered, and when different background harmonics as well as different AC 

impedances are connected to the HVDC link. This frequency domain model 

simplifies the practical filter design a lot because it is easy to try different filters, 

with cross-modulation in consideration, in an early design phase before running a 

full system simulation. 

o Characteristic harmonics are mainly affected by cross-modulation due to non-ideal 

impedance, while the overlap angle variation does not seem to affect the 

characteristic harmonics substantially. Also, the divergence caused by cross-

modulation, which is not shown in NONCHAR/HARMON, can greatly affect the 

optimal filter design.  

o Non-characteristic harmonics are affected by cross-modulation due to non-ideal 

impedance and due to overlap angle variation. The non-ideal impedance can 

diverge the lower order harmonics up to 900 % and the overlap angle variation will 

change the ratio between each harmonic pair. The amplitudes of the non-

characteristic harmonics are also almost constant for all transmission power levels 

in the converter. This is not shown in NONCHAR/HARMON and will also affect 

the optimal filter design.  
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Appendix A:1 

A: Current characteristics during commutation in a LCC with 
an ideal voltage source and a constant DC current 

Figure 10.1 shows the electrical circuit during one commutation period in a converter. 

Hence α ≤ ωt ≤ α+µ. A constant DC current 𝐼𝑑 is assumed. All valves in the figure are 

open. 

 

 

Figure 10.1 LCC circuit during a commutation period. 

Whit the help of KVL it can be stated that 

 𝑢𝑎 − 𝐿
𝑑𝑖𝑎
𝑑𝑡

= 𝑢𝑏 − 𝐿
𝑑𝑖𝑏
𝑑𝑡

  ↔ (10.1)  

 𝐿
𝑑𝑖𝑏
𝑑𝑡

 − 𝐿
𝑑𝑖𝑎
𝑑𝑡

= 𝑢𝑏 − 𝑢𝑎  (10.2)  

and with the help of KCL it can be stated that 

 𝑖𝑎 + 𝑖𝑏 = 𝐼𝑑 →  (10.3)  

 
𝑑𝑖𝑎
𝑑𝑡

+
𝑑𝑖𝑏
𝑑𝑡

=
𝑑𝐼𝑑
𝑑𝑡

= 0 →  (10.4)  

 
𝑑𝑖𝑎
𝑑𝑡

= −
𝑑𝑖𝑏
𝑑𝑡

  (10.5)  

and by substituting Equation (10.5) into Equation (10.2)   

 2𝐿
𝑑𝑖𝑏
𝑑𝑡

 = 𝑢𝑏 − 𝑢𝑎 ↔ (10.6)  

 2𝐿
𝑑𝑖𝑏
𝑑𝑡

 = √2𝑈ℎ sin𝜔𝑡 (10.7)  

where 

𝑈ℎ is the RMS phase-to-phase voltage. 

By solving the differential equation (10.7) can the current be expressed as 
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 𝑖𝑏  =  −
√2𝑈ℎ

2𝜔𝐿
cos𝜔𝑡 + 𝐶 (10.8)  

where  

C is an integration constant.  

With the initial condition  

 𝑖𝑏  =  0 𝑎𝑡 𝜔𝑡 = 𝛼 (10.9)  

the current 𝑖𝑏 can be expressed as 

 𝑖𝑏  =  
√2𝑈ℎ

2𝜔𝐿
(cos 𝛼 − cos𝜔𝑡) (10.10)  

and according to Equation (10.3) the current 𝑖𝑎 can be expressed as 

 𝑖𝑎  =  𝐼𝑑 −
√2𝑈ℎ

2𝜔𝐿
(cos 𝛼 − cos𝜔𝑡) (10.11)  

The other condition is that 

 𝑖𝑏  =  𝐼𝑑  𝑎𝑡 𝜔𝑡 = 𝛼 + 𝜇 (10.12)  

inserting Equation (10.12) in Equation (10.10) gives the expression 

 𝐼𝑑  =  
√2𝑈ℎ

2𝜔𝐿
(cos 𝛼 − cos 𝛼 + 𝜇) (10.13)  

With the help of Equation (10.13) the overlap angle can now be expressed as 

 𝜇 =  arccos (cos 𝛼 −
𝐼𝑑2𝜔𝐿

√2𝑈ℎ

) − 𝛼 (10.14)  

for a converter that is operating under ideal conditions. 
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B: Yd11 transformer voltages and currents 

The configuration of the Yd11 transformer is illustrated in Figure 10.2.This appendix will 

show how the line currents on the primary side can be expressed by the line currents on 

the secondary side. Also, how phase voltages on the secondary side can be expressed as the 

phase voltages on the primary side. 

