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ABSTRACT 

 

In transmission systems, particularly when the power is transported over a transmission line of distance 500 km and 

above, a considerable amount of power is lost during power system operations, which consist of all the components 

that are used in generation and transmission of power. Therefore, it is imperative to estimate the power losses due to 

some power equipment on the electrical network during transmission systems. More so, it is of importance to 

comprehend the pros and cons of both LCC-based and VSC-based transmission systems and subsequently carry out 

detailed research on power losses of both systems using the calculation methods listed in standards.  It is the purpose 

of this research work to determine and calculate the overall losses of various equipment of high-voltage direct current 

(HVDC) converter stations under operating and standby modes using standards IEC 61803, IEEE 1158, IEC 62751-

1-2 and the component datasheet parameters (Phase Control Thyristor Type DCR3030V42 and Dynex IGBT module 

DIM1200ASM45-TS000). The loss calculations in this research work are precisely applicable to all parts of the 

converter station and cover standby, partial-load, and full-load losses using the standardized calculation methods 

stipulated in the aforementioned standards. Furthermore, Switching losses, as well as conduction losses are included 

in the calculation using a simplified analytical model, based on the standards IEC 62751-1-2 and power semiconductor 

(Dynex) datasheet information. Therefore, an analytical method was adopted to estimate the power losses of VSC-

based HVDC system of two-level, three-level and modular multilevel VSC configurations. Finally, the various HVDC 

technologies (circuit simulations) models were implemented in the Matlab-Simulink environment. The Matlab models 

were used to estimate the power losses of these technologies converter losses for various operating conditions. The 

simulation technique has been devised to provide an independent crosscheck on the results obtained using idealized 

mathematical representations (analytical technique). Subsequent to these circuit implementations, some results were 

obtained and consequently validated with other commercial power loss simulation tools or electronic software, such 

as Semisel and Melcosim.  The use of different contrasting techniques to provide equivalent characteristics losses 

calculations provide a good method of validating the feasibility of the HVDC technology loss study, giving confidence 

in the results for the converter losses that have been obtained. This research work is based on an existing method of 

loss evaluation, but strictly followed the IEEE loss calculation methods stipulated in standards. The major contribution 

of this research work was the new approach adopted in the power loss evaluation of various HVDC technologies such 

as the LCC-based and VSC-based topologies of the converter stations using the idealized mathematical representations 

stipulated in standards IEC 61803, IEEE 1158, IEC 62751-1-2 and the component datasheet parameter, which signifies 

the novel output of this research work. 
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CHAPTER 1 

INTRODUCTION 

1.1   Background 

In power transmission systems, the evaluation of transmission losses is very imperative and it is essential that a 

transmission system with minimal power losses be designed. The optimization of the overall system performance can 

be achieved through the power loss estimation in transmission system by evaluating the economic and technical 

benefits of the system and understanding which of the components on the high voltage direct current (HVDC) network 

that contribute to maximum power losses. The estimations of losses provide the breakdown and calculation of losses 

that exist in the operating system for designers and operators to help estimate the economic and technical benefit of 

the project. For devices that produce large amount of losses, the suppliers need to know how and where losses are 

generated in order to determine the ratings of component and equipment and further increase operational efficiency 

of the transmission system by optimization design. Sufficient accurate loss figure is required by the customer which 

allows effective comparison of cost in a procedure of bid [1, 2]. 

It is important to study and critically analyze the losses including HVDC system to actually improve the economics 

of HVDC system [3]. The losses in an HVDC converter station are composed of the losses of various pieces of 

equipment, each of which has its own loss versus load relationship. The essence of this research work is to determine 

and calculate the overall losses of various topologies of high-voltage direct current (HVDC) converter stations utilizing 

both analytical and simulation approaches in order to validate the feasibility of HVDC technology loss study, giving 

confidence in the results for the converter stations losses that have been obtained. The HVDC technologies considered 

in this research work are LCC-based and VSC-based (two-level, three-level and modular multilevel topologies), and 

these losses are calculated during various operating conditions using the idealized mathematical representations 

stipulated in IEC 61803, IEEE 1158, IEC 62571-1-2 and the component datasheet parameters. It is worthy of note that 

LCC-based HVDC system uses Thyristor-valve and VSC-based HVDC uses IGBT as their switching electronic 

component, respectively. As such, the method of estimating their loss profile differs, because they are different 

electronic component entirely and their mode of operation is different. More so, it is difficult to determine converter 

stations losses by the traditional method of direct measurement, since losses are usually less than 1% of the power 

transferred, and it leads to inaccuracy of this method. Therefore, in accordance to the standard IEC 61803 (LCC-

based) and IEC 62751-1-2 (VSC-based), loss calculation models for converter station equipment under different 

operational conditions are established [4], [6]. 

The loss calculation in this research work are precisely applicable to all parts of the converter stations and cover 

standby, partial-load, and full-load losses and methods of calculation and measurement [4, 5]. HVDC converter-

stations consist of a number of various pieces of equipment, the loss calculation procedures vary among various pieces 

of equipment, and it is the agreement of the industry that the total losses cannot readily be obtained by either factory 

or field-testing alone [6].  
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1.1.1 LCC-based HVDC Converter Station Losses 

The losses of HVDC system are mainly composed of converter station losses, HVDC transmission line and electrode 

line system. However, the line system losses are sometimes ignored because of its small quantity. The total losses of 

converter stations are the sum of all equipment losses [7].  The converter station equipment includes the valve, 

transformer, AC filters, shunt capacitor, DC reactor, DC filters and auxiliary equipment. The standards of IEC 61803 

and IEEE 1158 ‘’Determination of power losses in high voltage direct current (HVDC) converter stations’’ list the 

calculation methods of each equipment in details. It is difficult to determine converter stations losses by the traditional 

method of direct measurement, since losses are usually less than 1% of the power transferred, and it leads to inaccuracy 

of this method [4, 6]. In accordance to the standard of IEC 61803, loss calculation models for converter station 

equipment under different operational conditions are established [8]. 

1.1.1.2 Classification of Losses of an LCC-based Converter Valve 

The thyristor valve of LCC-based converter mainly consists of the following parts; they are thyristors, voltage-grading 

capacitor, damping capacitors, firing and detecting system of the thyristor and saturated reactors. Note that about 85%-

95% of the thyristor valves losses occur at the damping resistors and the thyristors. The LCC-based thyristor valves 

have the following principal loss mechanisms, which are illustrated in figure 1-1 [3]. 

 

Figure 1-1: Classification of losses in an LCC-based converter valve unit [9] 

Figure 1-1 shows the breakdown of the classification of the losses in an LCC-based converter valve unit. The 

summation of these losses results to the total loss contribution by the converter valves. The loss contribution of the 

converter valve is larger than any equipment on the converter station, so therefore, there is need to analyze these losses 

to know the actual losses generated by this equipment. 

1.1.2 VSC-based Converter Valves Losses 

Voltage source converter high voltage dc (VSC-based HVDC) transmission is popular and noticeable due to the recent 

innovation of controllable semiconductor devices and bulk power transmission for long distance of about 500 km and 
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above. VSC-HVDC is most superior to its counterpart, conventional HVDC (LCC) in applications, but the loss 

contributions of the system is relatively very high. Therefore, in respect of this, it would be an essential technique, 

practice and application value to determine and evaluate the losses of VSC-HVDC transmission [5, 10]. 

Therefore, it is worth noting that the VSC-based HVDC system configuration is similar to its counterpart technology, 

LCC- based HVDC and it includes the converter valves, AC filters, DC-Smoothing reactor and transmission lines etc. 

The analysis and calculation techniques of the losses in VSC-based HVDC transmission is not absolutely the same as 

the conventional HVDC transmission [1, 6]. The total losses of VSC-based HVDC technology is obtained by summing 

the losses of individual converter station equipment together utilizing the standards IEC 62751-1-2, “The power losses 

in voltage sourced converter (VSC) valves for high-voltage direct current (HVDC) systems” [5, 11]. The VSC-based 

topologies considered in the research work are 2-level, 3-level and modular multilevel converters. The mathematical 

representations of both 2-level and 3-level VSC-based converter topologies are well explained in these refs. [12, 13].  

More so, an example of a unique voltage source converter (VSC) topology with immense potential for applications of 

high voltage direct current (HVDC) transmission is the modular multilevel converter (M2C). The M2C-based 

configuration has core features of low switching frequency and flexibly controlled so that its loss figures are smaller 

than that of the three-level and two-level VSC-based configuration [14]. Moreover, the detailed techniques adopted 

for estimating the power losses in the valves for a modular multilevel converter HVDC system are done in accordance 

with standards IEC 62751-1-2, “Power Losses in Voltage Source Converter (VSC) Valves for High-Voltage Direct 

Current (HVDC) Systems” [5, 15]. 

1.1.2.1   Classification of Losses of a VSC-based Converter Valve 

 

Figure 1-2: Classification of losses in a VSC-based converter valve unit [16] 
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Figure 1-2 shows the breakdown of the classification of the losses in VSC-based converter valve unit. The summation 

of these losses results to the total loss contribution by the converter valves. The loss contribution of the converter 

valve is larger than any equipment on the converter station due to his high switching frequency, so therefore there is 

need to analyze these losses to know the actual losses generated by this equipment. 

In order to implement loss evaluation, the losses of converter valve would be segmented into various parts, as depicted 

in figure 1-2. The output characteristics curves are mostly used to calculate the IGBT and FWD steady state losses 

and are calculated based on the collector voltage-current characteristics in the transient state. More so, the conduction 

and switching losses of an IGBT device generate about half of the converter valve and the switching losses of the 

freewheeling diode (FWD) generates about one-third of the entire energy dissipation. An infinite proportion of losses 

results from the other parts of the module [17]. The proportion of the IGBT device and converter losses would reduce 

as the converter operates in the rectifier state, the reason being that the current flows through the freewheeling diode 

(FWD) most of the time, therefore, its losses are usually less than that of the IGBTs. Furthermore, changing the 

operating states and structure of the valves most of the time have an effect on the converter valve losses. The essential 

aspects to consider are the topology of the converter, types of the converter valve, scheme of valve driver, accessories 

of valve unit and temperature of the device, which are well explained in these references [18, 19]. 

The evaluation of power losses basically, provides the analysis and computation of losses that occur during the 

operating system in order for the designers and operators to assist in evaluating the technical and economic advantages 

of the project. Therefore, there is a dire need for the supplier to come to the knowledge of how and where the losses 

are generated in order to determine the equipment ratings and subsequently increase the operation efficiency of 

transmission system adopting the use of optimization design for the equipment that generates large losses [10, 20]. 

Power loss evaluation during the design stage of the VSC-based HVDC technology is very imperative, reason being 

that, it permits the designers to enhance the performance of the overall system through a compromise of various design 

indices [21].  

1.1.3   Loss Characteristics of HVDC Technologies 

In HVDC technologies, the main converter station equipment include converter transformer, converter valves, active 

power compensation equipment, smoothing reactor, DC capacitor filters etc. Firstly, the losses in a practical HVDC 

converter station are composed of equipment, each of which has its own loss versus load relationship. The valve losses 

are not proportional to the load current squared. More so, when the converter stations are energized, but in the standby 

state, the thyristor valves appear blocked, and for this reason, different loss mechanisms then apply from those that 

are found in normal operation. Secondly, during HVDC operation, a number of harmonics are generated both at the 

AC side as well as at the DC side of the converter station. Due to the flow of the harmonic current through the 

smoothing reactor, converter transformer, AC and DC filters, additional losses will be produced in the station. Lastly, 

note that, the loss varies because at different load levels, the equipment put into operation at converter stations is not 

exactly the same [6, 10]. As a result, the power loss calculations of the converter station are quite complex. Generally, 

the converter station losses are evaluated by means of randomly selecting various load points between no-load and 
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full-load conditions. Therefore, the converter station losses are most of the time analyzed or evaluated using two 

recommended losses, which are standby and total operating losses. [22, 23].   

1.2   Research Motivation and Problem Statement 

Recently, in transmission networks, when bulk of power is to be transmitted over a long distance, high voltage direct 

current (HVDC) systems have more advantages over high voltage alternating current (HVAC) systems. More so, the 

advancements in power electronics and reduction in costs serves as the major driving factors, subsequently, making 

high voltage direct current more reliable and attractive. The prospects of high voltage direct current (HVDC) 

transmission systems are even greater as the need for cross-country power lines and inter-country intensifies, although 

this already in existence in the Southern African region.  

Globally, there is a constant search for various methods to reduce cost, improve reliability, minimizing the 

environmental impact of a power line and finally, minimum power loss during transmission. These have over the years 

increased challenges in the evolution of the design techniques to ensure to meet the problems the power industry faces 

today. The above problems could be addressed and solved if the transmitted power from the sending end could be 

monitored to prevent a large amount of power consumed by some of the equipment on the electrical networks. 

It is most technically and economically expedient in many circumstances to introduce high voltage direct current 

(HVDC) links into electrical network during transmission of electrical power, which may be the only feasible 

technique of power transmission most especially when the distance between the station and load Centre is very far 

apart that is, a distance of 500 km and above. In application, DC transmission is given priority when the distance by 

cable or land is too long for economic and stable AC transmission, which results to the introduction of converter 

stations at both ends of the electrical supply systems. The inclusion of these converters produce a large amount of 

power losses, that is, they reduce the power transmitted from the rectifier converter to the inverter converter. More so, 

longer transmission distances lead to higher energy losses as well as higher investment costs [24-26]. 

However, the HVDC converter station losses are not only produced by the converters alone, some other equipment 

on the converter stations also produce power losses, some of the equipment are the converter transformer, the AC 

harmonic filters, the DC-smoothing reactor and the auxiliary equipment like cooling tank. However, the losses of the 

auxiliary equipment are infinitesimal compared to the losses generated by other station equipment [27]. 

Voltage source converter based on the HVDC system (VSC-based HVDC) are often used in transmission region and 

accomplished good operating results. On the other hand, the losses of VSC-based HVDC system are larger than the 

conventional HVDC, which tends to be the main hurdle to apply VSC-HVDC to high power transmission, in respect 

of this fact, the loss characteristics of VSC has become an important issue to investigate. The VSC-based HVDC 

losses have a large converter station loss proportion due to the low voltage level and most especially the high switching 

frequency characteristics of VSC. 
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Different methods are well known majorly for the prediction of losses in power semi-conduction circuit. One of the 

methods adopted by researchers is the complete numerical simulation of the circuit by special simulation programs 

with integrated or parallel running loss calculation. Another method that could be adopted is to estimate the electrical 

behavior of a typical circuit model analytically using the semiconductor device datasheet parameters given by the 

manufacturer (i.e. the voltage and current of the power semiconductors) and available standards to determine the loss 

contribution by the semiconductor device and the other station equipment losses at large. Moreover, extensive and 

complex mathematical analyzes are required for the computation of the station losses, for quick results and minimized 

calculation effort, some of these equations are further simplified for easy analysis. For this reason, it is of interest to 

analytically evaluate the power losses that occur in both VSC-based HVDC technology and the LCC-based HVDC 

technology and subsequently compare the results obtained with the results obtained using other loss simulation 

environment in order to draw conclusions based on their loss proportion [11, 28, 29]. 

1.3   Research Questions 

Losses on the electrical network are detrimental to the perfect operation of the converter stations and other equipment 

on the electrical grid. Therefore, it is most pertinent to investigate the sources of these losses on the electrical power 

system and subsequently adopt critically analyses on the loss proportion of each of the sources of these losses. In 

respect of the above suggestion, these result to the following research questions. 

 What are the necessary procedures to determine power losses in both LCC-based HVDC technology and VSC-

based HVDC technology? 

 What are the reasons why the losses of HVDC converter stations need to be accurately measured and 

evaluated? 

 What are the loss contributions of each equipment of the LCC-based HVDC converter stations analytically?  

 What are the loss contributions of each equipment of the VSC-based HVDC converter stations analytically?  

 What are the other ways the results obtained analytically could be compared in order to validate the 

genuineness of the results obtained to justify the viability of the HVDC loss study?  

 Based on the results obtained using other platforms, what are the percentage differences between the analytical 

approach and the software (simulation) approach? 

 What are the conclusions drawn on the comparison of the technologies based on their loss measures? 

1.4   Research Aims and Objectives 

The overall aim of this study is to be able to predict the loss figure or profile of HVDC technologies most exactly, 

likewise to clearly show the loss dependency on some  of the circuit parameters and operating point and besides to 

have a good basis for the comparison of both converter systems. Furthermore, the objective of this research work is 

to provide an analytical overview of power losses determination of HVDC converter stations using the following 

transmission technologies, voltage source HVDC converter and Line-commutated HVDC converter technologies. 

Furthermore, the feasibility of the loss study of HVDC technologies using standardized calculation method (analytical) 
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is therefore validated using other loss simulator environments such as Matlab-Simulink, Semisel and Melcosim. It is 

confirmed and accepted that the continuous development of power electronics present cost-effective opportunities for 

the utilities to exploit. So therefore, HVDC transmission system remains a key technology as far as bulk-power distant 

transmission is concerned. 

In order to achieve these aims, the following objectives shall be accomplished, namely: 

 Investigation and identification of the sources of power losses on HVDC electrical network. 

 Evaluation of the loss contributions of each of the sources of LCC-based HVDC converter stations losses 

using datasheet parameters and the available standards.  

 Estimation of the loss proportions of the individual components of VSC-based HVDC converter stations using 

datasheet parameters and available standards. 

 Critical analytical assessments of the percentage losses of key equipment on the converter stations and 

subsequently comparing the results obtained with the results obtained from simulation environment. 

 Evaluation of the losses of various HVDC technologies using other loss simulation platforms such as Matlab-

Simulink, Melcosim and Semisel to validate the viability of the results obtained using standardized calculation 

methods (analytical). The feasibility of the loss study of various HVDC technologies was also investigated 

based on the results of these various loss calculation methods. 

 Comparison of the various HVDC technologies using the loss mechanism of each technology to measure 

stability, reliability and efficiency of the power transmitted. 

1.5   Structure of the Dissertation 

This thesis presents an overview and progressive arrangement of chapters. Four Publications (P4) also support this 

thesis. The scientific contribution of the thesis is organized as follows: 

Chapter 1 introduces the subject matter, and then gives an overview and background of the aim and objectives of the 

study. The LCC-based and VSC-based converter valves with respect to their various losses classifications were 

expressly discussed. Chapter 2 presents the literature review on loss taxonomy and losses of main equipment of both 

LCC-based and VSC-based HVDC technologies, the various methods of determination of power losses in converter 

stations with reference to standards IEC 61803, IEEE 1158, IEC 62571-1-2 and datasheet parameters and finally, a 

synopsis of the previous work done on similar studies. Chapter 3 presents the materials and the research methodology 

followed in the course of the study. Chapter 4 presents the results and analyses of power losses determination of LCC-

based HVDC converter stations. Chapter 5 presents the results and analyses of power losses calculations of VSC-

based HVDC converter stations. Chapter 6 presents the Model Simulation and results of power losses calculations of 

HVDC technologies. Chapter 7 concludes the dissertation and provides recommendations for further work applicable 

in the research field. 
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1.6 Summary 

This section introduces the subject matters of the research work, and further discusses on the essence of the study, 

why it is very important to investigate and evaluate the transmission losses. More so, all the methods and the 

instruments utilized during the course of this research were discussed. Furthermore, it was stated that, in HVDC 

converter station, there is no single piece of equipment that produces dominating losses, unlike in AC substation where 

the transformer losses are the dominating factor. Thus, in respect of this, the losses in an HVDC converter station are 

composed of the losses of various pieces of equipment, each of which has its own loss calculation methods. 

Notwithstanding, there are some equipment that contribute large amount of losses such as converter transformer and 

the converter valves, but note that, the converter stations total losses is the sum of all the equipment losses of the 

converter station.  Finally, the various types of HVDC converter stations and their classifications were fully explained. 

More so, the research motivation, problem statement, questions, aim and objectives were stated. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1   Introduction to HVDC Technology 

The advancement of HVDC technology is aided by the recent rapid development of power electronic components 

such as a thyristor, IGBT etc. in the power electronics field [30]. More so, it is of importance that the converters used 

during transmission process should be well configured. The reason why the converters are well configured is to 

increase power transfer capabilities, reduces harmonic, reduce transmission losses and increases reliability, in that, it 

offers high tolerance to fault along the line. Due to some of the essential benefits of long-distance transmission 

application, the high voltage direct current has a lot of attention over the past few years, as a result of its inherent 

benefits. It is widely used for bulk delivery of power over long distances, also for the stability of AC lines, renewable 

energy integration, power control, long submarine transmission and asynchronous systems interconnections. 

Furthermore, reduction in the right of way (ROW) is another merit over AC system. [31, 32].  

 

South Africa currently has a single High Voltage Direct current (HVDC) system, which is the Cahora Bassa HVDC 

link that connects the hydroelectric scheme at the Cahora Bassa dam in Mozambique to the Apollo Station in South 

Africa. The scheme is rated to transmit 1920 MW at ±533 kV over a distance of 1420km and is predominantly used 

as a bulk power transmission tool into the South African grid [33]. Due to the following merits obtained from LCC-

based HVDC, which are efficient and cost-effective power transmission for many applications and reliability provided 

from this advanced technology, the LCC-based HVDC will persist to be used for bulk power HVDC transmission 

over several hundred MW. [33, 34].  

2.2   Loss Taxonomy of LCC-HVDC Technology 

The losses of HVDC technology are mainly composed of the losses of converter stations, HVDC transmission line 

and electrode line system as shown in fig 2-1. Sometimes the line system losses are ignored because of its small 

quantity. The cross-section of the conductor and the length of the transmission line determine the loss of DC 

transmission lines. Therefore, for long distance transmission, the dc line loss is generally about 5%-7% of the rated 

transmission capacity, which accounts for the most part of the DC transmission system [35]. 
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Figure 2-1: Loss taxonomy of an LCC-HVDC system [36] 

Fig 2-1 shows the pictorial classification of losses of LCC-HVDC system. The converter stations equipment at both 

terminal points have several loss mechanisms and types. Therefore, to accurately determine the converter stations 

losses is quite difficult and complex analytically during the process of evaluating the loss of DC transmission systems. 

Note that, to determine the converter stations total losses, the converter station main equipment losses are measured 

and calculated respectively, the individual results of the losses are further added together to obtain the total losses. 

Generally, converter station loss is nearly 0.5%-1% of the rated transmission capacity of the converter stations [36, 

37].   

2.3   Loss of Main Equipment in LCC-based HVDC Converter Stations 

The LCC-based HVDC converter stations are made up of some equipment such as AC filters, thyristor valves, 

smoothing reactors, converter transformers etc. Note that, to calculate the converter stations losses, the loss 

contributions of each equipment must be considered. Therefore, the loss compositions of each equipment are discussed 

below [6, 37].  

2.3.1   Loss of Thyristor Valve   

The thyristor valve is composed of saturated reactors, thyristor, damping capacitor, and resistor, DC voltage grading 

resistors, voltage-grading capacitors and the firing and detection system of the thyristor. The thyristors and damping 

resistors produce about 85%-95% of the thyristor valves losses. Currently, there is no suitable method available for 

direct thyristor valve measurement, since the waveform of thyristor valves in operation is quite complicated. As such, 

it is of common practice to compute the different loss components of the thyristor valves individually, then 

subsequently sum together the individual component losses to obtain the total thyristor valve losses [8, 38]. 
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2.3.1.1  Sources of Thyristor Valve Losses 

A valve consists of various components, meanwhile, most full-load losses (typically 85%-95%) are produced in just 

two components, which are the damping resistor and the thyristor. Firstly, the five principal loss mechanisms present 

in thyristor valves are, thyristor turn-on switching loss, spreading loss, on-state loss, turn-off switching loss, off-state 

and reverse leakage loss [9]. Secondly, the four principal loss components present in damping resistor are damping-

resistor-dependent term, change of capacitor energy term, circuit inductance stored energy term, and damping resistor 

loss (dispersion effect). Furthermore, there are still other related losses, like current related losses (i.e. conductor 

losses, reactor core losses) and voltage related losses (i.e. dc grading circuit losses, water circuit losses and electronic 

losses) [9, 39, 40]. 

2.3.1.2  Loss Generation in Thyristor Valves 

It is worthy of note that, whenever the integral of 𝑉 × 𝐼 product is taken over a full cycle, measured at the valve 

terminals, is not equal to zero, valve losses are generated. In application, practical valves losses are produced in each 

power frequency cycle during four distinct periods, at turn-on, during load current conduction, at turn-off, and during 

the blocking interval between conduction periods [16, 41]. Firstly, the valve is characteristically of a low (but not 

zero) impedance during the conduction periods and it is often times during these periods that load current flows, as a 

result of these load currents drift, subsequently leads to conduction losses in the valve. Secondly, the thyristors are 

fired into conduction most times by the application of a gate pulse at turn-on. Since thyristor valve exhibits very high 

impedance nature before conduction, at conduction, each thyristor switches to a low but finite impedance state in a 

time-scale feature of the thyristor adopted [42, 43]. 

2.3.1.3  Loss Determination Procedures of Thyristor Valves 

The recommended procedures stated in IEC standard 61803, “Determination of Power Losses in High-voltage direct 

current (HVDC) Converter Stations” provide a total loss figure for valves based on the summation of each loss 

components. Therefore, the individual loss components are determined by applying standardized computation 

methods using the obtained data from confirmable sources [43]. Due to the fact that, the computations are done on 

key components of the thyristor valve, which contribute more losses during operating and standby modes, the answers 

obtained might not be precise. It is certain that all major loss mechanisms are determined and that in terms of accuracy, 

the results are more accurate than the alternative method of direct measurement at the site. More so, different loss 

components will assume difference significances [9, 44]. Note that, all losses are evaluated on a per-valve basis, in 

which a valve is taken to be one arm of a three-phase line commutated Converter Bridge. The equations used in this 

research work to calculate the eight principal thyristor power losses are elaborately stipulated in reference [9], the IEC 

standard 61803, “Determination of Power Losses in High-voltage Direct-Current (HVDC) Converter Stations”. The 

eight principal thyristor loss mechanisms include thyristor conduction loss per valve, thyristor spreading loss per 

valve, other valve conduction losses per valve, DC voltage-Dependent loss per valve, damping resistor loss per valve, 

damping-capacitor loss per valve, turnoff losses per valve and reactor losses per valve[16, 45]. 
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2.3.2 Converter Transformer Losses 

The converter transformer losses are of two kinds, which are load loss and no-load loss. The currents that flow through 

the converter transformers’ windings contain harmonics whose magnitudes depend on the converter station operating 

parameters. The current-dependent load losses in the transformer due to the non-sinusoidal current wave shapes are 

greater than those that would occur with a sinusoidal current of the same RMS value at fundamental frequency [9]. 

No consensus has yet been reached recently, in the industry on how load losses in HVDC converter transformers 

should be estimated or measured. The major issue is how to account for the load losses caused by the harmonic 

currents, which vary with load, transformer leakage reactance, and converter fire angle [16, 43]. 

2.3.2.1 Sources of Converter Transformer Losses 

When evaluating the losses of HVDC converter transformer, it is recommended that two types of losses be 

distinguished: standby losses and operating losses. During standby operation i.e. the transformers energized with the 

valve blocked, the applied voltage is the normal ac system voltage, which usually contains no appreciable harmonics 

[9, 46]. During operation with the valves unblocked, harmonic voltages, appear on the valve windings due to the flow 

of harmonic currents through the transformer. The magnitudes of the harmonic voltages vary with the operating 

parameters of the converter station. The harmonic voltages on the line windings are much lower in magnitude than 

those on the valve windings, and this is as a result of the low harmonic impedance of the ac filters. The converter 

transformer load losses consist of three main components, they are, winding dc resistance loss (𝐼2𝑅 loss), winding 

stray loss, and stray loss in the structure and external parts, such as the core, clamps, and tanks [16, 47]. Converter 

transformers load losses can be determined and measured by three methods, which are discussed below. 

2.3.2.3   Method I 

In this method, the converter transformers load losses are determined by measuring the converter transformer effective 

resistance at different harmonic frequencies, and subsequently estimating the total load losses as the sum of the losses 

due to each harmonic currents. The load loss admits expression as [48]: 

𝐿𝑜𝑎𝑑 𝑙𝑜𝑠𝑠 = ∑ 𝐼𝑛
2𝑅𝑛

𝑛=49
𝑛=1                                                                                                                                             (2-1) 

where 

𝑅𝑛=The effective resistance, in ohms, at harmonic n. 

𝐼𝑛=The current, in amperes, at harmonic n 

𝑛= The harmonic number. 

2.3.2.4   Method II 

This is an approximate method of determining load losses, which do not require measurements at harmonic 

frequencies. It is based on a typical relationship between the effective resistance of converter transformers (in per unit 

of fundamental frequency resistance) and frequency. The relationship was developed from the measurement made in 

accordance with Method 1 on several converter transformers supplied on recent HVDC projects and then the effective 



13 

 

resistance is computed. Consequently, the converter transformer losses can be obtained by simply summing together 

the calculated losses of each harmonic orders.   

The procedure consists of the following steps: 

Measure the load loss of the converter transformer at power frequency in accordance with IEEE C57.12.90-

1987.Calculate the effective resistance at the fundamental frequency (𝑅1) from the measurements [4]: 

 

𝑅1 =
𝑃𝐿

𝐼2                                                                                                                                                                         (2-2) 

where 

𝑃𝐿=The measured load loss in watts for one phase at current I in amperes 

Determine the effective resistance at other harmonic frequencies  

 

𝑅𝑛 = 𝑅1(𝑘𝑛)                                                                                                                                                               (2-3) 

where  

𝑘𝑛= relative resistance or harmonic factor.  

2.3.2.5   Method III 

This method only measures the converter transformers’ losses under power frequency and a frequency higher than 

150 Hz, such that it is needless to measure the loss at a frequency of the order of 1 KHz and the measurements are 

reduced to two. The converter transformer windings eddy-current losses and the stray losses of other structures are 

calculated by using the measured results, and some well-known equations are used to calculate the total load loss [48]. 

Method 1 is more precise than method 2, by the virtue of comparing the above three methods, but the required 

instrumentation and measuring technologies are not owned by all the manufacturers. Furthermore, the Method 1 

accuracy is as a result of the measurement accuracy. The converter transformer’s load loss of typical design is intended 

to be calculated approximately by Method 2. Note that, the accuracy of Method 2 may decrease, if the transformer 

design is greatly different from the typical design.  Method 3 only requires measurement under two frequencies and 

eliminates the necessity of measuring the losses at frequency of the order 1 kHz. In spite of this, the required measuring 

accuracy can be achieved [34, 41].  

The characteristic harmonic currents are calculated from the following: 

 

𝐼𝑛 =
3.𝐹.𝐸𝑝ℎ

𝜋.𝑛.𝑋𝑡
                                                                                                                                                                  (2-4) 

where 

𝐼𝑛= The current, in amperes, at harmonic n 

𝑛= The harmonic number. 

𝑋𝑡= The converter transformer reactance at fundamental frequency, in ohms 

 

𝐹 = [𝑘1
2 + 𝑘2

2 − 2𝑘1𝑘2 cos(2𝛼 + 𝜇)]1 2⁄                                                                                                                    (2-5) 
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𝑘1 =
sin[(𝑛−1)

𝜇

2
]

𝑛−1
                                                                                                                                                            (2-6) 

 

𝑘2 =
sin[(𝑛+1)

𝜇

2
]

𝑛+1
                                                                                                                                                            (2-7) 

𝐸𝑝ℎ= The equivalent line-to-neutral voltage on the valve side of the converter transformer calculated by multiplying 

the line-to-neutral voltage on the line side by the turns ratio (including the effect of tap position), in volts RMS 

𝛼= The firing delay angle, in degrees 

𝜇= The commutation overlap angle, in degrees [44].

  

2.3.3   AC Filter Losses 

The principal function of the alternating current filters in an HVDC converter station is to provide a low-impedance 

shunt for the harmonic currents generated by the converter. Typically, single-tuned, multiple-tuned, and high-pass 

filters are used in HVDC converter stations. For the  purposes of loss determination, the AC system is assumed open-

circuited so that all harmonic currents are considered to flow into the AC filters. 

In the standby mode, AC filters are not connected to the AC system and, therefore, generate no losses. 

The AC filters losses include losses of filter reactor, filter resistor and filter capacitor [49].  

2.3.3.1   Filter Resistor Loss 

The losses in the filter resistors are simultaneously calculated for the fundamental and harmonic currents together. 

The resistance value of the resistor is determined by factory measurements. The RMS current through the filter resistor 

is calculated. The losses in each resistor admits expression as [50] : 

𝑃𝑟 = 𝑅𝐼𝑅
2                                                                                                                                                                      (2-8) 

where 

𝑅=The resistor value, in ohms. 

𝐼𝑅= The rms current through the resistor, in amperes 

 𝑃𝑟=The filter resistor losses, in watts 

 

   (a)                              (b)                                                  (c)                                              (d)           

Figure 2-2: Filters used for harmonics reduction and reactive power compensation [42]. 
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Table 2-1: Types of AC Filters, functions and their mathematical expressions[50]  

Filter types used  

Functions 

Expressions to Compute each 

element of the filter types 

(a)Single-tuned band pass filter This filter is used to eliminate 11th 

and 13th harmonic order. 

𝐶1 =
𝑄

2𝜋𝑓𝑉2 (1 −
1

𝑛2)                  (2-9) 

  𝐿1 =
1

[2𝜋𝑓𝑛]2𝐶1
                         (2-10) 

 𝑅 =
2𝜋𝑓𝑛𝐿1

𝑞
                             (2-11) 

(b)C-type filter This filter is used for low order high 

pass filter i.e. it is used to mitigate 

the 5th and 7th harmonic orders. It is 

used to provide reactive power and 

avoid parallel resonances. It can also 

allow filtering of low order 

harmonics such as 3rd order 

harmonic. 

𝐶1 =
𝑄

2𝜋𝑓𝑉2  .
[1−

1

𝑛2]

[1−
1

𝑛𝑎
2 −

1

𝑛𝑏
2]

              (2-12) 

𝐿 =
1

[2𝜋𝑓𝑛𝑎]2𝐶1
                         (2-13) 

 

𝑅 =
√

𝐿

𝐶1

𝑞
⁄

                              (2-14)   

 

 

(c)Double-tuned filter This filter is used to eliminate 17th 

and 19th harmonics. 
𝐶1=

𝑄

2𝜋𝑓𝑉2  .
[1−

1

𝑛2]

[1−
1

𝑛𝑎
2 −

1

𝑛𝑏
2]

                (2-15) 

𝐶2 =
1

[2𝜋𝑓𝑛𝑏]2𝐿2
                         (2-16) 

𝐿1 =
1

[2𝜋𝑓𝑛𝑎]2𝐶1
                         (2-17) 

𝐿2 =
1

[2𝜋𝑓𝑛𝑏]2𝐶2
                         (2-18) 

(d)High pass filter This filter is used to mitigate all 

harmonicc from the 23rd to 49th 

harmonic orders. 

𝐶1 =
𝑄

2𝜋𝑓𝑉2 (1 −
1

𝑛2)                 (2-19) 

𝐿1 =
1

[2𝜋𝑓𝑛𝑎]2𝐶1
                         (2-20) 

 

R =
2πfnL1

q
                                (2-21) 

 

 

2.3.3.2   Filter Reactor Losses 

The fundamental and harmonic currents in the filter reactors should be calculated when determining the losses of the 

filter reactors. The impedance of the reactor at fundamental frequency and the quality factors at the fundamental and 

harmonic frequencies should be measured and noted. The reactor losses admit expression as [4]: 
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𝑃𝑅 = ∑
(𝐼𝐿𝑛)2𝑋𝐿𝑛

𝑄𝑛

𝑛=49
𝑛=1                                                                                                                                                  (2-22) 

 

𝑋𝐿𝑛 = 2𝜋𝑓𝑛𝐿                                                                                                                                                            (2-23) 

where 

 

 𝑛= The harmonic number 

𝐼𝐿𝑛 = The calculated current through the reactor at nth harmonic, in amperes 

𝑋𝐿𝑛 = The reactor reactance at nth harmonic, 𝑋𝐿𝑛 = 𝑛𝑋𝐿1, in ohms 

𝑄𝑛 =The average quality factor for all reactors of the same item measured at the nth harmonic 

𝑃𝑅 = The filter reactor loss. 

2.3.3.3   Capacitor Bank Losses (Filter Capacitor Losses) 

Shunt capacitors are sometimes used in addition to harmonic filters to provide reactive support to the AC system. 

Shunt capacitor banks are made from a matrix of series- and parallel-connected capacitor cans. In the standby mode, 

shunt capacitor banks are not connected to the AC system and therefore generate no losses. When the converter station 

is operating, power losses in shunt capacitor banks should be determined for those load levels of the converter station 

at which such banks will be connected to the AC bus. Fundamental frequency losses of all capacitor units 

manufactured under the same contract should be measured during production tests according to IEEE Std 18-1980  

and expressed in watts per kilovar. The losses due to harmonic currents can be taken to be infinitesimally small and 

most times should be ignored, as a result of the low power factor of the capacitor [4, 51].  

The power losses of the entire bank, P, should then be calculated by: 

 

𝑃 = 𝑃1𝑆                                                                                                                                                                     (2-24) 

where 

𝑃1= The mean value of the losses of one capacitor unit averaged over all units manufactured under the same contract 

and expressed in watts per kilovar. 

𝑆 = The three-phase kvar rating of the capacitor bank at nominal system voltage and frequency [10, 22]. 

2.3.4   DC Smoothing Reactor Losses 

 
In HVDC converter stations, DC smoothing reactors are majorly utilized to filter the direct current and voltage, in 

order to limit  the converter dc side over-currents during transient conditions, and to protect the converter from steep 

front overvoltages originating from the dc overhead line (in transmission systems) or from the other converter (in 

back-to-back systems) [52]. 

The DC reactor falls into two categories: 

1. Air core, air insulated, naturally cooled, and mounted on a separate insulating support structure 

2. Oil or gas cooled, oil/gas insulated, and mounted in a tank 
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The latter type of reactor may also have an iron shell core with an air gap, to limit the external stray magnetic field. 

The current flowing through the smoothing reactor is direct current with superimposed harmonic components, mainly 

characteristic harmonics. Particularly, when the AC system is unbalanced, small amounts of non-characteristic 

harmonics may also occur. The smoothing reactor load losses include harmonic and dc losses. Moreover, the hysteresis 

loss is evaluated, when the oil-immersed reactors with cores are utilized [22, 53]. 

 

2.3.4.1   Standby Losses 

DC smoothing reactors are series connected to the converter dc terminal. Under standby conditions, the smoothing 

reactor current and voltage are both zero; therefore, losses do not occur [43]. 

2.3.4.2   Load Losses 

The dc loss of the smoothing reactor should be established during factory tests according to IEC Pub 289 (1988) [54], 

and IEC Pub 76 using the direct current magnitude corresponding to the desired load level. Correction for the ambient 

temperature at the test should be made to relate the loss to the standard reference temperature. The winding loss due 

to harmonic currents was determined by calculation. The harmonic current amplitudes applicable to the appropriate 

load level and the corresponding harmonic resistance was used during the calculations. The harmonic resistance should 

be determined by bridge measurement. In smoothing reactors of a tanked construction, with an iron shell core, 

magnetization losses caused by harmonic currents may be a few percents of the total smoothing reactor losses. For a 

6-pulse system, the magnetization loss was calculated with the following empirical procedure [4, 43]: 

 

𝑃𝑚 = (0.125𝑃𝑚 + 0.125𝑃𝑒)𝑃𝑜                                                                                                                                 (2-25) 

 

𝑃ℎ𝑛 = (
𝐼𝑛

𝐼𝑜
)  𝑛  (𝑝. 𝑢)                                                                                                                                                 (2-26) 

𝑃𝑒𝑛 = (
𝐼𝑛

𝐼𝑜
)

2

𝑛0.5 (𝑝. 𝑢)           (𝑓𝑜𝑟 𝑛 > 10)                                                                                                              (2-27) 

 

𝑃𝑒2 = (
𝐼𝑛

𝐼𝑜
)

2

𝑛2 (𝑝. 𝑢)           (𝑓𝑜𝑟 𝑛 = 2)                                                                                                                  (2-28) 

 

where 

𝑃𝑚=  The magnetization loss, in watts 

𝑃𝑜 =  The direct current losses, in watts 

𝑃ℎ = ∑(𝑃ℎ𝑛) = The hysteresis loss component, in per-unit 

𝑃𝑒 = ∑(𝑃𝑒𝑛) =  The eddy-current loss component, in per-unit 

𝐼𝑛 =  The harmonic current of order n, in amperes 

𝐼𝑜 = The dc current, in amperes  

𝑛 =  The harmonic number 
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2.3.5   DC-Filter Capacitor Losses 

The losses in the dc filter capacitors are made up of losses in the dc voltage grading resistors and harmonic losses. 

The current harmonics losses are infinitesimally small and therefore, ignored due to the low power factor. The losses 

in the grading resistors are calculated by using the total resistance of the capacitor bank as determined from the mean 

value of all grading resistors per capacitor unit obtained from production tests, and the capacitor bank configuration, 

using [10, 55, 56]; 

𝑃𝐶 =
(𝐸𝑅)2

𝑅𝐶
                                                                                                                                                                  (2-29) 

 

where 

𝐸𝑅= Capacitor bank rated voltage, in volts 

𝑅𝐶 = Capacitor bank total resistance, ohms 

𝑃𝐶  = Filter capacitor losses, in watts. 

2.4   Loss of Main Equipment of VSC-based HVDC Converter Stations 

This section investigates the losses of key equipment of VSC-based HVDC converter stations that contribute a large 

amount of losses to the transmitted power. Losses determination of various equipment is based on the available 

standards. The losses evaluation of the main components of this HVDC technology utilized the formulas stipulated in 

standards IEC 62751-1-2. The losses of each equipment are separately estimated, hence, the total losses are the 

addition of the separate losses of individual component [4, 5]. VSC-based HVDC has various topologies such as two-

level, three-level and modular multilevel converter which are well explained in references [12, 51].  

 

The losses of voltage source converter have an immense proportion of the total losses of the converter stations due to 

the high switching frequency and low voltage level features of voltage source converter. Therefore, due to its 

characteristics of low switching frequency, low converter losses and flexibly controlled, the M2C has been vastly used 

in the HVDC transmission schemes. Therefore, it is of importance to conduct an investigation on the loss evaluation 

method in the flexible HVDC transmission system. However, the current loss computation technique can only be used 

for the three-level and two-level VSC-based HVDC technology [53, 57]. Moreover, the detailed techniques adopted 

for estimating the power losses in the valves for two-level, three-level and modular multi-level converter HVDC 

system are done in accordance with standards IEC 62751-1-2, “Power Losses in Voltage Source Converter (VSC) 

Valves for High-Voltage Direct Current (HVDC) Systems”.  

 

The Modular Multi-Level Converter (MMC) and its closely related Cascaded two-level converter (CTL), have 

drastically changed the high power losses draw-back of a VSC-based technology of recent [5]. These converters allow 

the switching frequency to be minimized in magnitude, while at the same time achieving better harmonic performance 

than is feasible with the three and two-level converters. Therefore, adopting this VSC configuration, will result to the 
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overall losses per station should stand very close enough with LCC-based technology, for the two technologies to be 

able to compete in some applications [5, 14]. 

2.4.1   Loss Hierarchy of VSC-based HVDC System 

 
Figure 2-3: Loss taxonomy of VSC-based HVDC system [16] 

Figure 2-3 depicts the various loss hierarchy of VSC-based HVDC technology, which consists of the converter losses, 

HVDC transmission line losses and the earth electrode. The valves losses consist of the losses due to IGBT and anti-

parallel freewheeling diode, the loss contribution of these devices are added together to obtain the total valve losses. 

2.4.2   Valve Losses 

The main contributor to the overall VSC-based HVDC losses are the valve losses. The valves compose of IGBTs and 

diodes (FWD), which are collectively known as IGBT module, in an IGBT module there are various IGBT, and diode 
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die based on the module and the application requirements. When conducting or switching from one state to another, 

all chips dissipate power. However, it is expedient to consider each of the devices that make up the valve [58]. 

2.4.3.1   Estimating Power Losses of IGBTs 

In thermal design, the first step is the computation of total power losses. An IGBT is a voltage-controlled device, 

which merges the merits of a BJT and a MOSFET. IGBT is a three terminal device; emitter, collector, and the gate 

terminal. IGBT can handle high currents and has a low forward voltage drop. It also has a voltage controlled capacitive 

gate, just like as in a MOSFET. IGBT chips are arranged in parallel in a sub-module, in order to increase the power 

handling capacity. Based on the application current rating, the number of sub-modules is selected [19]. In addition, it 

is a four-layer semiconductor that uses the voltage characteristics of BJT and the drive characteristics of a MOSFET. 