 

 

Figure 10.2 Yd11 transformer configuration. 

On the secondary side with KCL it can be derived that 

 𝑖𝑎 = 𝑖𝑐𝑎 − 𝑖𝑎𝑏 (10.15) 

 𝑖𝑏 = 𝑖𝑎𝑏 − 𝑖𝑏𝑐 (10.16) 

 𝑖𝑐 = 𝑖𝑏𝑐 − 𝑖𝑐𝑎 (10.17)  

It is also widely known, from the theory about symmetrical components, that the sum of 

the phase currents equal three times the zero sequence current. In the report it is seen that 

the zero sequence does not affect the harmonic transfer (Section 3.1.1) and can therefore 

be ignored and for simplicity set to zero. Which means that it can be derived that 

 𝑖𝑐𝑎 + 𝑖𝑎𝑏 + 𝑖𝑏𝑐 = 3𝑖0 = 0 (10.18)  

Equation (10.15) + (10.16) and (10.16) + (10.17) will give 

 𝑖𝑎 + 𝑖𝑏 = 𝑖𝑐𝑎 − 𝑖𝑏𝑐 (10.19)  

 𝑖𝑏 + 𝑖𝑐 = 𝑖𝑎𝑏 − 𝑖𝑐𝑎 (10.20)  

Equation (10.19) – (10.20) will give 

 𝑖𝑎 − 𝑖𝑐 = 2𝑖𝑐𝑎 − 𝑖𝑏𝑐 − 𝑖𝑎𝑏 (10.21)  

Adding (10.18) to (10.21) will now give 
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 𝑖𝑎 − 𝑖𝑐 = 3𝑖𝑐𝑎 + 3𝑖0 = 3𝑖𝑐𝑎 (10.22)  

Breaking out 𝑖𝑐𝑎 from (10.22) and performing the same equation for the other currents 

gives 

 𝑖𝑐𝑎 =
1

3
(𝑖𝑎 − 𝑖𝑐) (10.23)  

 𝑖𝑎𝑏 =
1

3
(𝑖𝑏 − 𝑖𝑎) (10.24)  

 𝑖𝑏𝑐 =
1

3
(𝑖𝑐 − 𝑖𝑏) (10.25)  

The transformer ratio is usually expressed as the ratio between the phase-to-phase voltages 

but can also be expressed as 

 𝑁 =
𝑖𝑎
𝑖𝐴

 (10.26)  

The line currents are √3 bigger than the phase currents, which means that the transformers 

turn ratio, which is the ratio between the currents in the windings, can be defined as 

 𝑛 =
𝑖𝑎/√3

𝑖𝐴
 (10.27)  

The line currents on the primary side are related to the phase current on the secondary side 

and can now be expressed as 

  𝑖𝐴 =
1

3
(𝑖𝑎 − 𝑖𝑐)

1

𝑛
=

1

√3
(𝑖𝑎 − 𝑖𝑐)

1

𝑁
 (10.28)  

 𝑖𝐵 =
1

3
(𝑖𝑏 − 𝑖𝑎)

1

𝑛
=

1

√3
(𝑖𝑏 − 𝑖𝑎)

1

𝑁
 (10.29)  

 𝑖𝐶 =
1

3
(𝑖𝑐 − 𝑖𝑏)

1

𝑛
=

1

√3
(𝑖𝑐 − 𝑖𝑏)

1

𝑁
 (10.30)  

With the same methodology, but with KVL, the secondary phase voltages can be expressed 

as 

  𝑢𝑎 =
1

3
(𝑢𝐴 − 𝑢𝐵)

1

𝑛
=

1

√3
(𝑢𝐴 − 𝑢𝐵)

1

𝑁
 (10.31)  

 𝑢𝑏 =
1

3
(𝑢𝐵 − 𝑢𝐶)

1

𝑛
=

1

√3
(𝑢𝐵 − 𝑢𝐶)

1

𝑁
 (10.32)  

 𝑢𝑐 =
1

3
(𝑢𝐶 − 𝑢𝐴)

1

𝑛
=

1

√3
(𝑢𝐶 − 𝑢𝐴)

1

𝑁
 (10.33)  
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C: Current characteristics during commutation in a LCC with a 
general voltage source and DC current 

Figure 10.3 shows the electrical circuit during one commutation period in a converter. 

Hence α ≤ ωt ≤ α+µ. All valves in the figures are conducting. 

 

Figure 10.3 LCC circuit during a commutation period. 

The potential 𝑉𝐴 can, according to KVL, be expressed as 

 𝑉𝐴 = 𝑢𝑎 − 𝐿𝑎

𝑑𝑖𝑎
𝑑𝑡

= 𝑢𝑏 − 𝐿𝑏

𝑑𝑖𝑏
𝑑𝑡

 (10.34)  

and the currents can, according to KCL, be expressed as 

 𝑖𝑎 + 𝑖𝑏 = 𝑖𝑑 (10.35)  

 
𝑑𝑖𝑎
𝑑𝑡

+
𝑑𝑖𝑏
𝑑𝑡

=
𝑑𝑖𝑑
𝑑𝑡

 (10.36)  

Substituting Equation (10.36) into (10.34) gives 

 𝑢𝑎 − 𝐿𝑎

𝑑(𝑖𝑑 − 𝑖𝑏)

𝑑𝑡
= 𝑢𝑏 − 𝐿𝑏

𝑑𝑖𝑏
𝑑𝑡

 (10.37)  

which can be rewritten into 

 
𝑑𝑖𝑏
𝑑𝑡

=
1

𝐿𝑎 + 𝐿𝑏
∙ (𝑢𝑏 − 𝑢𝑎) +

𝐿𝑎

𝐿𝑎 + 𝐿𝑏
∙
𝑑𝑖𝑑
𝑑𝑡

 (10.38)  

A solution to the differential equation (10.38) is 

 𝑖𝑏 =
1

𝐿𝑎 + 𝐿𝑏
∙ ∫(𝑢𝑏 − 𝑢𝑎) 𝑑𝑡 +

𝐿𝑎

𝐿𝑎 + 𝐿𝑏
∙ 𝑖𝑑 + 𝐴 (10.39)  

where  

𝐴 is a constant.  

The constant 𝐴 can be solved with the initial condition that 𝑖𝑏 = 0 when 𝜔𝑡 = 𝛼. This 

constant is calculated using a numerical approach in BOWSER.  

The current 𝑖𝑎 can then be calculated according to Equation (10.35).  

The commutation is over when 𝑖𝑏(𝜔𝑡) = 𝑖𝑑(𝜔𝑡) which occurs when 𝜔𝑡 = 𝛼 + 𝜇. 
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D: Evaluation BOWSER 

BOWSER has been evaluated against the internal ABB NONCHAR program with six 

different cases. The settings for each case is seen in Table 5.1 and this appendix shows the 

graphs of the results from case 2 through 6. 

 

Figure 10.4 BOWSER evaluation results, left graphs are from Case 2 and the graphs to the right are from Case 3. 
The top graphs are PPS AC current harmonics, the middle graphs are NPS AC current harmonics and the bottom 
graphs are the DC voltage harmonics. 
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Figure 10.5 BOWSER evaluation results, left graphs are from Case 4 and the graphs to the right are from Case 5. 
The top graphs are PPS AC current harmonics, the middle graphs are NPS AC current harmonics and the bottom 
graphs are the DC voltage harmonics. 
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Figure 10.6 BOWSER evaluation results from Case 6. The top graph are PPS AC current harmonics, the middle 
graph are NPS AC current harmonics and the bottom graphs are the DC voltage harmonics.
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E: Evaluation DONKEY 

Table 10.1 Data for evaluation of DONKEY. 