However, for high power IGBT modules operation, it is mandatory to provide a suitable heatsink, else, it may go into 

the thermal runaway. In power electronics circuit, which adopts the use of IGBTs, since IGBT operates in two states 

and produce losses in those states, it is imperative to consider the two most important sources of power dissipation, 

which are conduction losses and switching losses [59, 60] 

2.4.3.2   Conduction Losses of IGBT 

The losses in IGBT module that occur during the On-state of the IGBT or freewheeling diode when current is being 

conducted are known as conduction losses. The dissipated total power is estimated by multiplying the On-state 

saturation voltage and On-state current (current flowing through the collector or anode). Furthermore, in order to 

obtain the average power dissipation, the conduction losses, in PWM applications, must be multiplied by the duty 

factor. More so, the first order approximation of conduction losses can be obtained by multiplying the IGBT saturated 

voltage drop (Vce. sat) by the expected average device current [21, 45]. Conduction losses are the On-state losses or 

steady state losses. The average power dissipated by the IGBT admits expression as [61]: 

 

𝑃𝑎𝑣𝑔.𝑐𝑜𝑛𝑑 =  
1

𝑇
 ∫ [𝑉𝑐𝑒(𝑡) ×  𝐼𝑐𝑒(𝑡)]𝑑𝑡

𝑇

0
                                                                                                                     (2-30) 

 

where 

𝑃𝑎𝑣𝑔.𝑐𝑜𝑛𝑑 = Average conduction losses, in W. 

Vce = the device forward voltage or On-state saturation voltage (IGBT), Volt. 

𝐼𝑐𝑒  = On-state current, in Ampere. 

T= Conduction period, seconds. 

The forward resistance 𝑅𝑜 can easily be computed from the IGBT characteristic curve from the data sheet provided 

by the manufacturer. 

 

𝑅𝑜 =
∆𝑉𝑐𝑒

∆𝐼𝐶
=  

𝑉𝑐𝑒2−𝑉𝑐𝑒1

𝐼𝐶2−𝐼𝐶1
                                                                                                                                                (2-31) 
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Description as above. Forward resistance 𝑅𝑓 is the ratio between the difference of collector-emitter voltage and the 

collector current difference. The value of 𝑉𝑐𝑒0(𝑡)  is computed as follow [62, 63] 

 

𝑉𝑐𝑒.𝑠𝑎𝑡 = 𝑉𝑐𝑒𝑜 + 𝑅𝑜𝑖𝑐(𝑡)                                                                                                                                            (2-32) 

When the expression for the forward voltage is substituted from equation (2-32) into equation (2-30) yields: 

 

𝑃𝑎𝑣𝑔.𝑐𝑜𝑛𝑑 = 𝑉𝑐𝑒𝐼𝑎𝑣 + 𝑅𝑓𝐼𝑟𝑚𝑠
2                                                                                                                                      (2-33) 

where 

𝐼𝑎𝑣= Average current through the device during conduction period, in Ampere. 

𝐼𝑟𝑚𝑠
2  = rms current through the device during conduction period, in Ampere. 

The average and RMS current through the device during conduction period are estimated as follows: 

 

𝐼𝑎𝑣 =
1

𝑇
∫ 𝑖𝑎(𝑡)𝑑𝑡

𝑇

0
                                                                                                                                                     (2-34) 

 

𝐼𝑟𝑚𝑠
2 =  

1

𝑇
 ∫ 𝑖𝑎

2(𝑡)𝑑𝑡
𝑇

0
                                                                                                                                                 (2-35)  

Note that, the 𝑉𝑐𝑒  value obtained from equation (2-32) should be approximately equal to the value in the datasheet to 

justify the correct computation from the graph. However, the average power losses in PWM sine wave switching 

admits expression as [64]: 

 

𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 =
1

2
× (𝑉𝑐𝑒𝑜 ×

𝐼𝑝

𝜋
+ 𝑅𝑜 ×

𝐼𝑝
2

4
) + 𝑚 × cos ∅ (𝑉𝑐𝑒𝑜 ×

𝐼𝑝

8
+ 𝑅𝑜 ×

𝐼𝑝
2

3𝜋
)                                                           (2-36)     

𝑚= modulation index. 

cos ∅= power factor. 

𝐼𝑝=Peak value of sinusoidal output current, in Ampere. 

Other descriptions as above. 

Note that, from equation (2-30), time-period ‘T’ is inversely proportional to the frequency ‘f’. 

 

𝑇 =
1

𝑓
                                                                                                                                                                         (2-37) 

Which results to,   

 

𝑃𝑎𝑣𝑔 𝐼𝐺𝐵𝑇 = 𝑓 ∫ [𝑃(𝑡)]𝑑𝑡
𝑇

0
                                                                                                                                        (2-38)     
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From equation (2-38), it can be deduced that by simply integrating all the values of power losses over a period of time, 

the total average power losses incurred in the IGBT can be obtained. The conduction losses independent of the 

switching frequency 𝑓𝑠𝑤 , however, depends on duty cycle, whereas, switching losses depends on the switching 

frequency 𝑓𝑠𝑤  and at the same time, they are directly proportional to each other. The total average conduction loss 

can also be evaluated by alternative method if the values of Irms and Iavg can be estimated for the system. Assuming 

that the load current admits expression as [63]: 

 

ia(t) = Im sin(ωt − θ)                                                                                                                                              (2-39)   

Similarly, the leg phase voltage admits expression as: 

 

Va(t) = Vm sin ωt                                                                                                                                                     (2-40) 

Likewise, the duty cycle for the device switches (IGBT) admits expression as: 

 

𝑑𝑇1 =
1

2
 [1 + 𝑚 sin 𝜔𝑡]                                                                                                                                            (2-41) 

𝑑𝑇2 = 1 − 𝑑𝑇1 =
1

2
 [1 − 𝑚 sin 𝜔𝑡]                                                                                                                          (2-42)   

Similarly, the average and RMS currents for IGBTs  𝑇1 and 𝑇2 are estimated using equation (2-34) and (2-35) 

alongside with the equation (2-41) and (2-42). The following expressions were obtained after applying various 

mathematical analytical measures [65]: 

 

𝐼𝑇1,𝑎𝑣 =
1

2𝜋
∫ 𝑑𝑇1𝑖𝑎𝑑𝜔 = 𝐼𝑚 [

1

2𝜋
+

𝑚 cos 𝜃

8
]

𝜋+𝜃

𝜃
                                                                                                        (2-43) 

 

𝐼𝑇2,𝑎𝑣 =
1

2𝜋
∫ 𝑑𝑇2𝑖𝑎𝑑𝜔 = 𝐼𝑚 [

1

2𝜋
−

𝑚 cos 𝜃

8
]

𝜋+𝜃

𝜃
                                                                                                          (2-44)  

 

𝐼𝑇1,𝑟𝑚𝑠
2 =

1

2𝜋
 ∫ 𝑑𝑇1𝑖𝑎

2𝑑𝜔 = 𝐼𝑚
2 [

1

8
+

𝑚 cos 𝜃

3𝜋
]

𝜋+𝜃

𝜃
                                                                                                         (2-45) 

 

𝐼𝑇2,𝑟𝑚𝑠
2 =

1

2𝜋
 ∫ 𝑑𝑇2𝑖𝑎

2𝑑𝜔 = 𝐼𝑚
2 [

1

8
−

𝑚 cos 𝜃

3𝜋
]

𝜋+𝜃

𝜃
                                                                                                         (2-46) 

 

𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 = [𝐼𝑇1,𝑎𝑣 ∗ 𝑉𝑐𝑒𝑜 + 𝑅𝑜 ∗ 𝐼𝑇1,𝑟𝑚𝑠
2 ]                                                                                                                (2-47) 
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2.4.3.3   Switching Losses of IGBT 

Switching losses, in power electronic devices, usually contribute a substantial amount to the overall losses of the 

system. Thus, ignoring losses due to switching of the electronic devices in the computation or weighting the losses 

due to conduction of the devices with an estimated factor to actually consider switching losses, might lead to large 

errors. As touching the total losses, the power dissipated during the conducting (turn On) and non-conducting (turn 

Off) switching transitions are known as switching losses. Similarly, switching losses are simply total sum of on-state 

switching losses and turn-off switching losses, consequently, it depends on the switching frequency, device current 

and device characteristics. The switching losses occur due to the energy loss during the transition and switching 

frequency. It also depends on the junction temperature, dc link voltage, and load current. Losses will likewise be 

higher, If the switching frequency is higher [1, 7]. However, to compute the junction-temperature time behavior such 

that the reliability of the design is improved, it is essential to estimate accurately the switching losses. More so, to 

evaluate the average switching power losses, obtain the 𝐸𝑜𝑛 and 𝐸𝑜𝑓𝑓  values from the curve at the expected average 

operating current. Therefore, the average power dissipated admits expression as [45, 66]: 

 

 𝑃𝑠𝑤.𝐼𝐺𝐵𝑇 =  (𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓) ×  
𝑓𝑠𝑤

𝜋
                                                                                                                               (2-48) 

Based on the conditions provided for any application with respect to the datasheet nominal values, the switching power 

loss is required to be normalized, which admits expression as: 

 

𝑃𝑠𝑤.𝐼𝐺𝐵𝑇 =  
(𝐸𝑜𝑛+𝐸𝑜𝑓𝑓)×𝐼𝑝×𝑓𝑠𝑤×𝑉𝑑𝑐

𝜋×𝐼𝑛𝑜𝑚×𝑉𝑛𝑜𝑚
                                                                                                                             (2-49) 

The values of the energy loss 𝐸𝑜𝑛 and 𝐸𝑜𝑓𝑓  are given in the datasheet (Dynex), therefore, there is no need to compute 

these values. The switching energies are basically multiplied by the switching frequency resulting to the power loss 

for on and off time as illustrated by equation (2-48). 

The total average power loss for the IGBT can be split into three parts: 

 Turning on the device. 

 Conducting period. 

 Turning off the device. 

𝑃𝑎𝑣𝑔.𝐼𝐺𝐵𝑇 =  𝑃𝑐𝑜𝑛𝑑 + 𝑃𝑜𝑛 + 𝑃𝑜𝑓𝑓                                                                                                                                (2-50) 

 

𝑃𝑎𝑣𝑔.𝐼𝐺𝐵𝑇 =
1

𝑇
 ∫ 𝑃(𝑡)𝑑𝑡 + 𝑓 ∫ 𝑃(𝑡)𝑑𝑡 + 

𝑇

𝑡𝑜𝑛

𝑇

𝑡𝑐𝑜𝑛𝑑
𝑓 ∫ 𝑃(𝑡)𝑑𝑡

𝑇

𝑡𝑜𝑓𝑓
                                                                             (2-51) 

Total losses admits expression as [45]: 

 

𝑃𝑎𝑣𝑔.𝐼𝐺𝐵𝑇 = 𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 + 𝑃𝑠𝑤.𝐼𝐺𝐵𝑇                                                                                                                              (2-52) 
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Nomenclature, 

𝐸𝑜𝑛= IGBT turn-on switching energy at 𝐼𝑐 and T=125°𝐶. 

𝐸𝑜𝑓𝑓= IGBT turn-off energy loss at 𝐼𝑐 and T=125°𝐶. 

𝑓𝑠𝑤 =PWM switching frequency. 

𝐷 = PWM duty factor 

𝑉𝑐𝑒.𝑠𝑎𝑡 = IGBT saturation voltage drop at 𝐼𝑐 and T=125°𝐶. 

∅ = Phase angle between the output voltage and current. 

𝐼𝑐 =  Peak value of sinusoidal output current [45]. 

 

2.4.3.4   Estimating the Power Losses of Freewheeling Diode 

Power loss estimations of the freewheeling diodes are investigated under the following loss mechanisms: 

2.4.3.5   Conduction Losses (Diode) 

In power electronics, a diode is a two-terminal p-n junction device; whose two terminals are anode and cathode. It is 

an electronic device, which allows current to pass when it is forward biased in one direction (conduction state), 

whereas blocking current in the opposite direction (reverse direction).  

The average total power losses in diode admits expression as [21]: 

𝑃𝑎𝑣𝑔.𝐷𝑖𝑜𝑑𝑒 = 𝑃𝑐𝑜𝑛𝑑.𝐷𝑖𝑜𝑑𝑒 + 𝑃𝑟𝑒𝑐.𝐷𝑖𝑜𝑑𝑒                                                                                                                         (2-53) 

The forward resistance 𝑅𝐷 can easily be computed from the diode characteristic curve from the data sheet provided 

by the manufacturer. 

 

𝑅𝐷 =
𝑉𝑓2−𝑉𝑓1

𝐼𝑓2−𝐼𝑓1
                                                                                                                                                             (2-54) 

From equation (2-54), the value of diode resistance, 𝑅𝐷 can be obtained from the change of forward voltage and 

forward current. The forward voltage of a diode admits expression as: 

 

𝑉𝑓 = 𝑉𝐷𝑂 + 𝑅𝐷 × 𝐼𝐶                                                                                                                                                   (2-55) 

Similarly, diode threshold voltage 𝑉𝐷𝑂 can be computed from the datasheet of the device, which is used for estimating 

the forward voltage as shown in equation (2-55). This forward voltage can be checked against the value on datasheet 

to confirm the validity of the calculation. The average power losses in diode when operating under PWM sinewave 

switching admits expression as [67]: 

𝑃𝑐𝑜𝑛𝑑.𝐷𝑖𝑜𝑑𝑒 =
1

2
× (𝑉𝐷𝑜 ×

𝐼𝑝

𝜋
+ 𝑅𝐷 ×

𝐼𝑝
2

4
) + 𝑚 × cos ∅ (𝑉𝐷𝑜 ×

𝐼𝑝

8
+ 𝑅𝐷 ×

𝐼𝑝
2

3𝜋
)                                                          (2-56) 

Parameters description as above. 
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2.4.3.6   Reverse Recovery Time 

Basically, when switching a diode from the conduction mode to the blocking mode, a diode or rectifier tends to have 

stored charge, which must be firstly discharged, prior the reversed voltage is blocked by the diode. This discharge 

takes a limited amount of time known as Reverse Recovery Time, or 𝑡𝑟𝑟. More so, during this time, diode current may 

drift in the reverse direction. However, when the device (diode) turns off, as a result of the discharging operation, 

which still permits the drifting action of the diode current in the reverse direction, losses are generated which is called 

recovery loss, and likewise, the time needed to recover is called the reverse recovery time. The recovery losses of a 

diode admit expression as [65, 68]: 

 

𝑃𝑟𝑒𝑐.𝐷𝑖𝑜𝑑𝑒 = 𝐸𝑟𝑒𝑐 × 𝑓𝑠𝑤                                                                                                                                             (2-57) 

Nomenclature, 

𝐸𝑟𝑒𝑐= Diode reverse recovery energy (The turn-off energy of the diode due to reverse recovery current). 

𝑓𝑠𝑤 = Switching frequency. 

𝐼𝑟𝑟  = Diode reverse recovery current. 

𝑄𝑟𝑟  = Diode reverse recovery charge. 

𝑇𝑟𝑟 = Diode reverse recovery time. 

As previously stated, based on the conditions provided for any application with respect to the datasheet nominal values, 

the switching power loss is required to be normalized. 

 

𝑃𝑟𝑒𝑐.𝐷𝑖𝑜𝑑𝑒 =  
𝐸𝑟𝑒𝑐×𝐼𝑝×𝑓𝑠𝑤×𝑉𝑑𝑐

𝜋×𝐼𝑛𝑜𝑚×𝑉𝑛𝑜𝑚
                                                                                                                                     (2-58) 

Finally, the summation of equation (2-56) and equation (2-58) results to equation (2-53). Therefore, the sum of 

conduction loss and reverse recovery loss in diode result to the total average power loss for the diode. 

Alternatively, if the values of Irms and Iavg can be estimated for the system, the total average conduction loss can also 

be evaluated. Assuming that the load current admits expression as: 

 

ia(t) = Im sin(ωt − θ)                                                                                                                                              (2-59)   

Similarly, the leg phase voltage admits expression as: 

 

Va(t) = Vm sin ωt                                                                                                                                                     (2-60) 

Likewise, the duty cycle for the device switches (Diode) admits expression as: 

 

𝑑𝐷1 = 𝑑𝑇2 = 1 − 𝑑𝑇1 =
1

2
 [1 − 𝑚 sin 𝜔𝑡]                                                                                                               (2-61) 
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𝑑𝐷2 = 𝑑𝑇1 =
1

2
 [1 + 𝑚 sin 𝜔𝑡]                                                                                                                                 (2-62) 

It is worth noting that, the average and (Root mean square) RMS currents for the lower freewheeling diode are similar 

in terms of expression to that of the upper IGBT device, however the direction of flow is opposite. Therefore, the 

average and RMS currents admit expression as [11, 64]: 

 

 𝐼𝐷1,𝑎𝑣 = −𝐼𝑇2,𝑎𝑣 = −𝐼𝑚 [
1

2𝜋
−

𝑚 cos 𝜃

8
]                                                                                                                     (2-63) 

𝐼𝐷2,𝑎𝑣 = −𝐼𝑇1,𝑎𝑣 = −𝐼𝑚 [
1

2𝜋
+

𝑚 cos 𝜃

8
]                                                                                                                      (2-64)   

𝐼𝐷1,𝑟𝑚𝑠
2 =  𝐼𝑇2,𝑟𝑚𝑠

2 =  𝐼𝑚
2 [

1

8
−

𝑚 cos 𝜃

3𝜋
]                                                                                                                        (2-65)      

𝐼𝐷2,𝑟𝑚𝑠
2 =  𝐼𝑇1,𝑟𝑚𝑠

2 =  𝐼𝑚
2 [

1

8
+

𝑚 cos 𝜃

3𝜋
]                                                                                                                        (2-66) 

𝑃𝑐𝑜𝑛𝑑.𝐷𝑖𝑜𝑑𝑒 = [𝐼𝐷1,𝑎𝑣 ∗ 𝑉𝐷𝑂1 + 𝑅𝐷 ∗ 𝐼𝐷1,𝑟𝑚𝑠
2 ]                                                                                                            (2-67) 

Similarly, the average (total) conduction losses of a per valve IGBT module admits expression as: 

𝑃𝑡𝑜𝑡𝑎𝑙.𝑐𝑜𝑛𝑑 = [𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 + 𝑃𝑐𝑜𝑛𝑑.𝐷𝑖𝑜𝑑𝑒]                                                                                                                   (2-68) 

𝑃𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 𝑝𝑒𝑟 𝑑𝑒𝑣𝑖𝑐𝑒 = [𝑃𝑡𝑜𝑡𝑎𝑙 𝐼𝐺𝐵𝑇 𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑃𝑡𝑜𝑡𝑎𝑙 𝐷𝑖𝑜𝑑𝑒 𝑙𝑜𝑠𝑠𝑒𝑠]                                                                                 (2-69) 

𝑃𝑡𝑜𝑡𝑎𝑙.𝑐𝑜𝑛𝑑−𝑝𝑒𝑟 𝑣𝑎𝑙𝑣𝑒 =  6 ∗ [𝐼𝑇1,𝑎𝑣 ∗ 𝑉𝑐𝑒𝑜 + 𝑅𝑜 ∗ 𝐼𝑇1,𝑟𝑚𝑠
2 + 𝐼𝐷1,𝑎𝑣 ∗ 𝑉𝐷𝑂1 + 𝑅𝐷 ∗ 𝐼𝐷1,𝑟𝑚𝑠

2 ]                                        (2-70) 

Note that for two-level converter, the total conduction and switching losses for the 6-valves becomes: 

𝑃𝑡𝑜𝑡𝑎𝑙.𝑐𝑜𝑛𝑑,6−𝑣𝑎𝑙𝑣𝑒𝑠= 6 ∗ 𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒 ∗ [𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 + 𝑃𝑐𝑜𝑛𝑑.𝐷𝑖𝑜𝑑𝑒]                                                                              (2-71) 

𝑃𝑡𝑜𝑡𝑎𝑙.𝑠𝑤,6−𝑣𝑎𝑙𝑣𝑒𝑠= 6 ∗ 𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒 ∗ [𝑃𝑠𝑤.𝐼𝐺𝐵𝑇 + 𝑃𝑟𝑒𝑐.𝐷𝑖𝑜𝑑𝑒]                                                                                      (2-72) 

Where 

𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒  = Number of IGBTs connected in series in each valve [1, 66]. 

2.5 Loss Evaluation Method of Modular Multilevel Converters  

The Modular Multilevel Converter (M2C) has popularly become the most promising converter topology for different 

medium and high power-converter applications, such as variable speed drive, propulsion system of electric ships, grid 

connection of energy storage systems, electric railway supplies and high-voltage dc (HVDC) transmission. Due to its 

miniaturization or compactness (small footprint), high modularity and the fact that the losses incurred during operation 

is very low compared to its counterpart and also it has shown that it is feasible to merge the excellent output voltage 

waveforms with very high frequencies [69, 70]. Therefore, M2C permits the decrease of the switching frequency down 

towards the fundamental frequency, meanwhile, the output voltage content of the harmonic is still kept low resulting 

to a large number of levels compared to the conventional two-level and three-level voltage source converters (VSCs) 

[68]. Apparently, the switching methods and semiconductor devices are determining factors when considering the 

efficiency of M2C-based stations. So therefore, there are various semiconductor devices and switching methods which 

are not covered in this research work, but well explained in [68, 71]. 
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The M2C consist of submodules, which are otherwise known to be a number of series-connected half bridges with dc-

capacitors. The individual phase leg consists of one positive (upper) arm and one negative (lower) arm, which is linked 

to the dc terminal points. More so, the number of submodules that are inserted in the positive (upper) and negative 

(lower) arms are changed in order to control the potential at the ac side connection point. However the case may be, 

the bypassing and the insertion of the submodules must be arranged in such a way that the capacitor voltages remain 

juxtapose to their nominal values [66, 72]. 

2.5.1 Topology of M2C HVDC Technology 

The VSC-HVDC technology was reformed due to the advent of the MMC and its close related technology, the 

cascaded two-level converter by largely mitigating the need for harmonic filtering and further reducing the power 

losses of the converter drastically. The reduction of switching frequency made possible by the MMC results in the 

reduction of power losses of the converter. The MMC permits the magnitude of the switching frequency to be lower 

than two or three level converter. A very large dc capacitor is required in each submodule when the switching 

frequency is equal to the grid frequency, therefore, a more economic optimum is generally to have a switching 

frequency of around 100 Hz. Moreover, the dominant component of losses in two or three-level converters which 

happens to be switching losses, are now of secondary importance in the MMC, therefore, the power losses are 

dominated by the conduction losses in the diodes and IGBTs [5, 14, 73]. 

 

The circuitry of the M2C configuration is illustrated in fig. 2-5, M2C consists mainly of three-phases in which 

individual phase has the equal number of submodules (SMs or Cells) and a valve-reactor which is series connected in 

both the positive (upper) and negative (lower) legs. Therefore, individual submodule consists of two IGBTs, two 

freewheeling diodes (FWD) and a capacitor. This capacitor is an energy storage component and does not consume 

energy during the charge and discharge processes [53, 74]. Therefore, the losses of M2C mainly include the losses of 

valve reactor, FWD, and IGBT, the losses due to valve reactor accounts for a small proportion of losses, which can be 

ignored in most cases. Similarly, each phase of this topology consists of two arms, namely, upper (positive) and lower 

(negative) arms, which are connected from the positive and negative dc poles to the ac terminal, respectively [75, 76].  

 

A series connection of N identical cells, and arm inductors 𝐿𝑎𝑟𝑚 are connected together to form each arm. Similarly, 

the resistance of the submodules and inductor in one arm, which is depicted as R. Note that, a submodule is said to be 

bypassed if the lower switch is closed and the upper switch is opened. Similarly, if the lower switch is opened and the 

upper switch is closed, then the submodule is said to be inserted. More so, the state of a submodule defined by the 

state signal 𝑆𝑘 and it is defined in such a way that when submodule k is inserted 𝑆𝑘 equals to one likewise, when 

submodule k is bypassed, 𝑆𝑘 equals to zero. Furthermore, the submodules are arranged such that the first N submodules 

are positioned in the lower arm [66, 77]. 
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Figure 2-4: A typical illustration of loss calculation model structure [78] 

Figure 2-4 shows a typical illustration of loss- calculation model structure, the loss calculation is based on the 

switching coming from submodule cell and the limb current. The submodule switching operation and hence, the 

converter loss, vary with the average capacitor voltage value. These individual losses are then added to give a total 

loss for the top and bottom converter arms [14, 76]. 

 
Figure 2-5: Three phase circuit schematic of M2C topology [79] 

Varying the number of inserted and bypassed submodules in each arm, the ac side voltage is obtained. Most times this 

is done in a complementary manner, in such a way that one submodule is bypassed in the upper arm, when one module 

is inserted in the lower arm. As a result, the overall total number of inserted submodules in individual phase leg is 

mostly equal to N [80].  From figure 2-5, both the positive and negative arm current 𝐼𝑝(𝑖) and 𝐼𝑛(𝑖) admit expressions 

as [15, 51]: 

𝐼𝑝(𝑖) =  
𝐼𝑠(𝑖)

2
−

𝐼𝑑

3
                                                                                                                                                       (2-73) 
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 𝐼𝑛(𝑖) = −
𝐼𝑠(𝑖)

2
−

𝐼𝑑

3
                                                                                                                                                   (2-74) 

where 

𝐼𝑠(𝑖) = Converter phase current, in A. 

𝐼𝑑 = Converter dc current, in A. Note that (𝑖) denotes the arbitrary number of each phase. 

Therefore, the converter phase current 𝐼𝑠(𝑖) can be obtained from solving equation (2-73) and equation (2-74) 

simultaneously which results to; 

𝐼𝑝(𝑖) − 𝐼𝑛(𝑖) = 𝐼𝑠(𝑖) = √2 𝐼𝑠(𝑖) cos(𝜔𝑡 + 𝛿𝑠(𝑖) − 𝜑(𝑖))                                                                                       (2-75)  

where 

𝐼𝑠(𝑖) = The phase current RMS value, in A. 

𝛿𝑠(𝑖) = Phase voltage angle, in degrees. 

𝜑(𝑖) =The load angle, in degrees. 

Similarly, replacing equation (2-75) into equations (2-73) and (2-74) respectively, this results to; 

𝐼𝑝(𝑖) =
√2 𝐼𝑠(𝑖) cos(𝜔𝑡+𝛿𝑠(𝑖)−𝜑(𝑖))

2
−

𝐼𝑑 

3
                                                                                                                         (2-76) 

𝐼𝑛(𝑖) = −
√2 𝐼𝑠(𝑖) cos(𝜔𝑡+𝛿𝑠(𝑖)−𝜑(𝑖))

2
−

𝐼𝑑 

3
                                                                                                                     (2-77) 

Additionally, assuming an equal dc and ac side power, the dc current 𝐼𝑑 can admit expression as a function of the 

converter power 𝑃𝑐 and dc voltage 𝑉𝑑𝑐 as; 

𝐼𝑑 = −
𝑃𝑐

𝑉𝑑𝑐
= −

3𝑉𝑠(𝑖)𝐼𝑠(𝑖) cos 𝜑

𝑉𝑑𝑐
                                                                                                                                    (2-78) 

where 

𝑉𝑠(𝑖) = Phase current RMS value in 𝑖𝑡ℎ phase, in V. 

𝐼𝑠(𝑖) = Phase current RMS value in 𝑖𝑡ℎ phase, in A. 

Similarly, the modulation index 𝑚(𝑖) admits expression as; 

𝑚(𝑖) =
2√2 𝑉𝑠(𝑖)

𝑉𝑑𝑐
                                                                                                                                                         (2-79) 

Note that, solving for 𝑉𝑑𝑐 in equation (2-79) and replacing the result into equation (2-78) yields; 

𝐼𝑑 = −
3𝑚(𝑖)𝐼𝑠(𝑖) cos 𝜑

2√2
                                                                                                                                                 (2-80) 

On replacing equation (2-80) into equations (2-76) and (2-77), the upper (positive) and lower (negative) arm currents 

admit expressions as; 

𝐼𝑝(𝑖) =
√2 𝐼𝑠(𝑖) cos(𝜔𝑡+𝛿𝑠(𝑖)−𝜑(𝑖))

2
+ 

3𝑚(𝑖)𝐼𝑠(𝑖)  cos 𝜑

2√2
                                                                                                      (2-81)         

𝐼𝑛(𝑖) = −
√2 𝐼𝑠(𝑖) cos(𝜔𝑡+𝛿𝑠(𝑖)−𝜑(𝑖))

2
+

3𝑚(𝑖)𝐼𝑠(𝑖) cos 𝜑

2√2
                                                                                                   (2-82) 

The total number of cells admits expression as; 
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 𝑁 =
𝑉𝑑

𝑉𝑐𝑎𝑝
𝑛𝑜𝑚                                                                                                                                                                  (2-83) 

where 

𝑉𝑐𝑎𝑝
𝑛𝑜𝑚 = The nominal converter cell capacitor voltage. 

For instance, considering the positive arm in an arbitrary phase, the number of inserted  𝑛𝑝
𝑖𝑛(𝑖)  and 𝑛𝑝

𝑏𝑦
(𝑖) bypassed 

cells admit expressions as; 

𝑛𝑝
𝑖𝑛(𝑖) =

𝑉𝑑𝑐
2

−𝑉𝑠(𝑖)

𝑉𝑐𝑎𝑝
𝑛𝑜𝑚                                                                                                                                                       (2-84) 

𝑛𝑝
𝑏𝑦(𝑖) = 𝑁 − 𝑛𝑝

𝑖𝑛(𝑖)                                                                                                                                                 (2-85) 

Therefore, on ignoring the voltage drop over arm inductor, 𝐿𝑎𝑟𝑚 and applying the Kirchhoff’s voltage law, more so, 

replacing the sinusoidal representation of; 

𝑣𝑠(𝑖) = √2 𝑉𝑠(𝑖) cos(𝜔𝑡 + 𝛿𝑠(𝑖))                                                                                                                            (2-86) 

Substituting equation (2-83) and equation (2-84) into equation (2-85), the number of inserted and bypassed cells for 

the positive arm admit expressions as; 

𝑛𝑝
𝑖𝑛(𝑖) =

𝑁

2
(1 − 𝑚(𝑖) cos(𝜔𝑡 + 𝛿𝑠(𝑖)))                                                                                                                  (2-87) 

𝑛𝑝
𝑏𝑦(𝑖) =

𝑁

2
(1 + 𝑚(𝑖) cos(𝜔𝑡 + 𝛿𝑠(𝑖)))                                                                                                                  (2-88) 

Note that, since the dc side voltage can be expressed by summing up the upper (positive) and lower (negative) arm 

output terminal voltages of N number of cells, the negative arm insertion and bypass number admit expressions as; 

𝑛𝑛
𝑖𝑛(𝑖) =

𝑁

2
(1 + 𝑚(𝑖) cos(𝜔𝑡 + 𝛿𝑠(𝑖)))                                                                                                                  (2-89) 

𝑛𝑛
𝑏𝑦(𝑖) =

𝑁

2
(1 − 𝑚(𝑖) cos(𝜔𝑡 + 𝛿𝑠(𝑖)))                                                                                                                  (2-90) 

Consequently, controlling the number of inserted and bypassed cells in each converter arm, the desired currents and 

voltages at the dc and ac terminal points of M2C can be created. Therefore, an appropriate switching method can 

control the M2C in various operating modes and therefore, accomplish the system requirements [68, 81, 82]. 

2.6 Summary 

Several works on loss study of HVDC system have been reported in literature, LI Zhan-ying et al [6], quantitatively 

calculated the losses of HVDC system using IEC 61803 standard, in his work, the loss calculation models for converter 

station equipment under different operational conditions were established. Based on basic theory and specific models, 

loss calculation program for HVDC converter station was developed using Visual Basic programming language. 

Microsoft’s Access was adopted as database for data storage and ADODC method is adopted to realize the connection 

between database and program. Phil S Jones et al [14], presented a mathematical analysis for estimating both the 

switching and conduction losses for VSC-based HVDC stations adopting the MMC topology. The total converter 

losses are subsequently determined by summing up the switching and conduction losses of all the converter valves. 

Additionally, H. Peter Lips et al [37], analyzed the power losses of each component of the HVDC thyristor valve using 
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mathematical tool stipulated in IEC 61803 standards. Finally, G. Daelemans et al [35], verified the feasibility, technical 

as well as economic, of VSC HVDC on loss minimization in meshed networks. The losses of the different components 

of a VSC HVDC link are studied and the impact of the installation on the overall system losses in the mesh network 

was verified through simulations. 

As earlier said, there have been numerous studies done on loss determination of HVDC converter stations. Most of 

which utilized either Matlab-Simulink method of loss calculations or loss calculation program in Visual Basic 6 to 

evaluate the HVDC converter losses [6]. Moreover, some authors used PSCAD to analyze the loss contributions of 

various converter equipment [83]. Meanwhile, these results obtained by simulations were not validated by other 

methods of loss calculations. Conceptually, the loss calculation method using standardized mathematical 

representations illustrated in the standards are complex and rigorous to analyze. In respect of this, most authors prefer 

to analyze the losses of HVDC converter stations using simulation approach. It is worthy of note that using only one 

method to calculate the losses of HVDC converter stations would not validate the results obtained and the feasibility 

of the HVDC loss study. Based on these gaps mentioned, a novel approach was used to evaluate the losses of various 

HVDC technologies using analytical loss calculation method and subsequently validated the results obtained by 

simulation method. More so, to further validate the results obtained, some commercialized loss-simulation 

environments (Semisel and Melcosim) were used to calculate the loss mechanisms of HVDC technologies, which 

signify the significance and contributions of this research work. The next chapter explains the various methods utilized 

in subsequent chapters to obtain the results shown. 

 

In conclusion, the difficulty of HVDC transmission system loss calculation falls in the loss calculation of the converter 

station. To understand the loss proportion of equipment in HVDC converter station and to decrease the losses of the 

HVDC system, analysis based on the formulas stipulated in the standard of IEC 61803 “Determination of power losses 

in LCC-based high-voltage direct current (HVDC) converter stations” and IEC 62751-1-2 “Determination of power 

losses in VSC-based high-voltage direct current (HVDC) converter stations” were used to calculate the losses of each 

equipment in the converter stations. 
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CHAPTER 3 

METHODOLOGY 

3.1   Introduction 

 Theoretically, the converter station losses of an HVDC system can be investigated and determined either by direct 

measurement of both the input and the output powers or by means of component characteristics, utilizing suitable 

mathematical models of the converter individual component. This chapter invariably discussed the methods adopted 

in this research work. In order to satisfy the objectives and answer the research questions of this dissertation, a 

quantitative research based on the estimation and analyses of various equipment losses of different HVDC 

technologies were fully investigated based on the following outlines: research approach and methods, research 

procedure and process, research instrument, research layout, and research strategy and limitations. 

3.2   Research Approach and Methods 

The purpose of this research is to discuss the methods of identifying and determining the various equipment that 

produces a large amount of power losses on HVDC converter stations during power transmission. Subsequently, the 

loss contributions of the individual equipment on the converter stations are investigated, determined and calculated 

for both HVDC technologies (i.e. the LCC-based and VSC-based HVDC technologies), during operating and standby 

mode. However, being that there are various interconnected equipment on the converter stations at both end of each 

technology, the author limited the scope of this research to investigate key equipment such as converter transformer, 

thyristor converter valves, DC-smoothing reactors, AC filters and DC capacitor. However, the loss contributions from 

auxiliary power equipment such as valve cooling system, transformer cooling system, converter control, and 

protection, switch-yard equipment cooling system switch-yard equipment control and protection system to mention 

but few are neglected because their loss contributions are infinitesimal compared to those converter station equipment 

being investigated which can be ignored. These results will give the author a good overview of the loss mechanisms 

of each of the equipment of the HVDC converter stations under investigation. In order to fully investigate and 

determine these losses, there is need to identify some variables to carry out this research. These variables include the 

following, the dc voltage at the rectifier output, the on-state power loss, the harmonic currents, junction temperature, 

firing angle, overlap angle, advanced angle, dc current, average thyristor stored charge, RMS source voltage, the 

transformer rating, the transformer resistance. Other variables include transformer reactance, the converter rating, the 

number of valves at each station for both technologies, number of IGBTs connected in series for two-level, three-level 

and multi-level VSC configurations etc. 

These variables mentioned above alongside with the datasheet parameters from the manufacturer of the electronic 

devices, which are used as power converter at each stations of both technologies, are very useful in loss calculations.  

Most significantly, the standards IEC 61803 and IEC 62751-1-2, “IEEE recommended practice for determination of 

power losses in high-voltage direct-current (HVDC) converter stations”, are used to determine the power losses in the 

converter valve, converter transformer, DC smoothing reactor and so on [4]. 
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The essence of determining and analyzing the loss mechanisms of converter stations equipment for both technologies, 

is to be able to predict exactly, the loss profile of both HVDC technologies according to the standards stipulated in 

IEC 61803 and IEC 62751-1-2, “Determination of Power Losses in High-voltage Direct-Current (HVDC) Converter 

Stations”. This subsequently, shows the dependency of the losses on circuit parameters and operating point and besides 

to have a good basis for the comparison of the loss mechanisms for both HVDC-converter technologies. Therefore, 

after the determination and the computations of the various losses of each converter stations equipment for both HVDC 

technologies, the percentage loss proportion will then be calculated based on the loss values obtained previously. 

Thus, this is done in order to allow conclusions to be drawn on which of the converter stations equipment that produces 

the highest amount of losses and at what percentage proportion. Furthermore, the losses of all the stations’ equipment 

will be added together to obtain the total power losses produced by the converter stations of both HVDC technologies. 

The ultimate aim is to compare the loss profile of LCC-based HVDC technology, two-level, three-level and multi-

level VSC-based technology and make conclusions on which of these technologies transmit power efficiently based 

on the loss profile. More so, in order to further conclude this research work, the author deems it fit to validate the 

results obtained using physical analyses from the data obtained from the datasheet of the electronic component and 

the formulas stipulated in the IEC 61803 standards with the results obtained when the same system is modeled on a 

simulation environment. The author further validated these results not only with the Matlab environment but also with 

Melcosim software and some online loss simulation environment such as Semisel. 

3.3   Research Procedure and Process 

In this research work, four HVDC technologies were considered, LCC-based, two-level VSC-based, three-level VSC-

based, and multi-level VSC-based technologies. The loss contributions of each converter stations for different HVDC 

technologies were fully investigated and calculated. For LCC-based technology, a typical model was investigated 

whose transformer rating was 500/440 kV at the rectifier terminal and 350/230 kV at the inverter terminal, with a 

power capacity of 1000 MVA. This model adopts 6-pulse thyristor valve HVDC system, which operates at a frequency 

of 50 Hz [4, 5]. 

Firstly, the testing of the rectifier circuit was carried out, and this was done on the basis of measuring the output dc 

voltage at the rectifier terminal when the delay angle was being varied, thorough steps were taken to ensure that the 

values obtained tallied with the theoretical values using the respective formulas stated in various pieces of  literature 

reviewed. The control adopted was constant current at the rectifier terminal and constant extinction angle (CEA) at 

the inverter terminal. Afterward, the testing of the inverter was also carried out for the same quantities as above. 

Secondly, the standards “IEC 61803, IEEE recommended practice for determination of power losses in high-voltage 

direct-current (HVDC) converter stations” was fully studied and investigated. The various equipment losses on the 

converter stations were determined and evaluated based on the formulas stipulated in this standard. For instance, the 

thyristor valve losses are divided into eight groups such as the thyristor conduction loss per valve, thyristor spreading 

loss per valve, other valve conduction losses per valve, DC voltage-dependent loss per valve, damping-resistor loss 

per valve, damping-capacitor loss per valve, turn-off losses per valve and reactor losses per valve. These losses were 
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carefully analyzed with the available system parameters and the datasheet parameters given by the manufacturer of 

the thyristor valves adopted in the LCC-based technology. The losses of other equipment on the converter stations 

were also investigated and calculated, for instance, the losses of converter transformers, AC filter losses, DC 

smoothing reactor losses and DC capacitor losses. Finally, the sum of the loss contributions of all these equipment 

were obtained to give the total losses produced by the converter stations as a whole. More so, the percentage losses of 

this equipment were also investigated and calculated.  

On the other hand, the losses of VSC-based technology was also investigated and calculated using standards IEC 

62751-1-2. Note that, this standard is mainly used to evaluate the converter valves losses. The  loss mechanisms of 

the other equipment like converter transformers, AC filters etc. still adopt the standardized calculation methods 

stipulated in standard IEC 61803 for their loss evaluations. However, the publication of standards IEC 62751-1-2 

allows objective comparisons to be made between the power losses of VSC and LCC stations. Here, the converter 

valve consists of IGBT and freewheeling diode device, which are collectively called IGBT module. The losses of the 

converter valve are divided into two, namely, the conduction losses and the switching losses, these losses were fully 

investigated and calculated based on the available system parameters and the datasheet parameters given by the 

manufacturer of IGBT module adopted in two-level, three-level and multi-level VSC configurations. Likewise, the 

losses of other equipment were also investigated and calculated as stipulated above, then finally, the sum of the losses 

of all this equipment were obtained to give the total loss contributions by converter stations as a whole. More so, the 

percentage losses of this equipment were also estimated for further conclusions. 

More so, the HVDC technologies such as LCC-based, two-level, three-level, and multi-level VSC-based were also 

simulated on Matlab environment, Melcosim, and Semisel online loss simulator, and the losses were calculated 

accordingly. 

Finally, the losses of the various HVDC technologies were compared to draw and reach conclusion as to which 

technology is more reliable, stable and efficient for power transmission system. 

3.4   Research Instruments 

This research made use of a software-based tool known as SimPowerSystem tools of Matlab. The Simulink package 

of this tool was used to model a typical HVDC model to investigate the variation of some parameters like the dc output 

voltage when the delay angle is varied. This was done to have an overview of how a typical HVDC system works. 

This environment was also used in the analysis and calculation of power losses in the converter stations of HVDC 

system. Various HVDC technologies were modeled using Matlab environment, the various loss equations were 

modeled into a block and interfaced accordingly on the modeled system to calculate the losses of various equipment 

on the converter stations. Subsequent to this Simulink model, matlab codes were written for the loss function of the 

formulas necessary to calculate the loss values of all the equipment on the converter stations using all the formulas 

stipulated in the standards IEC 61803, “IEEE recommended practice for determination of power losses in high-voltage 

direct-current (HVDC) converter stations”. These codes prompt the user to input variables according to his or her 
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design specifications, this makes it flexible such that various loss profile of the converter stations equipment can be 

obtained by varying the parameters used in the Matlab codes. These codes were used to calculate the power losses of 

HVDC converter stations at both the rectifier and inverter terminals, and most especially for the two HVDC 

technologies at large.  

More so, in order to fully investigate and accurately calculate the losses of various equipment on converter stations, 

especially power electronics components like thyristors, IGBT modules etc. that makes up the valve, there are some 

operating parameter that can only be obtained on the datasheets, which are always given by the manufacturers of these 

electronic devices. For instance, the threshold voltage, the slope resistance, the nominal RMS on-state current, the 

junction-coolant thermal resistance, the form factor, junction temperature, all these are thyristor valve operating 

parameters. On the other hand, for IGBT modules, the operating parameters include the IGBT turn-on switching 

energy, IGBT turn-off switching energy, IGBT saturation voltage drop, diode reverse recovery energy, the thermal 

resistance of both IGBT etc. All these datasheet parameters are very important when calculating power losses in 

converter valves. 

Finally, Melcosim software and an online loss simulator known as semisel were used to further validate the results 

obtained from using Matlab environment. 

3.5   Research Layout 

Organizing this research study really involve the use of set out goals and defined activities. Technical investigation, 

determination, and computation of power losses were carried out on a typical Simulink model with respect to the 

various HVDC technologies i.e. the LCC-based, two-level, three-level and multi-level VSC-based HVDC systems. 

The various step taken to meet up with the research objectives are highlighted below. 

An extensive literature review was carried out on loss determination and calculations of various HVDC technologies 

such as LCC-based, two-level, three level and multi-level VSC-based. This is majorly to get a vast-based knowledge 

of the loss mechanisms of different converter stations equipment and the overall loss contributions of the converter 

stations as a whole on the electrical network, in order to know which of the equipment on the power grid that produce 

more power losses. This research contains the topologies, different configuration, applications and methods of 

calculating the power losses with all the formulas necessary for the execution and completion of the research 

objectives. These areas stipulated above were researched to really understand the concept of this research work. This 

process gives the overview of the loss percentages of various equipment on HVDC converter stations so as to have a 

theoretical guide towards my results.  

 3.5.1   Losses of HVDC System 

When evaluating the losses of HVDC converter stations, it is recommended that two types of losses be distinguished: 

standby losses and total operating losses. 
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3.5.1.1   Standby Losses 

These are the losses generated with the HVDC converter-station energized but with the valves blocked. Under this 

condition, the ac filters and shunt compensating equipment are not required, and they are not connected to the ac bus. 

Smoothing reactors and dc filters, if any, are also not energized. However, the station service and cooling equipment 

are connected as required for immediate pickup of the load. Standby losses can be considered as being equivalent to 

“no-load” losses in conventional ac substation practice [10].    

3.5.1.2   Total Operating Losses 

These are the total station losses produced with the converter station energized and the valves operating. When the 

converter valves are operating, the dc current is not permitted to drop below a defined minimum current, which is 

design-dependent and varies from project to project. Operating losses may be required to be evaluated at any load 

current between the minimum and maximum values. It is important to keep in mind that some of the equipment in the 

HVDC station is not used at all load levels; the ac filters are an example. Therefore, the calculation of the losses for a 

particular station loading must specify which apparatus is online for that load condition. In general, all equipment 

should be assumed to be connected, which is required to meet the specified performance at the particular load level. 