Harm. 
order 

NONCHAR BOWSER DONKEY  

 PPS NPS PPS NPS PPS NPS 

1 1 534 3 1 534 3 1 534 3 

2 0.00 0.00 0.02 0.01 0.00 0.00 
3 2.85 0.03 2.86 0.03 2.85 0.00 
4 0.00 0.00 0.01 0.00 0.00 0.00 

5 0.03 0.00 0.03 0.04 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.03 0.04 0.03 0.00 0.00 

8 0.00 0.00 0.00 0.00 0.00 0.00 
9 0.03 2.30 0.03 2.30 0.00 2.30 
10 0.00 0.00 0.00 0.01 0.00 0.00 

11 2.05 86.77 2.06 86.77 2.05 86.83 
12 0.00 0.00 0.01 0.01 0.00 0.00 
13 59.02 1.93 59.02 1.93 59.08 1.93 

14 0.00 0.00 0.01 0.00 0.00 0.00 
15 1.66 0.03 1.67 0.03 1.66 0.00 
16 0.00 0.00 0.00 0.00 0.00 0.00 

17 0.03 0.00 0.03 0.02 0.00 0.00 
18 0.00 0.00 0.00 0.00 0.00 0.00 
19 0.00 0.03 0.02 0.03 0.00 0.00 

20 0.00 0.00 0.00 0.00 0.00 0.00 
21 0.03 0.87 0.03 0.87 0.00 0.87 
22 0.00 0.00 0.00 0.00 0.00 0.00 

23 0.74 8.16 0.74 8.16 0.74 8.21 
24 0.00 0.00 0.00 0.00 0.00 0.00 
25 10.02 0.69 10.02 0.69 10.06 0.69 

26 0.00 0.00 0.00 0.00 0.00 0.00 
27 0.64 0.03 0.64 0.03 0.64 0.00 
28 0.00 0.00 0.00 0.00 0.00 0.00 

29 0.03 0.00 0.03 0.01 0.00 0.00 
30 0.00 0.00 0.00 0.00 0.00 0.00 
31 0.00 0.03 0.01 0.03 0.00 0.00 

32 0.00 0.00 0.00 0.00 0.00 0.00 
33 0.03 0.61 0.03 0.62 0.00 0.62 
34 0.00 0.00 0.00 0.00 0.00 0.00 

35 0.59 7.31 0.59 7.31 0.59 7.37 
36 0.00 0.00 0.00 0.00 0.00 0.00 
37 5.36 0.57 5.36 0.58 5.41 0.58 

38 0.00 0.00 0.00 0.00 0.00 0.00 
39 0.53 0.03 0.53 0.03 0.54 0.00 
40 0.00 0.00 0.00 0.00 0.00 0.00 

41 0.03 0.00 0.03 0.01 0.00 0.00 
42 0.00 0.00 0.00 0.00 0.00 0.00 
43 0.00 0.03 0.00 0.03 0.00 0.00 

44 0.00 0.00 0.00 0.00 0.00 0.00 
45 0.03 0.39 0.03 0.39 0.00 0.00 
46 0.00 0.00 0.00 0.00 0.00 0.00 

47 0.37 3.33 0.38 3.33 0.00 3.38 
48 0.00 0.00 0.00 0.00 0.00 0.00 
49 3.72 0.37 3.72 0.37 3.77 0.00 
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F: Filter and grid configuration Feda 

This appendix will, without explaining the purpose of each filter type, explain how the grid 

and the filter impedance are calculated in the Feda station when DONKEYKONG is 

evaluated. 

The grid impedance is very complex when the frequency increases; the impedance changes 

between inductive and capacitive in a very nonlinear manner and is not constant for all 

frequencies. However, a good assumption, in combination of filters, is to model the grid 

impedance as a linearly increased amplitude with a gradually lowered angle. The grid 

impedance model used for evaluation of DONKEYKONG have an amplitude of 

 |𝑍𝑔𝑟𝑖𝑑| = 37.3 ∙ ℎ  [Ω]  (10.40) 

where ℎ is the harmonic order. With an angle of 

 𝑍𝑔𝑟𝑖𝑑 =  80°,    1 ≤ ℎ < 5   

 𝑍𝑔𝑟𝑖𝑑 = 75°,    5 ≤ ℎ < 11  

 𝑍𝑔𝑟𝑖𝑑 = −70°,    11 ≤ ℎ ≤ 50 (10.41) 

Figure 10.7 illustrates the single line diagram of the filters that exist in the station. All banks 

are connected in parallel and there are two filter a), two filter b) and one filter c) in the 

station. The parameters of the filters are shown in Table 10.2. 

 

Figure 10.7 Shows the single line diagram of the three different filter banks that exists in the HVDC link that is 
used to evaluate DONKEYKONG.  
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Table 10.2 Parameters for the filter banks in Figure 10.7. 

Parameter Capacitance  

[µF] 

Parameter Inductance  

[mH] 

Parameter Resistance 

[R] 

C11 3.36 L21 42.03 R21 125 

C21 1.686 L22 1.176 R31 174 

C22 60.27 L31 9.58 R41 630 

C31 1.836 L41 337   

C41 3.36     

C42 26.9     

Bank a) is a simple shunt capacitor and the impedance is calculated as 

 𝑍𝑎 =
1

𝑗𝜔𝐶11
 (10.42) 

Bank b) consists of two branches in parallel, the first branch is a double tuned bandpass 

(BP) filter, tuned at harmonic order 11 and 13 and the impedance for that branch can be 

calculated as 

 𝑍𝑏1 =
1

𝑗𝜔𝐶21
+ 𝑗𝜔𝐿21+(

1

𝑅21
+

1

𝑗𝜔𝐿22
+ 𝑗𝜔𝐶22)

−1

 (10.43) 

the second branch is a high pass (HP) filter tuned at harmonic order 24, and the impedance 

for that branch can be calculated as 

 𝑍𝑏2 =
1

𝑗𝜔𝐶31
(

1

𝑅31
+

1

𝑗𝜔𝐿32
)
−1

 (10.44) 

the total impedance for bank b) can be calculated as 

 𝑍𝑏 = (
1

𝑍𝑏1
+

1

𝑍𝑏2
)

−1

 (10.45) 

Bank c) is a bandpass filter tuned to the third harmonic and the impedance is calculated as 

 𝑍𝑐 =
1

𝑗𝜔𝐶41
+ (

1

𝑅41
+

1

𝑗𝜔𝐿41 +
1

𝑗𝜔𝐶42

)

−1

 (10.46) 

The total filter impedance is calculated as 

 𝑍𝑓𝑖𝑙𝑡𝑒𝑟 = (
𝑛𝑎

𝑍𝑎
+

𝑛𝑏

𝑍𝑏
+

𝑛𝑐

𝑍𝑐
)
−1

 (10.47) 

where 

𝑛𝑎,  𝑛𝑏 and 𝑛𝑐  are the number of filter banks connected for each type.
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G: Data from cross-modulation analysis 

This appendix contains all the data that is used for the 3D plots in the report. All currents 

are expressed as ampere and all voltages as voltage. 

Table 10.3 to Table 10.9 contain the data for the AC currents with ideal AC impedance. 

Table 10.10 to Table 10.16 contain the data for the AC currents with non-ideal AC 

impedance. 

Table 10.17 to Table 10.22 contain the data for the AC voltages with non-ideal AC 

impedance. 

Table 10.23 to Table 10.31 contain the data for the calculated divergence plots in the 

report. 

Table 10.3 3rd PPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  0.02 0.54 4.57 6.09 9.08 10.97 34.85 

150 A  0.21 0.57 4.63 6.12 9.10 11.05 29.88 

300 A  0.69 0.83 4.67 6.19 9.25 11.04 39.46 

450 A  1.31 1.35 4.64 6.16 9.24 10.91 23.53 

686 A  2.48 2.43 4.94 6.34 9.36 10.60 17.11 

Table 10.4 1st NPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  0.02 0.54 4.55 6.08 9.07 11.02 39.10 

150 A  0.21 0.61 4.69 6.18 9.17 11.20 33.64 

300 A  0.69 0.97 4.95 6.48 9.62 11.51 42.29 

450 A  1.32 1.58 5.28 6.88 10.07 11.90 29.23 

686 A  2.51 2.78 6.41 7.97 11.19 12.74 25.75 

Table 10.5 Ratio between 1st NPS and 3rd PPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  1.00 1.00 1.00 1.00 1.00 1.00 1.12 

150 A  1.00 1.07 1.01 1.01 1.01 1.01 1.13 

300 A  1.00 1.17 1.06 1.05 1.04 1.04 1.07 

450 A  1.01 1.17 1.14 1.12 1.09 1.09 1.24 

686 A  1.02 1.14 1.30 1.26 1.20 1.20 1.51 
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Table 10.6 13nd PPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  5.19 4.78 1.97 1.41 2.56 3.52 17.34 