Total operating losses minus the standby losses can be considered as being equivalent to “load losses” in conventional 

AC substation practice [1, 10]. 

3.5.2    Methods of Converter Loss Evaluation 

The efficiency of an HVDC converter station is most advantageous and less accurate to be determined by a direct 

measurement of its energy losses, which is taken as a general principle. However, it is imperative that any effort to 

compute the converter station loss by the method of subtracting the measured output power from the measured input 

power should realize that such measurements in application have an inherent inaccuracy, particularly if implemented 

at a very high voltage [2, 84]. In addition, HVDC converter power losses at full load are generally less than 1% of the 

power transmitted from the sending end of the network. Therefore, the actual power losses measured as a small 

difference between two large quantities is not likely to be an indication of adequately accurate measurement. For 

instance, a temporary test arrangement may be possible in some situations, such that two converters are operated from 

the same AC source and likewise connected together via their dc terminals. In this connection, the power drawn from 

the AC source equals the losses in the circuit. However, the ac source must also provide commutating voltage and var 

support to the two converters. Once again, there are practical difficulties in measurement [8, 85]. In order to avoid the 

problems described above, these standards standardize a method of calculating the HVDC converter station losses by 

summing the losses calculated for each item of equipment[10, 22]. 

Therefore, there are several techniques to analyze and estimate the power losses in HVDC converter stations. 
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3.5.2.1   Practical Measure or Direct Measurement Method 

Determining the converter losses directly by simply finding the difference between the measured output power and 

the measured input power looks realistic, reasonable and accurate. However, the losses of the system are generally 

less than the transmitted power, if the scheme is carried out at high voltage and power, therefore, the actual power 

losses measured as a small difference between two large quantities is not likely to be an indication of an adequately 

accurate loss measurement. Moreover, at high voltage, the measurement is difficult to be carried out so the 

implementation of this technique is very applicable in situation of the small power [6, 13]. 

3.5.2.2   Test and Measure 

Alternatively, the losses are essentially determined by the method of test and measure, which build up a sub-system 

by several thyristor valves and run it, at the same time the current and voltage curves of valves are measured by special 

facilities, subsequently, the power losses are computed from the record derived from measurement. In certain 

condition, the method gets the energy dissipation easily and precisely mainly by suitable apparatus and exact records 

for switching currents and voltages. However, the need for special facilities for valve voltage and current measurement 

are not that essential since this method also has inherent inaccuracy of loss measurement. Therefore, scheme 

comparison through characteristic values is performed by the method which is only used in some laboratory and 

manufacture [1, 13]. 

3.5.2.3   Software Model Method 

One of the most efficient and accurate methods to illustrate the LCC-HVDC transmission is Computer simulation. 

Based on basic theory and specific models, the currents, voltages and losses in each individual components can be 

estimated by loss calculation program for LCC-HVDC transmission system model, which is built using software 

simulation program. In addition, depending on the accuracy of the built model (approximate model), the technique 

requires an exact model of the device considering the precision of loss calculation of the LCC-HVDC system. The 

more accurate the built model, the more the loss is closed to the actual result [3, 13]. 

3.5.2.4   Analytical Method 

The power losses of each component are derived from Numerical equations. In this research work, estimation of the 

losses due to conversion process in the LCC converters are done by using a relationship that is based on the root mean 

square and the average value of the current that flows in the LCC converter. Meanwhile, the conventional equations 

are used for calculating losses in AC filter, converter transformer, converter valves, dc capacitors and the smoothing 

reactors. The only major demerit of this method results from the parameters which may differ from the actual operating 

parameters used in a real application [1, 36]. 

 



38 

 

Table 3-1: Typical breakdown of HVDC converter station losses [6, 10] 

No. 

Equipment in the converter station Total loss proportion of the various 

equipment on converter station (%) 

1 

Converter transformer No-load losses or fixed 

losses 

 12 − 14 

Load losses or Variable 

losses 

 27 − 39 

Total losses  39 − 53 

2 

Thyristor converter valve  32 − 35 

3 

DC-Smoothing reactors  4 − 6 

4 

AC filters    7 − 11 

5 

Other Losses  4 − 9 

 

Table 3-1 depicts the converter stations’ equipment loss distributions. The converter transformer and thyristor valves 

losses account for a major portion of the converter stations’ total losses which are illustrated by the given loss data on 

the table. These losses are approximately within the range of 71%-88%. Therefore, in order to reduce the converter 

stations’ total losses, it is essential to reduce both the converter transformers and thyristor valves losses. 

3.5.3 Power Losses Evaluation of Two-Level and Three-Level Converter Topologies 

The two-level converter power losses admit expressions as equations (2-71) and (2-72), therefore, the sum of both the 

two equations result to the total power losses in the entire IGBT modules. As regards losses, there is difference between 

the two topologies. A two-level converter for a high DC voltage requires many series-connected IGBTs. With respect 

to the high switching frequencies used in two-level converter, the switching losses are relatively very high. Conversely, 

for the three-level topology, each valve only switched half the number of times and at half the voltage. Subsequently, 

the switching losses for a three-level converter tends to be about half of the two-level converter. Due to the lower 

forward voltage drop, conduction losses are also lower. As a result of the lower switching frequency in three-level 

converter, it generates a smoother voltage with little harmonics, also lowers losses in other components of the 

converter station [86]. 
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3.5.3.1  Power Losses Calculations in Three-Level Converter 

3.5.3.2   Conduction Losses  

The conduction losses 𝑃𝑐𝑜𝑛 consist of losses in the IGBTs and the freewheeling diodes. However, the conduction 

losses for each switches can be estimated by the following expression: 

𝑃𝑐𝑜𝑛 = 𝑉𝑜𝐼𝑎𝑣𝑔 + 𝑅𝑓𝐼𝑟𝑚𝑠
2                                                                                                                                               (3-1) 

Consequently, in a three-level converter configuration, there are four IGBTs and six diodes in each phase. 

The load current and the phase leg voltage are the same as the two-level configuration. However, the duty cycle across 

the switching devices admit expressions as follows [12, 66]: 

𝑑𝑇1 = {
𝑚 sin 𝜔𝑡 , 0 ≤ 𝜔𝑡 ≤ 𝜋

0, 𝜋 ≤ 𝜔𝑡 ≤ 2𝜋
                                                                                                                               (3-2) 

𝑑𝑇2 = {
1, 0 ≤ 𝜔𝑡 ≤ 𝜋

1 + 𝑚 sin 𝜔𝑡 , 𝜋 ≤ 𝜔𝑡 ≤ 2𝜋
                                                                                                                        (3-3) 

𝑑𝑇3 = 1 − 𝑑𝑇1                                                                                                                                                            (3-4) 

𝑑𝑇4 = 1 − 𝑑𝑇2                                                                                                                                                            (3-5) 

Therefore, the average and RMS currents that flow in the IGBT 𝑇1 and 𝑇4 admit expressions as follows: 

 

𝐼𝑇1,𝑎𝑣 = 𝐼𝑇4.𝑎𝑣 =
1

2𝜋
∫ 𝑑𝑇1𝑖𝑎𝑑𝜔𝑡 =

𝑚𝐼𝑚

4𝜋
 [(𝜋 − 𝜃) cos 𝜃 + sin 𝜃]

𝜋

𝜃
                                                                            (3-6) 

𝐼𝑇1,𝑟𝑚𝑠
2 =  𝐼𝑇4,𝑟𝑚𝑠 

2 =
1

2𝜋
 ∫ 𝑑𝑇1𝑖𝑎

2𝑑𝜔𝑡 =
𝑚𝐼𝑚

2

12𝜋
[3 + 4 cos 𝜃 + cos 2𝜃]

𝜋

𝜃
                                                                       (3-7) 

where 

𝐼𝑚= The peak of the output voltage, in Ampere. 

𝜃= The phase difference between the output voltage and current. 

𝑚= modulation index. 

Similarly, the currents for 𝑇2 and 𝑇3 admit expressions as [12]: 

 

𝐼𝑇2,𝑎𝑣 = 𝐼𝑇3.𝑎𝑣 =
1

2𝜋
 [∫ 𝑖𝑎𝑑𝜔𝑡 + ∫ 𝑑𝑇2𝑖𝑎𝑑𝜔𝑡

𝜋+𝜃

𝜋

𝜋

𝜃
] =

𝐼𝑚

4𝜋
[4 + 𝜃𝑚 cos 𝜃 − 𝑚 sin 𝜃]                                                (3-8)      

𝐼𝑇2,𝑟𝑚𝑠
2 =  𝐼𝑇3,𝑟𝑚𝑠

2 =
1

2𝜋
 [∫ 𝑖𝑎

2𝑑𝜔𝑡 + ∫ 𝑑𝑇2𝑖𝑎
2𝑑𝜔𝑡

𝜋+𝜃

𝜋

𝜋

𝜃
] =

𝐼𝑚
2

12𝜋
 [3(𝜋 − 𝑚) + 4𝑚 cos 𝜃 − 𝑚 cos 2𝜃]                       (3-9)  

  

Likewise, the average and RMS currents that flow in the freewheeling diodes admit expressions as: 

𝐼𝐷𝑎1,𝑎𝑣 = 𝐼𝐷𝑎2,𝑎𝑣 = 𝐼𝐷𝑎3,𝑎𝑣 = 𝐼𝐷𝑎4,𝑎𝑣 =  
1

2𝜋
 ∫ 𝑑𝑎1𝑖𝑎𝑑𝜔𝑡 =

𝑚𝐼𝑚

4𝜋

𝜃

0
 [𝜃 cos 𝜃 − sin 𝜃]                                              (3-10) 

𝐼𝐷𝑎1,𝑟𝑚𝑠
2 = 𝐼𝐷𝑎2,𝑟𝑚𝑠

2 = 𝐼𝐷𝑎3,𝑟𝑚𝑠
2 = 𝐼𝐷𝑎4,𝑟𝑚𝑠

2 =
1

2𝜋
 ∫ 𝑑𝑇1𝑖𝑎

2𝑑𝜔𝑡 =
𝑚𝐼𝑚

2

4𝜋
 [3 − 4 cos 𝜃 + cos 2𝜃]

𝜃

0
                              (3-11) 
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Similarly, the average and RMS currents that flow in the clamped diodes admit expressions as: 

𝐼𝑇𝑎5,𝑎𝑣 = 𝐼𝑇𝑎6,𝑎𝑣 =
1

2𝜋
 [∫ 𝑑𝑑𝑎3𝑖𝑎𝑑𝜔𝑡 + ∫ 𝑑𝑑𝑎2𝑖𝑎𝑑𝜔𝑡

𝜋+𝜃

𝜋

𝜋

𝜃
] =

𝐼𝑚

𝜋
−

𝑚𝐼𝑚

4𝜋
 [(𝜋 − 2𝜃) cos 𝜃 + 2 sin 𝜃]                    (3-12) 

𝐼𝑠𝑎5,𝑟𝑚𝑠
2 = 𝐼𝑠𝑎6,𝑟𝑚𝑠

2 =
1

2𝜋
[∫ 𝑑𝑠𝑎3𝑖𝑎

2𝑑𝜔𝑡 +
𝜋

𝜃
∫ 𝑑𝑠𝑎2𝑖𝑎

2𝑑𝜔𝑡 +
𝜋+𝜃

𝜃
] =

𝐼𝑚
2

12𝜋
 [3𝜋 − 6𝑚 − 2𝑚 cos 2𝜃]                            (3-13) 

Subsequently, the above listed formulas can be used in equation (2-89) to compute the total conduction per valve of 

IGBT module. 

3.5.3.3  Switching Losses 

Practically, there are only two commutations per output in IGBTs 𝑇2 and 𝑇3, so therefore, the switching losses of these 

IGBTs are most of the time excluded, however, ideal case is being considered in this research work, so the switching 

losses are computed for a qualitative analysis. 

Furthermore, the switching losses in the IGBTs 𝑇1 to 𝑇4 for a three-level neutral point clamped converter admit 

expressions as: 

 

𝑃𝑇1,𝑠𝑤 = 𝑃𝑇4,𝑠𝑤 =
𝑓𝑠

2𝜋
 ∫ 𝑘1𝐼𝑚 sin(𝜔𝑡 − 𝜃)𝑑𝜔𝑡 =

𝑘1𝑓𝑠𝐼𝑚

2𝜋
 [1 + cos 𝜃]

𝜋

𝜃
                                                                    (3-14) 

 

𝑃𝑇2,𝑠𝑤 = 𝑃𝑇3,𝑠𝑤 =
𝑓𝑠

2𝜋
 ∫ 𝑘1𝐼𝑚 sin(𝜔𝑡 − 𝜃)𝑑𝜔𝑡 =

𝑘1𝑓𝑠𝐼𝑚

2𝜋
 [1 − cos 𝜃]

𝜋+𝜃

𝜃
                                                                (3-15) 

 

More so, the switching losses of the diodes considering the fact that there is only switch off energy (recovery energy) 

can be obtained using equation (2-77). 

3.5.3.4   Power Losses Estimation in the DC-Link Capacitor  

The ESR (Equivalent series resistance) value and the current through the capacitor can be used to determine the DC-

link capacitor losses. Similarly, the ESR values can be obtained from the capacitor datasheet, more so, the current can 

be estimated with the assistance of charging and discharging times of the capacitor using SKN 130 capacitor datasheet. 

When the charge and discharge current are estimated, the current that drifts through the capacitor can be evaluated 

from the expression of charge and discharge currents [54, 87].   

 

𝐼𝑟𝑚𝑠 = √𝐼𝑐𝑟𝑚𝑠
2 +  𝐼𝑑𝑐𝑟𝑚𝑠

2                                                                                                                                            (3-16) 

 

where 

𝐼𝑐𝑟𝑚𝑠= rms value of charging current. 

𝐼𝑑𝑐𝑟𝑚𝑠= rms value of discharging current. 



41 

 

 

Most of the power losses associated with the converter valve occurs in the switches, but there is also some power 

losses in the DC-link capacitor. The total power loss of the valve admits expression as: 

𝑃𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 𝑝𝑒𝑟 𝑑𝑒𝑣𝑖𝑐𝑒+𝑃𝑐𝑎𝑝 = 6 ∗ 𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒[𝑃𝑡𝑜𝑡𝑎𝑙 𝐼𝐺𝐵𝑇 𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑃𝑡𝑜𝑡𝑎𝑙 𝐷𝑖𝑜𝑑𝑒 𝑙𝑜𝑠𝑠𝑒𝑠] + 𝑃𝑐𝑎𝑝 𝑙𝑜𝑠𝑠𝑒𝑠                            (3-17) 

3.5.4   Evaluation of the Average Junction Temperature 

Conduction and switching power losses are expected to surface when operating the power device contained in IGBT 

and intelligent power modules. Therefore, the heat generated due to these losses has to be dissipated away from the 

power chips and likewise the environment using a heat sink. However, the power device will over-heat, if an adequate 

thermal system is not adopted or put in place, which could leads to modules failure. Conversely, the system thermal 

design in many applications is limited by the maximum useable power output of the module. So therefore, in getting 

maximum output from the device, it is very essential to design accurate thermal system [21],[88]. 

3.5.4.1   Calculation of Case Temperature 

𝑇𝐶 = 𝑇𝑓 + 𝑃𝑡𝑜𝑡𝑎𝑙 × 𝑅𝑡ℎ(𝑐−𝑓)                                                                                                                                      (3-18) 

where 

𝑇𝑓= Heat sink temperature, in °𝐶 

𝑅𝑡ℎ(𝑐−𝑓)= Thermal impedance between case to fin, in °𝐶/W. 

3.5.4.2   Calculation of IGBT Junction Temperature 

 𝑇𝑗−𝐼𝐺𝐵𝑇 = 𝑇𝐶 + 𝑃𝑡𝑜𝑡𝑎𝑙−𝐼𝐺𝐵𝑇 × 𝑅𝑡ℎ(𝑗−𝑐)𝐼𝐺𝐵𝑇                                                                                                             (3-19) 

where 

𝑅𝑡ℎ(𝑗−𝑐)𝐼𝐺𝐵𝑇= Thermal impedance between junction to case, °𝐶/W. 

3.5.4.3   Calculation of Diode Junction Temperature 

𝑇𝑗−𝑑𝑖𝑜𝑑𝑒 = 𝑇𝐶 + 𝑃𝑡𝑜𝑡𝑎𝑙−𝑑𝑖𝑜𝑑𝑒 ×  𝑅𝑡ℎ(𝑗−𝑐)𝑑𝑖𝑜𝑑𝑒                                                                                                          (3-20) 

3.5.4.4   Thermal Model 

The junction temperature 𝑇𝑗 admits expression as: 

𝑇𝑗 = 𝑃 ×  [𝑅𝑡ℎ(𝑗−𝑐) + 𝑅𝑡ℎ(𝑐−ℎ𝑠) + 𝑅𝑡ℎ(ℎ𝑠−𝑎)] + 𝑇𝑎                                                                                                  (3-21) 

where 

𝑇𝑗= Junction temperature. 

𝑃= Module power loss. 

𝑅𝑡ℎ(𝑗−𝑐)= Thermal Resistance junction to case. 
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𝑅𝑡ℎ(𝑐−ℎ𝑠)= Thermal Resistance case to heat sink. 

𝑅𝑡ℎ(ℎ𝑠−𝑎)= Thermal Resistance heat sink to ambient. 

The number of IGBTs connected in series in each, 𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒 valve admits expression as: 

 

𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒 =  
𝑉𝑑𝑐∗(𝑉𝑑𝑐−𝑚𝑎𝑥,99.9)∗(𝑉𝑑𝑐−𝑚𝑎𝑥,𝑆𝑆𝑂𝐴)

𝑉𝐼𝐺𝐵𝑇,𝑆𝑆𝑂𝐴− 𝑉𝑚𝑖𝑠𝑠−𝑑𝑖𝑠𝑡𝑟
                                                                                                          (3-22) 

where 

𝑉𝑑𝑐−𝑚𝑎𝑥,99.9 = Voltage factor. 

𝑉𝑑𝑐−𝑚𝑎𝑥,𝑆𝑆𝑂𝐴 = Switching safe operating area voltage factor. 

 𝑉𝑚𝑖𝑠𝑠−𝑑𝑖𝑠𝑡𝑟  = Voltage miss distribution. 

 𝑉𝐼𝐺𝐵𝑇,𝑆𝑆𝑂𝐴= Switching safe operating area voltage factor for IGBTs. 

 

The margin between the maximum and  rated SSOA voltage is as a result of the voltage spike caused by the reverse 

recovery action of diode current [60, 89]. However, with respect to the series connected IGBT modules, it is imperative 

that a single component failure does not result to a mal-function of the entire device. Therefore, there are also 

redundant IGBTs made available should in case there is a fault event in one of the IGBTS [90]. The standard values 

for a two-level configuration are given in table 2 (provided by the ABB Corporate Research Sweden) [91]. 

Table 3-2: Standard values to determine the number of series IGBT's in a valve [12] 

𝑉𝑑𝑐 2800 V 

𝑉𝑑𝑐−𝑚𝑎𝑥,99.9 1.05 V 

𝑉𝑑𝑐−𝑚𝑎𝑥,𝑆𝑆𝑂𝐴 1.15 V 

𝑉𝑚𝑖𝑠𝑠−𝑑𝑖𝑠𝑡𝑟  325 V 

𝑉𝐼𝐺𝐵𝑇,𝑆𝑆𝑂𝐴 336.3 V 

Redundant IGBT’s 2 

 

Therefore, using the values on table 3-2 into equation (3-22), the number of series connected IGBTs are 300. It is 

worthy of note that, since the diode turns on as soon as the forward voltage emerges, the diode has negligible turn-on 

losses. The turn-off loss due to diode recovery is not negligible. The freewheeling diode is switched on or off rapidly 

compared to the switching action of IGBTs, due to this singular reason, its switching losses are relatively small 

compared to that in an IGBTs, therefore, in calculation of losses, they are not considered [90, 91]. 
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3.5.5 Semiconductor Power Loss Evaluation in M2C VSC-based HVDC Topology 

The semiconductor losses are discussed by considering the switching losses and conduction losses [5]. However, the 

total converter loss includes some other sources like transformers and reactors, gate drive units that are not estimated 

most often, because their loss impact is insignificant. For a half-bridge M2C cell, the semiconductor losses are 

subdivided into four parts, the upper leg IGBT (T1) and diode (D1) losses, and the lower leg IGBT (T2) and diode 

(D1) losses [76]. The directions of the converter arm currents (positive arm 𝐼𝑝 and negative arm 𝐼𝑛) flowing through 

the M2C cells are very imperative in the switching on and off states or cell operating modes. For instance, considering 

the positive arm, reference [42] explains the four M2C converter cell-operating modes. Note that the same mode 

analysis is also applicable to the negative arm. For easy evaluation of the conduction and switching losses, the 

following discrete formulas are utilized in the analysis which are further explained in standards IEC 62751-1-2  [15, 

70].  

3.5.5.1 Analytical Calculations of  M2C Conduction Losses  

All Submodules contribute to the conduction losses in a converter limb, since currents always flow through one semi-

conduction device in each submodule. Based on the conducting current and on-state resistance of the device in each 

time step, the IGBT and diode conduction losses are determined. For instance, the submodule (cell) conduction loss 

of IGBT and diode in an arbitrary positive arm admit expressions as [68, 92]: 

𝑃𝐼1𝑐𝑜𝑛𝑑
𝑖𝑛 (𝑡) = (1 − 𝑘)𝑃𝐼1𝑐𝑜𝑛𝑑

𝑖𝑛 (𝑡 − 1) + 𝑘(𝑉𝑐𝑒𝑜 + 𝑅𝑜𝐼𝑝(𝑡))𝐼𝑝(𝑡)                                                                              (3-23) 

𝑃𝐼2𝑐𝑜𝑛𝑑
𝑏𝑦 (𝑡) = (1 − 𝑘)𝑃𝐼1𝑐𝑜𝑛𝑑

𝑏𝑦 (𝑡 − 1) + 𝑘(𝑉𝑐𝑒𝑜 + 𝑅𝑜𝐼𝑝(𝑡))𝐼𝑝(𝑡)                                                                               (3-24) 

𝑃𝐷1𝑐𝑜𝑛𝑑
𝑖𝑛 (𝑡) = (1 − 𝑘)𝑃𝐷1𝑐𝑜𝑛𝑑

𝑖𝑛 (𝑡 − 1) + 𝑘(𝑉𝑑𝑜 + 𝑅𝑑𝐼𝑝(𝑡))𝐼𝑝(𝑡)                                                                             (3-25) 

𝑃𝐷2𝑐𝑜𝑛𝑑
𝑏𝑦 (𝑡) = (1 − 𝑘)𝑃𝐷2𝑐𝑜𝑛𝑑

𝑏𝑦 (𝑡 − 1) + 𝑘(𝑉𝑑𝑜 + 𝑅𝑑𝐼𝑝(𝑡))𝐼𝑝(𝑡)                                                                             (3-26) 

where 

𝑃𝐼1𝑐𝑜𝑛𝑑 
𝑖𝑛 (𝑡)= The IGBT conduction loss in 𝑇1. 