150 A  21.31 20.91 17.92 16.80 14.60 13.39 21.56 

300 A  37.68 37.37 35.08 34.21 32.46 31.44 30.50 

450 A  47.69 47.54 46.33 45.86 44.91 44.30 40.63 

686 A  51.32 51.42 52.17 52.43 52.95 53.16 44.92 

Table 10.7 11th NPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  6.16 6.55 9.57 10.71 12.96 14.07 20.20 

150 A  25.58 25.98 28.96 30.10 32.37 33.63 32.21 

300 A  46.89 47.21 49.61 50.54 52.42 53.52 56.84 

450 A  62.52 62.70 64.13 64.70 65.87 66.61 70.93 

686 A  75.42 75.36 74.99 74.89 74.73 74.76 82.88 

Table 10.8 25th PPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  2.62 2.48 1.50 1.13 0.50 0.31 8.22 

150 A  9.53 9.44 8.81 8.56 8.05 7.72 6.41 

300 A  11.22 11.25 11.47 11.54 11.67 11.68 4.79 

450 A  6.54 6.65 7.45 7.75 8.36 8.65 3.29 

686 A  8.74 8.64 7.87 7.60 7.09 6.81 6.42 

Table 10.9 23rd NPS AC current harmonic, no AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  2.87 2.91 3.34 3.50 3.81 3.99 9.56 

150 A  10.70 10.72 10.94 11.03 11.21 11.38 16.59 

300 A  13.88 13.84 13.55 13.45 13.26 13.23 20.07 

450 A  10.14 10.05 9.39 9.16 8.71 8.53 13.91 

686 A  7.13 7.21 7.87 8.15 8.72 9.10 12.39 
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Table 10.10 3rd PPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  0.02 0.60 9.59 17.07 25.08 20.39 8.09 

150 A  0.21 0.63 9.90 17.62 26.91 21.39 7.67 

300 A  0.64 0.87 10.00 18.60 29.60 23.71 11.71 

450 A  1.14 1.31 9.68 17.91 30.95 23.08 7.16 

686 A  2.02 2.15 10.01 18.57 31.50 20.93 10.91 

Table 10.11 1st NPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  0.02 0.61 9.59 17.05 25.09 20.50 9.32 

150 A  0.21 0.66 10.10 17.94 27.44 21.91 8.75 

300 A  0.64 0.90 10.49 19.47 31.08 25.00 10.05 

450 A  1.15 1.28 10.31 19.28 33.48 25.10 9.79 

686 A  2.04 2.01 10.79 20.64 35.88 25.34 12.90 

Table 10.12 Ratio between 1st NPS and 3rd PPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  1.00 1.00 1.00 1.00 1.00 1.01 1.15 

150 A  1.00 1.04 1.02 1.02 1.02 1.02 1.14 

300 A  1.00 1.04 1.05 1.05 1.05 1.05 0.86 

450 A  1.01 0.98 1.07 1.08 1.08 1.09 1.37 

686 A  1.01 0.94 1.08 1.11 1.14 1.21 1.18 

Table 10.13 13nd PPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  5.19 4.78 2.16 1.53 1.88 2.55 18.32 

150 A  21.18 20.81 18.19 17.30 15.60 14.73 21.06 

300 A  36.70 36.46 34.76 34.15 33.00 32.34 29.41 

450 A  45.19 45.13 44.67 44.50 44.17 43.95 40.84 

686 A  46.14 46.38 48.06 48.66 49.88 50.16 43.41 
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Table 10.14 11th NPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  6.15 6.54 9.33 10.30 12.15 13.03 20.72 

150 A  25.47 25.83 28.44 29.36 31.12 32.04 30.89 

300 A  46.04 46.29 48.10 48.77 50.05 50.77 55.99 

450 A  60.27 60.36 60.97 61.29 61.81 62.12 65.57 

686 A  70.50 70.29 68.93 68.59 67.69 67.43 74.05 

Table 10.15 25th PPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  2.62 2.47 1.55 1.22 0.62 0.35 8.21 