𝑃𝐼2𝑐𝑜𝑛𝑑
𝑏𝑦 (𝑡) = The IGBT conduction loss in 𝑇2. 

𝑃𝐷1𝑐𝑜𝑛𝑑
𝑖𝑛 (𝑡)= The Diode conduction loss in 𝐷1. 

𝑃𝐷2𝑐𝑜𝑛𝑑
𝑏𝑦 (𝑡) = The Diode conduction loss in 𝐷2. 

𝐼𝑝(𝑡) = The arm current at 𝑡 instant. 

𝑅𝑑 = The Diode on-state resistor. 

𝑉𝑑𝑜 = The Diode threshold voltage. 

𝑉𝑐𝑒𝑜 = The IGBT threshold voltage. 

𝑅𝑜 = The IGBT on-state resistor. 

𝑘 =
∆𝑡

𝑇𝑓𝑖𝑙𝑡𝑒𝑟 
 = The filter constant.  
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Note that ∆𝑡 and 𝑇𝑓𝑖𝑙𝑡𝑒𝑟  are simulation time steps and filter time constant, respectively which can be adjusted based 

on the design specifications [15, 68, 74]. 

3.5.5.2 Analytical Calculations of Switching  Losses 

The dissipation of energy at each switching mode is relative to both the current level and the junction temperature at 

that instance. Therefore, the maximum junction temperature of 125°𝐶 is assumed for both conduction and switching 

loss estimation. Note that, for each current level at each switching instants, the switching power loss is extracted using 

the datasheet of the electronic device. Similarly, the switching loss evaluation can be determined in time domain study 

by adopting the following formulas [12, 74, 76]; 

𝑃𝐼−𝑠𝑤
𝑖𝑛 (𝑡) = (1 − 𝑘)𝑃𝐼−𝑠𝑤

𝑖𝑛 (𝑡 − 1) + 𝑘𝐸𝑜𝑛−𝐼𝐼𝑝(𝑡)                                                                                                    (3-27) 

𝑃𝐼−𝑠𝑤
𝑏𝑦 (𝑡) = (1 − 𝑘)𝑃𝐼−𝑠𝑤

𝑏𝑦 (𝑡 − 1) + 𝑘𝐸𝑜𝑓𝑓−𝐼𝐼𝑝(𝑡)                                                                                                    (3-28) 

𝑃𝐷−𝑠𝑤
𝑖𝑛 (𝑡) = (1 − 𝑘)𝑃𝐷−𝑠𝑤

𝑖𝑛 (𝑡 − 1) + 𝑘𝐸𝑜𝑛−𝐷𝐼𝑝(𝑡)                                                                                                  (3-29) 

𝑃𝐷−𝑠𝑤
𝑏𝑦 (𝑡) = (1 − 𝑘)𝑃𝐷−𝑠𝑤

𝑏𝑦 (𝑡 − 1) + 𝑘𝐸𝑜𝑓𝑓−𝐷𝐼𝑝(𝑡)                                                                                                 (3-30) 

where 

𝑃𝐼−𝑠𝑤
𝑖𝑛 (𝑡) = The IGBT turn on power loss. 

𝑃𝐼−𝑠𝑤
𝑏𝑦 (𝑡) = The IGBT turn off power loss. 

𝑃𝐷−𝑠𝑤
𝑖𝑛 (𝑡) = The Diode turn on power loss. 

𝑃𝐷−𝑠𝑤
𝑏𝑦 (𝑡) = The Diode turn off power loss. 

𝐸𝑜𝑛−𝐷𝐼𝑝(𝑡) =The diode turn on energy loss at 𝐼𝑝(𝑡). 

𝐸𝑜𝑛−𝐼𝐼𝑝(𝑡) = The IGBT turn on energy loss at 𝐼𝑝(𝑡). 

𝐸𝑜𝑓𝑓−𝐷𝐼𝑝(𝑡) = The Diode turn off energy loss at 𝐼𝑝(𝑡). 

𝐸𝑜𝑓𝑓−𝐼𝐼𝑝(𝑡) = The IGBT turn off energy loss at 𝐼𝑝(𝑡). 

𝑘 =
∆𝑡

𝑇𝑓𝑖𝑙𝑡𝑒𝑟 
 = The filter constant.  

3.6   Research Strategy and Limitations 

Various techniques are adopted in the industry for making an economic evaluation of the cost of losses in electrical 

equipment; in particular, several methods have been suggested for use with HVDC converter station. In respect of 

this, the research conducted with respect to this dissertation was based on real analysis on the determination and 

calculations of power losses in HVDC converter stations, limiting the scope to LCC-based, two-level, three-level and 

multi-level VSC-based technologies. The proposed research took the form of a new research but on an existing 

research subject. Based on the formulas stipulated in the standards IEC 61803, “IEEE recommended practice for 

determination of power losses in high-voltage direct-current (HVDC) converter stations, necessary steps were taken 

to further simplify some of these formulas to ease the calculations of some of the equipment losses. The scope of this 
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research is limited to investigation, determination, calculation and system simulation of power losses in HVDC 

converter stations of the following technologies, LCC-based, two-level, three-level and multi-level VSC-based 

technologies. 

3.7   Research Assumptions 

 The HVDC system operation uses constant current at the rectifier terminal and constant extinction angle at 

the inverter terminal. 

 For an optimal and proper operation of the HVDC system, the delay (firing), angle, α and the overlap 

(commutation) angle, µ were taken as 19° and 10° respectively. 

 A six-pulse converter whose valve side winding are in star and delta configuration equipped with separate 

converter transformer was adopted in the HVDC model. 

 It is important to keep in mind that some of the equipment in the HVDC station is not used at all load levels, 

the ac filters are typical examples. Therefore, the calculation of the losses for a particular station loading must 

specify which apparatus is online for that load condition. This research considered the general case, where 

all equipment are assumed to be connected, which is required to meet the specific performance at the 

particular load level.  

3.8   Summary 

As a general principle, it would be expedient to evaluate the HVDC converter station’s efficiency by the direct 

measurement of its energy losses. However, the practical difficulty that prevents such measurement include the attempt 

to determine the station losses using an intuitive method of obtaining the converter station power losses by subtracting 

the measured output power from the measured input power. However, the difference between these two measured 

values is small, and a good accuracy will be difficult to reach. For most cases, therefore, the losses have to be estimated 

from component characteristic using suitable mathematical models of the converter station equipment. This chapter 

presented the methods, IEEE standards, the software programs and the document (datasheet) used for the investigation, 

determination and calculations of the HVDC converter stations equipment losses. The IEEE standard that contains the 

various formulas required for the accurate computation of the individual losses of the converter stations’ equipment 

were briefly mentioned. The software program used to code the loss profile functions for each converter station’s 

equipment was as well mentioned. Finally, the datasheet used to check the operating parameter values, which are only 

given by the manufacturer of the electronic devices, was also stated in this chapter. Therefore, the methods, IEEE 

standards, the software programs and the document (datasheet) were used to actualize the results in the subsequent 

chapters. 
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CHAPTER FOUR 

 RESULTS AND ANALYSES OF POWER LOSS DETERMINATION OF LCC-BASED 

HVDC CONVERTER STATIONS 

4.1   Introduction 

It is the consensus of the manufacturers, industries and researchers at large that the HVDC converter station total 

losses should be determined as the sum of the losses of various equipment on the converter station. It is imperative to 

understand that the actual losses of various equipment on the converter stations actually depend on the operating 

conditions or duty cycles to which it is applied as well as on the ambient conditions under which it operates. Therefore, 

the operating and ambient conditions for various equipment on the converter station must be defined, in order for the 

summation of the individual losses to be an adequately accurate depiction of the actual HVDC converter station total 

losses, based on the operating and ambient conditions of the whole HVDC converter station. In addition, losses or 

electrical features are measured at the factory under standardized operating and ambient conditions for some 

equipment or components. In these cases, some well-recognized calculation procedures were adopted to relate the 

results to the actual conditions in the HVDC converter station [52, 93]. The equipment losses were determined based 

on standardized calculation method stipulated in IEC 61803, IEEE 1158 and the component datasheet parameters, 

which is the fundamental principle of the recommended practice. Therefore, the entire HVDC converter station, which 

is mostly obtained by the summation of the various equipment losses, does give a dependable measure of the station 

losses. In addition, note that the two converters at the converter station can be connected to operate in a back-to-back 

manner that is, transmitted from one converter to the converter station and then returns from the other converter to the 

AC system. At this time, the active power delivered to the converter station by the AC compensating system is taken 

as the loss of the converter stations. However, for commutation purposes, it is required that the AC system has to 

supply the reactive power to the converters, therefore, seems to affect the measuring accuracy[23, 94]. As such, the 

converter stations’ losses are not measured directly, but the acceptable loss calculation method it’s obtained by 

calculating the loss of each piece of equipment in the converter station and subsequently, summing the losses together 

to obtain the total converter station losses [7, 22]. 

 

In this chapter, the results and analyses of loss profiles of individual equipment of LCC-based HVDC converter 

stations were explicitly illustrated with illustrative tables, charts (i.e. bar chart and pie chart). The research aims and 

objectives were carried out as well as some of the research questions stipulated in chapter 1 of this dissertation were 

fully answered in this section. 

4.2   Results and Analyses 

In this research work, thorough determination and analyses of the power losses of LCC-based HVDC converter 

stations were carried out. The analyses of some of the key equipment on converter stations that contribute large amount 

of losses were done in accordance with the standards IEC 61803, IEEE recommended practice for Determination of 
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Power Losses in High-Voltage Direct-Current (HVDC) Converter Stations along side with the power electronic device 

datasheet. Subsequent to these analyses, the following results were obtained. 

4.2.1   Thyristor Valve Loss Calculations 

Valve losses are complex and controversial issue, which needs immediate consideration in HVDC transmission 

systems. Reason been that, the magnitude and distribution of individual loss components are not that easy to predict 

and are somehow difficult to verify by measurement alone. This poses an urgent attention to other loss calculation 

methods, which are adopted in this research work. This study utilized two approaches towards loss calculations of 

HVDC converter valves, first is the analytical approach utilized in this chapter to evaluate the loss mechanisms of the 

thyristor valves. The second method is the simulation technique used in the subsequent chapter. The eight loss 

mechanisms of thyristor valves losses are: 

4.2.1.1   Thyristor Conduction Loss per Valve W1 Calcculations 

Table 4-1: Thyristor conduction loss per valve calculations 

Data sheet parameters 

Of phase control thyristor 

type: DCR3030V42. 

𝑉𝑇𝑂 𝑅𝑂 𝐼𝑇  𝑅𝜃𝐽 𝑅𝜃𝐶 𝑇𝐶  

0.98V 0.198mΩ 4760 A 0.0130k/w 0.004k/w 125℃ 

A B C D 

0.417877 0.1200233 6.308007 × 10−4 −7.297986

× 10−3 

𝜇 (overlap angle) 10° 

𝑛 (number of thyristor 

level connected in series) 

2 

𝐼 (dc current) 2000 A 

𝑊𝑗 (on state power loss) 3050.3 W 

𝑇𝑗 (junction temp) 176.86℃ 

𝑉𝑇(thermal voltage) 3.933 V 
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Figure 4-1: Thyristor conduction loss per valve 

Table 4-1 and Figure 4-1 show the results from the calculation of the thyristor conduction loss per valve of both the 

rectifier and inverter terminals. The on-state voltage (i.e. the thermal voltage) was first calculated, using set of 

constants A, B, C and D whose values are given in the datasheet, subsequently, the junction temperature and on-state 

power loss were estimated. Lastly, the conduction per valve of the thyristor was calculated. Note that the formulas 

used to calculate the above quantities are stipulated in the standards IEC 61803 [4]. From the above results, the 

conduction loss per valve at the rectifier terminal of the converter station is the same as that of the inverter terminal, 

which shows that both the station terminals have equal power loss contributions on the transmitted power. Note that 

the threshold voltage,𝑉𝑇𝑂, the thermal resistance, 𝑅𝑂, the nominal rms on-state current, 𝐼𝑇 , the junction thermal 

resistance, 𝑅𝜃𝐽, case thermal resistance, 𝑅𝜃𝐶, and case temperature, 𝑇𝐶  are given in the device datasheet. 

4.2.1.2  Thyristor Spreading Loss per Valve 𝑾𝟐 Calculations 

Table 4-2: Thyristor spreading loss per valve calculations 

Given parameters 𝑛 𝑓 𝑣1 𝑣2 𝛼 𝜇 𝑖 

2 50Hz 3.53 3.528 19° 10° 4760 A 

 

 
Figure 4-2: Thyristor spreading loss per valve 
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Table 4-2 and figure 4-2 show the results from the calculation of the thyristor spreading loss per valve of both the 

rectifier and inverter terminals using the set of equations in the standards. The spreading loss per valve of the thyristor 

at both terminals was calculated using the parameters given on table 4-2. Likewise, from the above results, the thyristor 

spreading loss per valve at the rectifier terminal of the converter station is the same as that of the inverter terminal, 

which shows that both the station terminals have equal power loss contributions on the transmitted power. Note that, 

the mean value of instantaneous on-state voltage drop of the thyrstor 𝑣1 was calculated. Likewise, 𝑣2, the instantaneous 

on-state voltage of the average thyristor was predicted with little discrepancies using. Note that all the above results 

indicated on table 4-2 and figure 4-2 were obtained using the stipulated formulas in standards IEC 61803. The nominal 

RMS on-state current was also obtained from the datasheet of the device, lastly, the firing angle, 𝛼 and overlap angle, 

𝜇 were chosen as 19° and 10° respectively for optimal operation of the HVDC system. 

4.2.1.3   Other Valve Conduction Losses per Valve 𝑾𝟑 Results 

 

Figure 4-3: Other conduction loss per valve 

Figure 4-3 shows the results from the calculation of the other conduction loss per valve of both the rectifier and the 

inverter terminals using the standardized mathematical representations. The overlap angle was taken as 10°, the value 

of dc resistance between two ends of the thyristor valve was taken from the datasheet and finally the dc current that 

flows through the bridge arm of the thyristor was taken to be 2000 A. Since the HVDC system is operating on constant 

current at the rectifier terminal and constant extinction angle at the inverter terminal. From the above results, the other 

conduction loss per valve at the rectifier terminal of the converter station is the same as that of the inverter terminal, 

which shows that both the station terminals have equal power loss contributions on the transmitted power. 
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4.2.1.4   DC Voltage-Dependent Loss per Valve (DC voltage-related loss) 𝑾𝟒 Calculations 

Table 4-3: DC voltage-dependent loss per valve calculations 

Parameters needed for 

calculations. 

𝑚 𝛼 𝜇 𝑉𝐿 𝑉
𝑟𝑚𝑠=

𝑉𝐿

√2

 

0 19° 10°=0.1745rad 440/350 kV 311.13 kV 

𝑉𝐷𝐶−𝑜𝑓𝑓𝑠𝑒𝑡  800 V 

𝐼𝐷𝐶−𝑜𝑓𝑓𝑠𝑒𝑡  0.0001 A 

𝑅𝐷𝐶 =
𝑉𝐷𝐶−𝑜𝑓𝑓𝑠𝑒𝑡

𝐼𝐷𝐶−𝑜𝑓𝑓𝑠𝑒𝑡

 
8 MΩ 

 

 

Figure 4-4: DC voltage-dependent loss per valve 

Table 4-3 and figure 4-4 show the results from the calculation of the DC-Voltage dependent loss per valve using the 

set of equations in the standards used for this research (IEC 61803). It was noted that the DC offset voltage of a 

thyristor is quite large due to its high value of its DC resistance and low DC offset current, which are readily available 

in the datasheet of the thyristor. Note that one of the research assumptions, a six-pulse converter whose valve side 

winding are in star and delta configuration equipped with separate converter transformer was adopted in the HVDC 

model. Due to this configuration, the inductance between the commutation voltage source and the common coupling 

point of star and delta configuration on the valve side, 𝐿1=0, therefore, the mutual inductance, m=0. More so, the RMS 

line-to-line voltage is also obtained by dividing the source line-to-line voltage, finally the delay and the overlap angle 

remain the same. The power loss, when the thyristor is in standby mode was also calculated for both converter station 

terminals. From the above results, the other conduction loss per valve is higher at the rectifier terminal of the converter 

station than at the inverter terminal, which shows that the rectifier station terminal has larger power loss contributions 

on the transmitted power. 
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4.2.1.5   Turn- off Loss of Thyristor Valve 𝑾𝟕 Results 

 

Figure 4-5: Turn-off loss per valve at the converter terminals 

Figure 4-5 shows the results from the loss calculations of turn-off loss per valve using standardized mathematical 

model in IEC 61803. The delay and overlap angles remain 19° and 10° respectively, the frequency of operation is 

50Hz, the rms line-to-line commutation voltage is calculated to be 311.13kV, the commutation di/dt measured at the 

instance of zero crossing, (
𝑑𝑖

𝑑𝑡
)

𝑖=0
and the average value of thyristor-stored charge measured at the junction 

temperature, 𝑄𝑟𝑟  are readily available in the device datasheet. Subsequently, the time, 𝑡0 was obtained using the 

formula in the standards. From the above illustrated chart results, the turn-off loss per valve is higher at the rectifier 

terminal of the converter station (17.093 kW) than at the inverter terminal (13.596 kW), which shows that the rectifier 

station terminal has larger power loss contributions on the transmitted power. 

4.2.1.6   Reactor Losses per Valve (Saturable Reactor Hysteresis Loss of Thyristor Valves) 𝑾𝟖 

 

Figure 4-6: Reactor loss per valve at station terminals 

Figure 4-6 shows the results from the loss calculation of the reactor loss per valve using the idealize mathematical 

representations stipulated in standards IEC 61803. The number of reactor cores in a valve is 3, the mass of each core 

is 5kg, the characteristics of hysteresis loss is 4J/kg and the frequency of operation is 50 Hz.  Likewise, from the above 

results, the reactor loss per valve at the rectifier terminal of the converter station (3 kW) is the same as that of the 

inverter terminal (3 kW), which shows that both the station terminals have equal power loss contributions on the 

transmitted power.  
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4.2.1.7   Damping Loss per Valve (Loss of Damping Resistor) 𝑾𝟓 Results 

 

Figure 4-7: Damping loss per valve (loss of damping resistor) 

Figure 4-7 shows the results from the calculation of the damping resistor loss per valve. The loss contribution of each 

branch-damping resistor of the grading network was calculated using the standardized calculation method stipulated 

in IEC 61803. For instance, the damping resistor dependent loss component of the first branch was calculated, with 

𝑅1=5kΩ, the result was added separately with that of the second branch following the same procedure as the first 

branch and are subsequently added together for each of the station terminals respectively. More so, the mutual 

inductance, m=0, the delay and overlap angles are 19° and 10° respectively. Furthermore, the thyristor valve loss of 

each of the branches of the grading network during standby mode was also calculated at both converter station 

terminals.  From the above results, the other conduction loss per valve is higher at the rectifier terminal of the converter 

station than at the inverter terminal, which shows that the rectifier station terminal has larger power loss contributions 

on the transmitted power. 

4.2.1.8   Loss Due to Charging and Discharging of Capacitors 𝑾𝟔 

 

Figure 4-8: Loss due to charging and discharging of capacitor and total damping losses
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Figure 4-8 shows the loss calculation due to charging and discharging of capacitors. The total capacitance of the 

voltage grading and damping circuits inside the thyristor valve,𝐶ℎ𝑓, which is the sum of all the damping capacitances, 

𝐶1 and 𝐶2, which are the damping capacitances, 𝐶3, which is the dc grading capacitance and 𝐶𝑠, which is the stray 

capacitance mainly for fast voltage distribution. The mutual inductance, m, delay angle, α, overlap angle, µ, frequency 

of operation and rms line-to-line voltage are still the same as previously stated. The loss contribution of each branches 

due to charging and discharging of capacitors of the grading network was calculated. Note that the above calculations 

were done using the standardized calculation method stipulated in standards IEC 61803. More so, figure 4-8 shows 

the total damping loss of the valve, which is the summation of the loss of damping resistor and the loss due to charging 

and discharging of capacitors. Likewise from the results, the loss at the rectifier terminal is also higher than that of the 

inverter, which shows that the rectifier station terminal has larger power loss contributions on the transmitted power 

[39]. 

4.2.1.9   Total Valve Losses 𝑾𝑻 Results 

 

Figure 4-9: Total valve loss per valve, standby loss and 6-valve loss at station terminals 

Figure 4-9 shows the chart illustration of the loss calculations of total valve loss by summing up all the losses 

associated with the thyristor valve and consequently multiplying the result by 6 to give the total valves losses for 6-

pulse thyristor valves. Likewise, the total thyristor valves losses during the standby mode were also calculated. The 

chart illustrates the results in two ways, the total losses per valve of both operating and standby modes at the rectifier 

terminal (53.734 kW and 7.052 kW respectively) and at the inverter terminal (41.830 kW and 4.462 kW respectively). 

Likewise, the total losses for 6-thyristor valves of both operating and standby mode at the rectifier terminal (322.404 

kW and 42.308kW respectively) and the inverter terminal (250.982 kW and 26771 kW) are also depicted on the chart. 
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From the above results, the total valve loss is higher at the rectifier terminal of the converter station than at the inverter 

terminal, which shows that the rectifier station terminal has larger power loss contributions on the transmitted power. 

4.2.2   Losses of Converter Transformers 

 

Figure 4-10: Converter transformer losses using method 1 (transformer effective resistance at various harmonic 

frequencies). 

Figure 4-10 shows the loss calculation result of the rectifier station transformer using Method 1. The analysis starts 

with the computations of the characteristic harmonic currents using equation (2-4), then a constant parameter, F, 𝑘1 

and 𝑘2 were calculated using equations (2-5), (2-6) and (2-7) respectively. Therefore, with these calculated parameters, 

the harmonic currents were calculated using equation (2-4). Subsequently, the effective resistance, 𝑅𝑛, was calculated 

using equation (2-3) and the variation of transformer resistance with frequency table stipulated in the standard IEC 

61803, IEEE recommended practice for Determination of Power Losses in High-Voltage Direct-Current (HVDC) 

Converter Stations, finally, the square of the harmonic currents were multiplied by the effective resistance to obtain 

the losses due to converter transformer operations. 

 

Figure 4-11: Converter transformer losses using per unit method 
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Figure 4-11 shows an alternative method of calculating the converter transformer losses using per unit method, the 

same procedures as described above, as the conventional method of calculation still applies but the results are 

calculated in per unit. Thus, the results is multiplied by the base value parameters of the transformer to obtain the 

actual value, which must tally with the conventional method. The loss contribution becomes quite small at the higher 

harmonics with characteristic harmonics from the 35th order to 49th order, contributing less than 1% to the load loss. 

Table 4-4: A breakdown of the converter transformer losses using per unit method 

1 p.u loss=𝐼2𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  8 MW 

I=rms value of full load current 2 kA 

𝑅𝑒𝑓𝑓 =Effective resistance at 50Hz 2 kΩ 

Loss in per unit Rectifier terminal 0.0416 p.u 

Loss in per unit Inverter terminal 0.0264 p.u 

DC resistance per phase referred to the valve winding side, 

𝑅𝑑𝑐(1.2Ω) =𝐼2𝑅𝑑𝑐× loss in p.u 

199.84 kW 

Stray losses if there were no harmonics=𝐼2(𝑅𝑒𝑓𝑓 − 𝑅𝑑𝑐) × loss in 

p.u 

133.23 kW 

Total load loss= 1 p.u loss 

× loss in p.u 

Rectifier terminal 333.07 kW 

Inverter terminal 210.75 kW 

 

Table 4-4 shows the total breakdown of the converter transformer losses using the per unit method of loss analysis 

 

Figure 4-12: Harmonic loss factor versus harmonic number (n) /harmonic current (I) 
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From the above results, the converter transformer loss at the rectifier terminal of the converter station is higher than 

that of the inverter terminal, which shows that the rectifier station terminal has larger power loss contributions on the 

transmitted power. From figure  4-12, which shows  the plot of harmonic loss factor against harmonic number and 

harmonic current respectively, it can be deduced from the plot that the harmonic loss factor is directly proportional to 

the harmonic number i.e. increase in harmonic loss factor will result to a corresponding increase in harmonic number. 

On the other hand, it can also be deduced from the other plot that the harmonic loss factor is inversely proportional to 

the harmonic current to a certain value of the harmonic current, and then afterwards becomes constant throughout the 

transformer operation.       

4.2.3   AC Filter Losses 

4.2.3.1   Filter Resistor Loss Results 

 

Figure 4-13: Filter resistor losses 

Figure 4-13 show the results from the loss calculation of the filter resistor loss of various filter types used, using 

equation (2-8) to equation (2-21). Starting from the C-type filter which is mainly used for low order high pass filtering 

(i.e. was used to mitigate the 5th and 7th harmonic orders). The currents due to these harmonic orders, 𝐼5 + 𝐼7,  were 

added together at both converter station terminals, the q-factor of low order high pass filters is always between the 

ranges of 45-50, so 50 was selected for this filter design, the values of 𝐶1, 𝑅, and 𝐿 were calculated for both station 

terminals using equations (2-12), (2-14) and (2-13) respectively. Therefore, having known the above stated 

parameters, the filter resistor losses due to C-type filter was calculated using equation (2-8). 

 

Secondly, with the single-tuned band pass filter, which is mainly used to mitigate the 11th and 13th harmonic orders. 

Therefore, the currents due to these harmonic orders, 𝐼11 + 𝐼13, were added together at both converter station terminals, 

the q-factor of band pass filters is always between the ranges of 15-20, so 20 was selected for this filter design, the 

values of 𝐶, 𝑅, and 𝐿 were calculated for both station terminals using equations (2-9), (2-11) and (2-10) respectively. 
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Therefore, having known the above stated parameters, the filter resistor losses due to single-tuned band pass filter was 

calculated using equation (2-8). 

 

Thirdly, with the double-tuned filter which is mainly used to eliminate the 17th and 19th harmonic orders. Therefore, 

the currents due to these harmonic orders, , 𝐼17 + 𝐼19, were added together at both converter station terminals, the q-

factor of this tuned filter is always between the ranges of 2-4, so 4 was selected for this filter design, the values of 𝐶1, 

𝐶2, 𝑅, 𝐿1, and 𝐿2 were calculated for both station terminals using equations (2-15), (2-16), (2-14), (2-17), (2-18) 

respectively. Therefore, having known the above stated parameters, the filter resistor losses due to double-tuned filter 

was calculated using equation (2-8). 

 

Lastly, with the high pass filter which is mainly used to mitigate all the harmonics from the 23rd to 49th harmonic 

orders. Therefore, the currents due to these harmonic orders, 𝐼23 + 𝐼25 + ⋯ … … + 𝐼49, were added together at both 

converter station terminals, the q-factor of band pass filters is always between the ranges of 1-2, so 2 was selected for 

this filter design, the values of 𝐶, 𝑅, and 𝐿 were calculated for both station terminals using equations (2-19), (2-21) 

and (2-20) respectively. Therefore, having known the above stated parameters, the filter resistor losses due to high 

pass filter was calculated using equation (2-8).  From the above results, the filter resistor loss is higher at the rectifier 

terminal of the converter station than at the inverter terminal, which shows that the rectifier station terminal has larger 

power loss contributions on the transmitted power. 

4.2.3.2   Filter Reactor Losses 

 

Figure 4-14: Filter reactor losses 

Figure 4-14 show the results from the loss calculation of the filter reactor loss of various filter types used, using 

equation (2-22). The procedures used to calculate the filter resistor losses can also be similarly used to calculate the 

filter reactor losses. The only parameter needed to obtain is the harmonic inductive reactance,𝑋𝐿𝑛, which is calculated 

using equation (2-23). Therefore, having known the above stated parameters, the filter reactor losses due to the various 
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filter types were calculated using equation (2-22).  From the above results, the filter reactor loss is higher at the rectifier 

terminal of the converter station than at the inverter terminal, which shows that the rectifier station terminal has larger 

power loss contributions on the transmitted power. 

4.2.3.3   Capacitor Bank Losses (Filter Capacitor Losses) 

The average loss/kVar designs of the capacitors are given below; 

Low dielectric loss = 0.1 w/kVar. 

Paper, oil impregnated* =2.0 – 2.5 w/kVar. 

Paper, PCB impregnated* = 3.0 – 3.5 w/kVar. 

Plastic file/paper, PCB impregnated* = 0.5 – 1.0 w/kVar. 

Metallized film = under 0.5w/kVar. 

The asterik type are not manufactured anymore due to the non-biodegradability of the poly-chlorinated biphenyle 

(PCBs). Note that the 𝑄𝐶  used was 200MVar, then the power loss or shunt capacitor bank loss admits expression as 

equation (2-52), using low dielectric loss of 0.1w/kVar then ; 

 

Capacitor bank losses at each of the converter station terminals admit expressions as:  

Filter capacitor losses at the rectifier terminal = P = 
0.1𝑊

𝑘𝑉𝑎𝑟
 ×  𝑘𝑉𝑎𝑟 

Filter capacitor losses at the inverter terminal = P = 
0.1𝑊

𝑘𝑉𝑎𝑟
 ×  𝑘𝑉𝑎𝑟 

 

 

Figure 4-15: Filter capacitor loss calculations at station terminals 

Figure 4-15 shows the results from the loss calculation of the filter capacitor loss using equation (2-24). From the 

above results, the filter capacitor loss at the rectifier terminal of the converter station is the same with that at the 

inverter terminal, which shows that both the station terminals have equal power loss contributions on the transmitted 

power. 
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Figure 4-16: The total AC filter loss calculations at converter station terminals 

Figure 4-16 shows the loss calculations of total AC filter losses, which is obtained by summing up all the losses 

associated with the AC filters installed at each of the converter stations to give the total AC filter loss contribution to 

the overall system network. The total AC filter losses of the rectifier terminal is 75.105 kW and that of the inverter 

terminal is 42.066 kW. From the above results, the total AC filter loss is higher at the rectifier terminal of the converter 

station than at the inverter terminal, which shows that the rectifier station terminal has larger power loss contributions 

on the transmitted power. 

4.2.4   DC Smoothing Reactor Losses 

 

Figure 4-17: DC-Smoothing reactor losses 

 Figure 4-17 shows the result from the loss calculations of the DC-Smoothing reactor loss of both the rectifier and 

inverter terminals using equation (2-25) to equation (2-28). Firstly, the hysteresis loss component,𝑃ℎ𝑛, was calculated 

for all the harmonic orders using equation (2-26), afterwards, the eddy-current loss component, 𝑃𝑒𝑛, was evaluated for 
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harmonic orders greater than 10, using equation (2-27). More so, the eddy-current loss component, 𝑃𝑒2, was as well 

evaluated for harmonic orders less and equal to 2 using equation (2-28), finally, the sum of the results was put in 

equation ( 2-25) to obtain the magnetization loss, 𝑃𝑚. Similarly, the value of the direct current losses was also estimated 

using some conventional equations written on the table. From the above results, the DC-Smoothing reactor loss is 

higher at the rectifier terminal of the converter station than at the inverter terminal, which shows that the rectifier 

station terminal has larger power loss contributions on the transmitted power. 

4.2.5   DC-Filter Capacitor Losses 

 

Figure 4-18: Simplified equivalent circuit of a typical HVDC system 

Table 4-5: DC-filter capacitor loss parameters 

Parameters required for loss calculations Z α 𝑉𝐿 𝐶𝑐𝑎𝑝 

0.0659 Ω 19° 440 kV 0.3 𝑛𝐹 

𝑉𝑑𝑐𝑟(The input DC voltage to the rectifier 

converter). 

561.64 kV 

𝑉𝑑𝑐𝑖  (The input DC voltage to the inverter 

converter). 

561.51 𝑘𝑉 

𝑅𝑐𝑎𝑝 = 𝑋𝑐𝑎𝑝 ( Capacitive reactance) 10.610 MΩ 

𝑃𝑑𝑐−𝑐𝑎𝑝 (DC-filter capacitor losses) 29.715 kV 

 

𝑉𝑑𝑐𝑟 = 1.35𝑉𝐿 cos 𝛼                                                                                                                                                    (4-1) 

 

Applying KVL to the above circuit of figure 4-18, 

 

𝑉𝑑𝑐𝑟 = 𝐼𝑑𝑐𝑍 + 𝑉𝑑𝑐𝑖                                                                                                                                                       (4-2) 
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Figure 4-19: DC-filter capacitor loss calculations at converter station terminals 

Table 4-5 and Figure 4-19 show the results from the loss calculations of the DC-filter capacitor losses using equation 

(4-1), equation (4-2) and equation (2-29).  The first step was to calculate the rectifier dc voltage using equation (4-1), 

afterwards, the above result was used in equation (4-2) to compute the inverter dc voltage, finally, the value obtained 

above was used in equation (2-29) to evaluate the dc filter capacitor losses. From the above results, it can be deduced 

that the filter capacitor loss at the rectifier terminal of the converter station is the same with that at the inverter terminal, 

but not the same in all cases, it depends on the converter configurations and system operations. 

4.2.6   Percentage Loss Calculations of Each Converter Station Equipment 

 

Figure 4-20: The total loss calculations of all the component of the converter stations 

Figure 4-20 show the analysis of the total loss proportion of each converter station equipment both at the rectifier and 

inverter terminals. From these illustrations, it can be deduced that the loss proportion of each equipment at the rectifier 
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terminal is higher than that of the inverter side, likewise, the loss of the converter transformer and the thyristor valves 

have the highest losses contributions at both converter station terminals. 

 

Figure 4-21: Percentage loss calculations of each converter station component 

Figure 4-21 show the percentage loss analysis of each converter station equipment both at the rectifier and inverter 

terminals. From these illustrations, it can be deduced that the loss-percent proportion of the equipment at the rectifier 

terminal is higher than that of the inverter side, likewise, the percentage loss of the converter transformer and the 

thyristor valves have the highest loss-percent contribution at both converter station terminals. 

4.3   Summary 

The losses of each equipment in converter station fall with the decrease of the transmission power under bipolar 

operational conditions. The losses of each equipment in the converter station increase with the decrease of the DC 

voltage under different single operartional conditions. The losses of each equipment in inverter station are lower than 

those in rectifier station. The loss proportion of each equipment in converter station under the operartional mode 

condition of bipolar rated transmission power is seen on figure 4-20. 

It can be seen from figure 4-20 and 4-21, that the losses of converter station are mainly composed of the losses of 

valve and converter transformer. To decrease the total losses of HVDC system, the losses of valve and converter 

transformer should be consider first. In view of all the analyses stipulated in this section, this justified that the aims 

and objectives of this research have been carried out to the last letter, more so, the results ontained answered all the 

research questions. 

In conclusion, the difficulty of HVDC transmission system loss calculation falls in the loss calculation of the converter 

station. To understand the loss proportion of equipment in HVDC converter station and to decrease the losses of the 

HVDC system, analysis based on the formulas stipulated in the standard of IEC 61803, Determination of power losses 

in LCC-based high-voltage direct current (HVDC) converter stations were used to calculate the losses of each 

equipment in the converter stations [6, 56]. 
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CHAPTER FIVE 

RESULTS AND ANALYSES OF POWER LOSS CALCULATIONS OF VSC-BASED 

HVDC CONVERTER STATIONS 

5.1   Introduction 

The previous chapter described the method for determining power losses for line-commutated converter HVDC 

stations, which is well documented in standards IEC 61802. Moreover, the VSC HVDC systems adopt the same 

standardized calculation method of loss determination for various VSC-HVDC topologies such as 2-level, 3-level and 

modular multilevel converter using standards IEC 62751-1-2. Note that, for most converter stations equipment in 

VSC-HVDC system, the method of loss calculation of individual equipment is nearly the same to that described in 

standards IEC 61803. Hence, the major difference comes from the loss calculations of the converter valves, as a result, 

the method of loss determination is covered in the standards IEC 62751-1-2. The valve losses are divided into a number 

of categories and the losses due to each categories are calculated separately then subsequently, summed to obtain the 

total losses [14],[4]. 

5.2   Results and Analyses 

In this research work, comprehensive determination and analyses of the power losses of VSC-based HVDC converter 

stations were carried out. The investigation of some of the key equipment on converter stations that contribute large 

amount of losses were done in accordance with the standards IEC 62751-1-2, IEEE recommended practice for 

Determination of Power Losses in Voltage Source Converter High-Voltage Direct-Current (HVDC) Converter 

Stations, alongside with the power electronic device datasheet.  

The purpose of this chapter is to calculate the loss mechanisms of the popular VSC-based HVDC technologies. The 

topologies considered in this chapter are two-level, three-level and modular multilevel converter configurations. The 

total loss figure of the these VSC-based technologies are calculated based on the summation of individual loss 

components, and the individual component losses are determined by applying standardized calculation methods.  

Subsequent to these calculations, the following results were obtained: 
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5.2.1   Power Losses Calculations of Two-Level VSC-based HVDC Converter Stations 

5.2.1.1   IGBT Conduction Losses Calculations 

Table 5-1: System parameters 

Components Actual value 

Rectifier side Inverter side 

Transformer rating 500/440 kV, 1000 MVA 350/230 kV 

Transformer resistance 2 Ω 2 Ω 

Transformer reactance 55.5 mH 55.5 mH 

Coupling reactor 41.8 mH 41.8 mH 

VSC converter rating 1000 MVA 1000 MVA 

DC cable resistance 0.05Ω/km(500km long) 

=25 Ω 

0.05Ω/km(500km long) 

=25 Ω 

  𝑉𝑐𝑒−𝑑𝑐 2800 V 2000 V 

DC link voltage 561.64 kV 561.51 kV 

 𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒(number of IGBTs connected in series) 300 300 

Number of valves at each station. 6 6 

 

Table 5-2: Calculations of IGBT power conduction losses 

Results IGBT 

Power conduction losses in IGBT (W) Rectifier terminal  Inverter terminal 

1836.45 W 2686.11 W 

 

Table 5-2 shows the results of the calculations of IGBT power conduction losses using equation (2-36). The 

modulation index, m, the power factor and the peak value of sinusoidal output current are shown on table 5-1, 

similarly, the forward voltage at no-load, 𝑉𝑐𝑒𝑜, and the forward resistance, 𝑅𝑜, of the IGBT are readily available on 

the datasheet. From the above results, the IGBT conduction losses at the inverter terminal of the converter station is 

larger than that of the rectifier terminal, which shows that the inverter station terminal has larger power loss 

contributions on the transmitted power. 
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5.2.1.2   IGBT Switching Losses Calculations 

Table 5-3: Calculations of IGBT power switching losses 

Results IGBT 

Power switching losses in IGBT (W) Rectifier terminal  Inverter terminal 

5463.86 W 4906.24 W 

 

Table 5-3 shows the results of the calculations of IGBT power switching losses using equation (2-49). The peak value 

of sinusoidal output current, 𝐼𝑝, the switching frequency, 𝑓𝑠𝑤, and the dc IGBT saturation voltage, 𝑉𝑑𝑐−𝑠𝑎𝑡, are given 

on table 5-1. Similarly, the IGBT turn on switching energy, 𝐸𝑜𝑛, the IGBT turn off energy loss, 𝐸𝑜𝑓𝑓 , and the nominal 

values of current, 𝐼𝑛𝑜𝑚, and voltage, 𝑉𝑛𝑜𝑚, to normalize the switching power loss are readily available on the IGBT 

datasheet. From the above results, the IGBT switching losses at the rectifier terminal of the converter station is larger 

than that of the inverter terminal, which shows that the rectifier station terminal has larger power loss contributions 

on the transmitted power. 

5.2.1.3   Total IGBT Power Losses Calculations 

Table 5-4: Total power loss in IGBT calculations 

Results IGBT 

Total Power losses in  IGBT (W) 

 𝑃𝑎𝑣𝑔.𝐼𝐺𝐵𝑇 = 𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 + 𝑃𝑠𝑤.𝐼𝐺𝐵𝑇  

Rectifier terminal  Inverter terminal 

7300.31 W 7592.35 W 

 

Table 5-4 shows the results of the calculations of IGBT total power losses using equation (2-52). From the above 

results, the IGBT total power losses at the inverter terminal of the converter station is larger than that of the rectifier 

terminal, which shows that the inverter station terminal has larger power loss contributions on the transmitted power. 

5.2.1.4   Diode Conduction Losses Calculations 

Table 5-5: Calculations of diode conduction losses 

Results Freewheeling Diode 

 Power conduction losses in Diode  (W) 

  

Rectifier terminal  Inverter terminal 

418.32 W 587.92 W 

 

Table 5-5 shows the results of the calculations of Diode power conduction losses using equation (2-56). The 

modulation index, m, the power factor and the peak value of sinusoidal output current are shown on table 5-1, 

similarly, the diode threshold voltage, 𝑉𝐷𝑜, and the diode forward resistance, 𝑅𝐷, of the diode are readily available on 
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the datasheet. From the above results, the diode conduction losses at the inverter terminal of the converter station is 

larger than that of the rectifier terminal, which shows that the inverter station terminal has larger power loss 

contributions on the transmitted power. 

5.2.1.5   Diode Switching Losses Calculations 

Table 5-6: Calculations of diode switching losses 

Results Freewheeling Diode 

 Power switching losses in Diode  (W) 

(Reverse recovery energy loss) 

Rectifier terminal  Inverter terminal 

1845.9 W 1657.51 W 

 

Table 5-6 shows the results of the calculations of diode power switching losses using equation (2-58). The peak value 

of sinusoidal output current, 𝐼𝑝, the switching frequency, 𝑓𝑠𝑤, and the dc diode saturation voltage, 𝑉𝑑𝑐−𝑠𝑎𝑡, are given 

on table 5-1. Similarly, the diode reverse recovery energy, 𝐸𝑟𝑒𝑐 , and the nominal values of current, 𝐼𝑛𝑜𝑚, and voltage, 

𝑉𝑛𝑜𝑚, to normalize the switching power loss are readily available on the IGBT datasheet. From the above results, the 

diode switching losses at the rectifier terminal of the converter station is larger than that of the inverter terminal, which 

shows that the rectifier station terminal has larger power loss contributions on the transmitted power. 

5.2.1.6 Total Diode Power Losses Calculations 

Table 5-7: Total diode power losses calculations 

Results Diode 

Total Power losses in  Diode (W) 

 𝑃𝑎𝑣𝑔.𝐷𝑖𝑜𝑑𝑒 = 𝑃𝑐𝑜𝑛𝑑.𝐷𝑖𝑜𝑑𝑒 + 𝑃𝑟𝑒𝑐.𝐷𝑖𝑜𝑑𝑒  

Rectifier terminal  Inverter terminal 

2264.22 W 2245.43 W 

 

Table 5-7 shows the results of the calculations of diode total power losses using equation (2-53). From the above 

results, the diode total power losses at the rectifier terminal of the converter station is slightly larger than that of the 

inverter terminal, which shows that the rectifier station terminal has larger power loss contributions on the transmitted 

power. 
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5.2.1.7   Total Losses per IGBT Module Calculations 

Table 5-8: Calculations of total losses per IGBT module 

Results IGBT module (𝑃𝐼𝐺𝐵𝑇 + 𝑃𝐹𝑟𝑒𝑒𝑤ℎ𝑒𝑒𝑙𝑖𝑛𝑔−𝐷𝑖𝑜𝑑𝑒) 

 Total Power losses per IGBT module (W) 

 𝑃𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 𝑝𝑒𝑟 𝑑𝑒𝑣𝑖𝑐𝑒 = [𝑃𝑡𝑜𝑡𝑎𝑙 𝐼𝐺𝐵𝑇 𝑙𝑜𝑠𝑠𝑒𝑠 +

𝑃𝑡𝑜𝑡𝑎𝑙 𝐷𝑖𝑜𝑑𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 

Rectifier terminal  Inverter terminal 

9564.54 W 9837.78 W 

 

Table 5-8 shows the results of the calculations of total power losses per IGBT module using equation (2-69). From 

the above results, the total power losses per IGBT module at the inverter terminal of the converter station is slightly 

larger than that of the rectifier terminal, which shows that the inverter station terminal has larger power loss 

contributions on the transmitted power. 

 
Figure 5-1: Total power losses at the converter station terminals 

Figure 5-1 shows the calculations of total power losses of a 300-series connected 6-valve IGBT modules, note that, 

using the values on table 3-2 in equation (3-22), the number of series connected IGBTs is calculated to be 300. 