150 A  9.29 9.22 8.71 8.54 8.16 7.93 6.13 

300 A  9.85 9.91 10.32 10.46 10.74 10.84 3.55 

450 A  4.72 4.81 5.55 5.82 6.42 6.73 3.07 

686 A  11.37 11.26 10.53 10.22 9.60 9.29 9.63 

Table 10.16 23rd NPS AC current harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  2.86 2.91 3.33 3.50 3.79 3.98 9.47 

150 A  10.48 10.50 10.65 10.70 10.85 10.98 15.68 

300 A  12.52 12.47 12.06 11.93 11.66 11.58 18.55 

450 A  7.71 7.62 7.01 6.82 6.44 6.32 10.39 

686 A  9.80 9.90 10.73 11.01 11.58 12.04 14.51 

Table 10.17 3rd PPS AC voltage harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  3 103 1630 2901 4264 3466 1376 

150 A  36 108 1683 2995 4574 3636 1304 

300 A  109 148 1701 3162 5031 4030 1990 

450 A  194 222 1645 3044 5262 3923 1217 

686 A  343 365 1701 3158 5355 3559 1854 
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Table 10.18 1st NPS AC voltage harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  1801 1824 2119 2269 1695 1372 1460 

150 A  1800 1823 2131 2286 1636 1294 1483 

300 A  1796 1819 2140 2342 1605 1223 1417 

450 A  1789 1813 2135 2337 1693 1200 1498 

686 A  1774 1799 2147 2400 1790 1301 1365 

Table 10.19 13nd PPS AC voltage harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  331 305 137 98 120 162 1168 

150 A  1351 1327 1160 1103 995 939 1343 

300 A  2340 2325 2216 2177 2104 2062 1875 

450 A  2881 2877 2848 2837 2816 2802 2604 

686 A  2942 2957 3064 3102 3180 3198 2768 

Table 10.20 11th NPS AC voltage harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  441 469 669 739 872 935 1487 

150 A  1828 1853 2041 2107 2233 2299 2216 

300 A  3303 3321 3451 3499 3591 3643 4018 

450 A  4324 4331 4375 4397 4435 4457 4705 

686 A  5059 5044 4946 4921 4857 4838 5313 

Table 10.21 25th PPS AC voltage harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  95 90 57 44 23 13 300 

150 A  339 337 318 312 298 289 224 

300 A  359 361 377 382 392 395 130 

450 A  172 175 202 212 234 246 112 

686 A  415 411 384 373 350 339 351 
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Table 10.22 23rd NPS AC voltage harmonic, with AC impedance. 

       LDC 

  Id 

 ∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

35 A  113 115 131 138 149 157 373 

150 A  413 414 420 422 428 433 618 

300 A  493 491 475 470 459 456 731 

450 A  304 300 276 269 254 249 409 

686 A  386 390 423 434 456 474 572 

Table 10.23 AC current divergence, DC current fixed at 686 A, variable DC inductance and ideal AC 
impedance. 

Harmonic AC 
current 
at ∞ H 
[A] 
 

Divergence with different DC inductance 
[%] 

∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

1 NPS 2.51 0.0 10.8 154.9 217.1 345.4 406.9 924.9 

3 PPS 2.48 0.0 -1.7 99.8 156.1 278.0 328.1 591.2 

11 NPS 75.42 0.0 -0.1 -0.6 -0.7 -0.9 -0.9 9.9 

13 PPS 51.32 0.0 0.2 1.7 2.2 3.2 3.6 -12.5 

23 NPS 7.13 0.0 1.1 10.4 14.2 22.2 27.5 73.7 

25 PPS 8.74 0.0 -1.2 -9.9 -13.1 -18.9 -22.1 -26.6 

Table 10.24 AC current divergence, DC current fixed at 686 A, variable DC inductance and non-ideal AC 
impedance. 

Harmonic AC 
current 
at ∞ H 
[A] 
 

Divergence with different DC inductance 
[%] 

∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

1 NPS 2.04 0 -1 429 912 1659 1142 532 

3 PPS 2.02 0 7 396 821 1462 938 441 

11 NPS 70.50 0 0 -2 -3 -4 -4 5 

13 PPS 46.14 0 1 4 5 8 9 -6 

23 NPS 9.80 0 1 9 12 18 23 48 

25 PPS 11.37 0 -1 -7 -10 -16 -18 -15 
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Table 10.25AC voltage divergence, DC current fixed at 686 A, variable DC inductance and non-ideal AC 
impedance. 

Harmonic AC 
voltage 
at ∞ H 
[V] 
 

Divergence with different DC inductance 
[%] 

∞ H 20 H 2 H 1.4H 0.8 H 0.6 H 0.4 H 

1 NPS 1774 0 1 21 35 1 -27 -23 

3 PPS 343 0 7 396 821 1462 938 441 

11 NPS 5059 0 0 -2 -3 -4 -4 5 

13 PPS 2942 0 1 4 5 8 9 -6 

23 NPS 386 0 1 9 12 18 23 48 

25 PPS 415 0 -1 -7 -10 -16 -18 -15 

Table 10.26 AC current divergence, DC inductance fixed at ∞ H, variable DC current and ideal AC impedance. 

Harmonic AC current 
at 35 A 
[A] 
 

Divergence with different DC currents 
[%] 

35 A 150 A 300 A 450 A 686 A 

1 NPS 0.02 0 970 3372 6546 12561 

3 PPS 0.02 0 968 3358 6493 12371 

11 NPS 6.15 0 316 662 916 1125 

13 PPS 5.19 0 311 626 819 888 

23 NPS 2.86 0 273 384 253 149 

25 PPS 2.62 0 263 328 328 150 

Table 10.27 AC current divergence, DC inductance fixed at 1.4 H, variable DC current and ideal AC impedance. 

Harmonic AC current 
at 35 A 
[A] 
 

Divergence with different DC currents 
[%] 

35 A 150 A 300 A 450 A 686 A 

1 NPS 6.08 0 2 7 13 31 

3 PPS 6.09 0 0 2 1 4 

11 NPS 10.71 0 181 372 504 600 

13 PPS 1.41 0 1090 2322 3147 3613 

23 NPS 3.50 0 215 284 162 133 

25 PPS 1.13 0 655 918 918 584 
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Table 10.28 AC current divergence, DC inductance fixed at ∞ H, variable DC current and non-ideal AC 
impedance. 

Harmonic AC current 
at 35 A 
[A] 
 

Divergence with different DC currents 
[%] 

35 A 150 A 300 A 450 A 686 A 

1 NPS 0.02 0 935 3032 5510 9845 

3 PPS 0.02 0 934 3020 5472 9736 

11 NPS 6.15 0 314 648 880 1046 

13 PPS 5.19 0 308 607 771 789 

23 NPS 2.86 0 266 338 169 243 

25 PPS 2.62 0 255 277 277 80 

Table 10.29 AC current divergence, DC inductance fixed at 1.4 H, variable DC current and non-ideal AC 
impedance. 

Harmonic AC current 
at 35 A 
[A] 
 

Divergence with different DC currents 
[%] 

35 A 150 A 300 A 450 A 686 A 

1 NPS 17.05 0 5 14 13 21 

3 PPS 17.07 0 3 9 5 9 

11 NPS 10.30 0 185 373 495 566 

13 PPS 1.53 0 1030 2132 2808 3080 

23 NPS 3.50 0 206 241 95 215 

25 PPS 1.22 0 601 760 760 378 

Table 10.30 AC voltage divergence, DC inductance fixed at ∞ H, variable DC current and non-ideal AC 
impedance. 

Harmonic AC voltage 
at 35 A 
[V] 
 

Divergence with different DC currents 
[%] 

35 A 150 A 300 A 450 A 686 A 

1 NPS 1801 0 0 0 -1 -1 

3 PPS 3 0 934 3020 5472 9736 

11 NPS 441 0 314 648 880 1046 

13 PPS 331 0 308 607 771 789 

23 NPS 113 0 266 338 169 243 

25 PPS 95 0 255 277 80 335 
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Table 10.31 AC voltage divergence, DC inductance fixed at 1.4 H, variable DC current and non-ideal AC 
impedance. 

Harmonic AC voltage 
at 35 A 
[V] 
 

Divergence with different DC currents 
[%] 

35 A 150 A 300 A 450 A 686 A 

1 NPS 2269 0 1 3 3 6 

3 PPS 2901 0 3 9 5 9 

11 NPS 739 0 185 373 495 566 

13 PPS 98 0 1030 2132 2808 3080 

23 NPS 138 0 206 241 95 215 

25 PPS 44 0 601 760 378 740 

 
 
 

 