Therefore, the overall total power losses of the IGBT module is obtained by multiplying the number of series 

connected IGBTs with the total losses per IGBT module, which results to 17.22 MW at the rectifier terminal and 17.71 

MW at the inverter terminal. From the calculation, it is obvious that the power losses at the inverter terminal is higher 

than that of the rectifier terminal, so therefore, the loss contributions of the inverter terminal is higher than that of the 

rectifier terminal.  
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5.2.1.8   Power Losses Estimation of the DC-Link Capacitor for Two-Level Configuration 

Table 5-9: Charge and discharge currents, ESR, losses per unit and total loss. In the calculation of total loss, the 

amount of capacitors used in two-level VSC HVDC is six  

Configuration 𝐼𝑐𝑟𝑚𝑠(𝐴) 𝐼𝑑𝑐𝑟𝑚𝑠(𝐴) 𝐼𝑟𝑚𝑠(𝐴) ESR (mΩ) Loss/unit 

(W)= 𝐼𝑟𝑚𝑠
2 𝐸𝑆𝑅 

Total 

Losses(W) 

Two-Level 

VSC-

configuration 

31.6 26.9 41.5 65 112 672 

 

Table 5-9 shows the required parameters needed to compute the total losses of DC-link capacitor. The RMS current 

was obtained using equation (3-16). The RMS value of charging current of the capacitor, 𝐼𝑐𝑟𝑚𝑠, rms value of 

discharging current of the capacitor, 𝐼𝑑𝑟𝑚𝑠 and the equivalent series resistance value are readily available in SKN 130 

capacitor datasheet. The number of capacitors in a two-level configuration are always 6 in number. Moreover, when 

the configuration of DC-link capacitance is considered, the total losses of capacitors are estimated to be 672W in two-

level configuration. 

Most of the power losses associated with the converter valve occurs in the switches, but there is also some power 

losses in the DC-link capacitor. The total power loss of the valve was calculated including the DC link capacitor total 

losses using equation (3-17), the results were 17.221 MW and 17.711 MW for both rectifier and inverter station 

terminals respectively.   

 

 

Figure 5-2: The overall total power losses per device at each converter terminals 
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Figure 5-2 shows the chart illustration of the loss calculations of the overall power losses per IGBT module including 

DC link capacitor losses at both the rectifier terminal and inverter terminal of a two-level VSC HVDC technology. 

5.2.1.9   Evaluation of the Average Junction Temperature 

Table 5-10: Calculations of junction temperature of both IGBT and freewheeling diode 

Results IGBT FREEWHEELING 

DIODE 

 Junction temperature, 𝑇𝑗(°𝐶). Rectifier 

terminal 

Inverter 

terminal 

Rectifier 

terminal 

Inverter 

terminal 

315.5°𝐶 325.74°𝐶 139.25°𝐶 138.6°𝐶 

 

Table 5-10 shows the calculations of junction temperature, 𝑇𝑗, of both IGBT and freewheeling diode at both converter 

terminal. These results were obtained using equation (3-21). Note that most of the equation parameters are readily 

available on device datasheet. 

5.2.2   Power Losses Calculations of Three-Level VSC-based HVDC Converter Stations 

5.2.2.1   IGBT Conduction Losses Calculations 

Table 5-11: Calculations of the IGBT conduction power losses of the both terminals of the three-level converter 

stations 

Results Rectifier terminal Inverter terminal Rectifier terminal Inverter terminal 

 𝑇1 𝑎𝑛𝑑 𝑇4 𝑇1 𝑎𝑛𝑑 𝑇4 𝑇2 𝑎𝑛𝑑 𝑇3 𝑇2 𝑎𝑛𝑑 𝑇3 

 𝐼𝑎𝑣𝑔  689.06 A   866.24 A   1167.42 A   1467.58 A   

 𝐼𝑟𝑚𝑠
2   1070.44 kA   1691.66 kA   1714.78 kA   2709.96 kA   

 𝑃𝑐𝑜𝑛  2787.38 W 4084.3 W 4556.78 W 6657.92 W 

 

Table 5-11 shows the IGBT conduction losses calculations of both rectifier and inverter terminals of a three-level 

VSC-based HVDC technology. Equation (3-6) to equation (3-9) were used to calculate the average and RMS currents 

that flow in the IGBT 𝑇1 to 𝑇4 respectively. The results from this analysis were used in equation (3-1) to calculate the 

conduction losses of IGBT, whose results are stipulated on table 5-11.  
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5.2.2.2   Total IGBT Conduction Power Losses Calculations  

Table 5-12: Calculations of total IGBT conduction losses 

Results Rectifier terminal Inverter terminal 

Total IGBT conduction Losses (𝑃𝑡𝑜𝑡𝑎𝑙−𝐼𝐺𝐵𝑇−𝑐𝑜𝑛𝑑−𝑙𝑜𝑠𝑠 

(W)) 

𝑇1 𝑡𝑜 𝑇4 𝑇1 𝑡𝑜 𝑇4 

7344.16 W 10742.22 W 

 

Table 5-12 shows the results of the calculations of IGBT total conduction losses at both terminals of the converter 

stations of three-level VSC-based HVDC technology. The above results on table 5-12 were obtained by summing the 

conduction losses of the four IGBTs together at both station terminals. 

5.2.2.3   IGBT Switching Losses Calculations 

Table 5-13: Calculations of the switching power losses of both station terminals of the three-level converter stations 

Results Rectifier terminal Inverter terminal Rectifier terminal Inverter terminal 

 𝑇1 𝑎𝑛𝑑 𝑇4 𝑇1 𝑎𝑛𝑑 𝑇4 𝑇2 𝑎𝑛𝑑 𝑇3 𝑇2 𝑎𝑛𝑑 𝑇3 

 𝑃𝑆𝑊  10108.14 W 9076.54 W 819.58 W 735.936 W 

 

Table 5-13 shows the IGBT switching losses calculations of both rectifier and inverter terminals of a three-level VSC-

based HVDC technology. Equations (3-14) and (3-15) were used to calculate the IGBT switching losses, noting that 

𝑘1, which is the switching energy is equal to 𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓  as used in two-level configuration. Meanwhile, the equation 

was also normalized since some parameters were taken from the datasheet, so the peak current and dc saturation 

voltage are normalized and their values are readily available in the datasheet of the device.  

5.2.2.4   Total IGBT Switching Power Losses Calculations 

Table 5-14: Calculations of total IGBT switching losses 

Results Rectifier terminal Inverter terminal 

Total IGBT Switching power Losses 

(𝑃𝑡𝑜𝑡𝑎𝑙−𝐼𝐺𝐵𝑇−𝑠𝑤−𝑙𝑜𝑠𝑠 (W)) 

𝑇1 𝑡𝑜 𝑇4 𝑇1 𝑡𝑜 𝑇4 

10927.72 W 9812.476 W 

 

Table 5-14 shows the results of the calculations of IGBT total switching losses at both terminals of the converter 

stations of three-level VSC-based HVDC technology. The above results on table 5-14 were obtained by summing the 

switching losses of the four IGBTs together at both station terminals. 
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5.2.2.5   Total IGBT Power Losses Calculations  

Table 5-15: Total power loss in IGBT calculations 

Results IGBT 

Total Power losses in  IGBT (W) 

 𝑃𝑎𝑣𝑔.𝐼𝐺𝐵𝑇 = 𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇 + 𝑃𝑠𝑤.𝐼𝐺𝐵𝑇  

Rectifier terminal  Inverter terminal 

18271.88 W 20554.696 W 

 

Table 5-15 shows the results of the calculations of IGBT total power losses using equation (2-52). From the above 

results, the IGBT total power losses at the inverter terminal of the converter station is larger than that of the rectifier 

terminal, which shows that the inverter station terminal has larger power loss contributions on the transmitted power. 

5.2.2.6   Diode Conduction Losses Calculations 

Table 5-16: Calculations of the diode conduction power losses of both terminals of the three-level converter stations 

Results Rectifier terminal Inverter terminal Rectifier terminal Inverter terminal 

 𝐷1 𝑡𝑜 𝐷4 𝐷1 𝑡𝑜 𝐷4 Clamped diodes Clamped diodes 

𝐷5 𝑎𝑛𝑑 𝐷6 𝐷5 𝑎𝑛𝑑 𝐷6 

 𝐼𝑎𝑣𝑔  27.924 A   35.104 A   478.348 A   601.348 A   

 𝐼𝑟𝑚𝑠
2   42.176 kA   66.652 kA   644.352 kA   1018.304 kA   

 𝑃𝑐𝑜𝑛  99.2 W 140.62 W 1608.2 W 2264.76 W 

 

Table 5-16 shows the results of the diode conduction losses calculations of both rectifier and inverter terminals of a 

three-level VSC-based HVDC technology. Equation (3-10) to equation (3-13) were used to calculate the average and 

RMS currents that flow in the diodes 𝐷1 to 𝐷6 respectively. The results from this analysis was used in equation (3-1) 

to calculate the conduction losses of diodes, whose results are stipulated on table 5-16.  

5.2.2.7   Total Diode Conduction Power Losses Calculations  

Table 5-17: Calculations of total diode conduction losses 

Results Rectifier terminal Inverter terminal 

Total Diode conduction Losses (𝑃𝑡𝑜𝑡𝑎𝑙−𝑑𝑖𝑜𝑑𝑒−𝑐𝑜𝑛𝑑−𝑙𝑜𝑠𝑠 

(W)) 

𝐷1 𝑡𝑜 𝐷6 𝐷1 𝑡𝑜 𝐷6 

1707.4 W 2405.38 W 
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Table 5-17 shows the results of the calculations of diode total conduction losses at both terminals of the converter 

stations of three-level VSC-based HVDC technology. The above results on table 5-17 were obtained by summing the 

conduction losses of the six diodes together at both station terminals. 

5.2.2.8   Diode Switching Losses Calculations 

Table 5-18: Calculations of the diode switching power losses of both station terminals of the three-level converter 

stations 

Results Rectifier terminal Inverter terminal 

𝐷1 𝑡𝑜 𝐷6 𝐷1 𝑡𝑜 𝐷6 

 𝑃𝑆𝑊  11075.4 W 9945.06 W 

 

Table 5-18 shows the diode switching losses calculations of both rectifier and inverter terminals of a three-level VSC-

based HVDC technology. Equation (2-49) was used to calculate the diode switching losses, noting that 𝑘1, which is 

the switching energy is equal to 𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓  as used in two-level configuration. Meanwhile, the equation was also 

normalized since some parameters were taken from the datasheet, so the peak current and dc saturation voltage are 

normalized and their values are readily available in the datasheet of the device.  

 

5.2.2.9   IGBT Module Conduction Losses Calculations 

Table 5-19: Calculations of total conduction losses per IGBT module 

Results IGBT module (𝑃𝐼𝐺𝐵𝑇 + 𝑃𝐹𝑟𝑒𝑒𝑤ℎ𝑒𝑒𝑙𝑖𝑛𝑔−𝐷𝑖𝑜𝑑𝑒) 

 Total conduction Power losses per IGBT module (W) 

 𝑃𝑡−𝑐𝑜𝑛𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 𝑝𝑒𝑟 𝑑𝑒𝑣𝑖𝑐𝑒 = [𝑃𝑡.𝐼𝐺𝐵𝑇−𝑐𝑜𝑛𝑑− 𝑙𝑜𝑠𝑠𝑒𝑠 +

𝑃𝑡𝑜𝑡𝑎𝑙−𝑐𝑜𝑛𝑑 𝐷𝑖𝑜𝑑𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 

Rectifier terminal  Inverter terminal 

9051.56 W 13147.6 W 

 

Table 5-19 shows the results of the calculations of total conduction power losses per IGBT module using equation (2-

68). From the above results, the total power losses per IGBT module at the inverter terminal of the converter station 

is slightly larger than that of the rectifier terminal, which shows that the inverter station terminal has larger power loss 

contributions on the transmitted power. 

 

 

 



73 

 

5.2.2.10   IGBT Module Switching Losses Calculations 

Table 5-20: Calculations of total switching losses per IGBT module 

Results IGBT module (𝑃𝐼𝐺𝐵𝑇 + 𝑃𝐹𝑟𝑒𝑒𝑤ℎ𝑒𝑒𝑙𝑖𝑛𝑔−𝐷𝑖𝑜𝑑𝑒) 

 Total switching Power losses per IGBT module (W) 

 𝑃𝑡−𝑠𝑤 𝑙𝑜𝑠𝑠𝑒𝑠 𝑝𝑒𝑟 𝑑𝑒𝑣𝑖𝑐𝑒 = [𝑃𝑡.𝐼𝐺𝐵𝑇−𝑠𝑤− 𝑙𝑜𝑠𝑠𝑒𝑠 +

𝑃𝑡𝑜𝑡𝑎𝑙−𝑠𝑤 𝐷𝑖𝑜𝑑𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 

Rectifier terminal  Inverter terminal 

22003.12 W 19757.536 W 

 

Table 5-20 shows the results of the calculations of total switching power losses per IGBT module using equation (2-

69). From the above results, the total power losses per IGBT module at the rectifier terminal of the converter station 

is slightly larger than that of the inverter terminal, which shows that the rectifier station terminal has larger power loss 

contributions on the transmitted power. 

5.2.2.11   Power Losses Estimations of DC-Link Capacitor for Three-Level Configuration  

Table 5-21: Charge and discharge currents, ESR, losses per unit and total loss. In the calculation of total losses, the 

amount of capacitors used in three-level VSC HVDC is four   

Configuration 𝐼𝑐𝑟𝑚𝑠(𝐴) 𝐼𝑑𝑐𝑟𝑚𝑠(𝐴) 𝐼𝑟𝑚𝑠(𝐴) ESR (mΩ) Loss/unit 

(W)= 𝐼𝑟𝑚𝑠
2 𝐸𝑆𝑅 

Total 

Losses(W) 

Three-Level 

VSC-

configuration 

73.2 62.3 96.1 14 129.3 517.2 

 

Table 5-21 shows the required parameters needed to compute the total losses of DC-link capacitor. The rms current 

was obtained using equation (3-16). The rms value of charging current of the capacitor, 𝐼𝑐𝑟𝑚𝑠, rms value of discharging 

current of the capacitor, 𝐼𝑑𝑟𝑚𝑠 and the equivalent series resistance value are readily available in SKN 130 capacitor 

datasheet. The number of capacitors in a three-level configuration are always 4 in number. Moreover, when the 

configuration of DC-link capacitance is considered, the total losses of capacitors are estimated to be 517 W in three-

level configuration. 

 

Most of the power losses associated with the converter valve occurs in the switches, but there is also some power 

losses in the DC-link capacitor. The total power loss of the valve was calculated including the DC link capacitor total 

losses using equation (3-17), the results were 9.317 MW and 9.872 MW for both rectifier and inverter station terminals 

respectively.   
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5.2.2.12   Total Power Losses for 100 Series Connected IGBT Modules in Three-Level Configuration 

Table 5-22: Total power losses for 100 series connected IGBT modules in three-level configuration 

Results Rectifier terminal Inverter terminal 

 3 × 100 (𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇+𝐷𝑖𝑜𝑑𝑒 +

𝑃𝑆𝑊.𝐼𝐺𝐵𝑇+𝐷𝑖𝑜𝑑𝑒) + 𝑃𝐷𝐶−𝑙𝑖𝑛𝑘−𝑐𝑎𝑝 

 3 × 100 (𝑃𝑐𝑜𝑛𝑑.𝐼𝐺𝐵𝑇+𝐷𝑖𝑜𝑑𝑒 +

𝑃𝑆𝑊.𝐼𝐺𝐵𝑇+𝐷𝑖𝑜𝑑𝑒) + 𝑃𝐷𝐶−𝑙𝑖𝑛𝑘−𝑐𝑎𝑝 

Total power losses for 100 series 

connected IGBT modules including 

the DC-link capacitor losses 

(𝑃𝑂𝑣𝑒𝑟𝑎𝑙𝑙−𝑙𝑜𝑠𝑠𝑒𝑠) 

9.317 MW 9.872 MW 

 

Table 5-22 shows the results of the calculations of the total power losses for 100 series connected IGBT modules in 

three-level VSC-HVDC technology. The above results were obtained by simply adding the IGBT module conduction 

power losses and IGBT module switching power losses together, then the result was multiplied by 3 and 100, the three 

signifies the number of levels while the hundred signifies the number of series connected IGBTs. Finally, the result 

obtained was added to the DC-link capacitor losses. 

 

Figure 5-3: The Conduction and switching power losses at the rectifier terminal 

0

5000

10000

15000

20000

25000

Lo
ss

e
s[

W
]

Switching devices

Conduction power
losses(Rectifier side)

Switching power
losses(Rectifier losses)



75 

 

 

Figure 5-4: The Conduction and switching power losses at the Inverter terminal 

Figure 5-3 and 5-4 show the power losses analysis at the converter stations, from the above figures, it could be deduced 

that the switching losses are the dominating contributor of losses in the converter valves. The switching losses at the 

rectifier and inverter terminals are extremely high due to the high switching frequency used by the converter 

topologies, however, due to this high switching frequency, it results to high switching power losses at both converter 

stations. 

5.2.2.13   Power Losses Comparison Between the VSC-based HVDC Technologies  

Table 5-23: Total power losses for 100 series connected IGBT modules in three-level configuration 

Results VSC-based HVDC technologies. 

Two-level configuration Three-level configuration 

Rectifier 

terminal 

Inverter terminal Rectifier 

terminal 

Inverter terminal 

Overall total power losses of IGBT 

modules 

17.221 MW 17.711 MW 9.317 MW 9.872 MW 

 

Table 5-23 Compares the overall power losses of two-level and three-level converter configurations at the converter 

station terminals. It could be clearly seen that the overall power losses of the three-level converter is lower in amount 

compared to its counterpart, two-level converter configuration, reason being that for a high DC voltage two-level 

converter, a lot of series connected IGBTs is required. More so, the two-level converter requires a very high switching 

frequency, due to this singular fact, the switching losses are relatively very high compared to its counterpart, three-
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level converter configuration. Subsequently, the switching losses of for a three-level converter configuration tend to 

amount to the half of a two-level converter. Due to the lower forward voltage drop, conduction losses are very low 

compared to the two-level converter. As a result of these lower power losses, the three-level topology generates a 

smoother voltage with fewer harmonics, therefore, lowering the losses in other equipment of the converter station. 

The merits of increasing the number of levels include decrease in the blocking voltage of the valve, also the switching 

frequency of the valve drops, therefore, lowering the switching losses. 

5.2.3   Loss of Converter Transformers 

The losses of converter transformers can be obtain using the same methods adopted during LCC-based HVDC 

technology, using equations (2-1) to (2-7). 

 

Figure 5-5: Converter transformer losses at the station terminals 

 

Figure 5-6: Harmonic loss factor vs harmonic number (n) /harmonic current (I)
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Figure 5-5 show the chart representation of the loss calculation result of converter transformer at both station terminals 

using Method 1 of IEC standard 61803. The analysis starts with the computations of the characteristic harmonic 

currents using equation (2-4), then a constant parameter, F, 𝑘1 and 𝑘2 were calculated using equations (2-5), (2-6) and 

(2-7) respectively. Therefore, with these calculated parameters, the harmonic currents were calculated using equation 

(2-4). Subsequently, the effective resistance, 𝑅𝑛, was calculated using equation (2-3) and the variation of transformer 

resistance with frequency table stipulated in the standard IEC 61803, IEEE recommended practice for Determination 

of Power Losses in High-Voltage Direct-Current (HVDC) Converter Stations, finally, the square of the harmonic 

currents were multiplied by the effective resistance to obtain the losses due to converter transformer operations. From 

the above results, the converter transformer loss at the rectifier terminal of the converter station is higher than that of 

the inverter terminal. From figure  5-6, which shows  the plot of harmonic loss factor against harmonic number and 

harmonic current respectively, it can be deduced from the plot that the harmonic loss factor is directly proportional to 

the harmonic number i.e. increase in harmonic loss factor will result to a corresponding increase in harmonic number. 

On the other hand, it can also be deduced from the other plot that the harmonic loss factor is inversely proportional to 

the harmonic current to a certain value of the harmonic current, and then afterwards becomes constant throughout the 

transformer operation.   

5.2.4   AC Filter Losses 

5.2.4.1   Filter Resistor Loss  

The filter resistor losses can be obtain using the same methods adopted during LCC-based HVDC technology, using 

equations (2-8) to (2-21). 

 

 

Figure 5-7: Filter resistor loss at station terminals 
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Figure 5-7 shows the chart representation of the results from the loss calculation of the filter resistor loss of various 

filter types used, using equations (2-8) to equation (2-21). Starting from the C-type filter which is mainly used for low 

order high pass filtering (i.e. was used to mitigate the 5th and 7th harmonic orders). More so, the currents due to these 

harmonic orders, 𝐼5 + 𝐼7,  were added together at both converter station terminals. The q-factor of low order high pass 

filters is always between the ranges of 45-50, so 50 was selected for this filter design. The values of 𝐶1, 𝑅, and 𝐿 were 

calculated for both station terminals using equations (2-12), (2-14) and (2-13) respectively. Therefore, having known 

the above stated parameters, the filter resistor losses due to C-type filter was calculated using equation (2-8). 

 

Secondly, with the single-tuned band pass filter which is mainly used to mitigate the 11th and 13th harmonic orders, 

therefore, the currents due to these harmonic orders, 𝐼11 + 𝐼13, were added together at both converter station terminals. 

The q-factor of band pass filters is always between the ranges of 15-20, so 20 was selected for this filter design. The 

values of 𝐶, 𝑅, and 𝐿 were calculated for both station terminals using equations (2-9), (2-11) and (2-10) respectively. 

Therefore, having known the above stated parameters, the filter resistor losses due to single-tuned band pass filter was 

calculated using equation (2-8). 

 

Thirdly, with the double-tuned filter which is mainly used to eliminate the 17th and 19th harmonic orders, therefore, 

the currents due to these harmonic orders, , 𝐼17 + 𝐼19, were added together at both converter station terminals. The q-

factor of this tuned filter is always between the ranges of 2-4, so 4 was selected for this filter design. The values of 𝐶1, 

𝐶2, 𝑅, 𝐿1, and 𝐿2 were calculated for both station terminals using equations (2-15), (2-16), (2-14), (2-17), (2-18) 

respectively. Therefore, having known the above stated parameters, the filter resistor losses due to double-tuned filter 

was calculated using equation (2-8). 

 

Lastly, with the high pass filter which is mainly used to mitigate all the harmonics from the 23rd to 49th harmonic 

orders, therefore, the currents due to these harmonic orders, 𝐼23 + 𝐼25 + ⋯ … … + 𝐼49, were added together at both 

converter station terminals. The q-factor of band pass filters is always between the ranges of 1-2, so 2 was selected 

for this filter design. The values of 𝐶, 𝑅, and 𝐿 were calculated for both station terminals using equations (2-19), (2-

21) and (2-20) respectively. Therefore, having known the above stated parameters, the filter resistor losses due to high 

pass filter was calculated using equation (2-8).  From the above results, the filter resistor loss is higher at the rectifier 

terminal of the converter station than at the inverter terminal, which shows that the rectifier station terminal has larger 

power loss contributions on the transmitted power. 

5.2.4.2   Filter Reactor Losses 

The filter reactor losses can be obtain using the same methods adopted during LCC-based HVDC technology, using 

equation (2-22). 
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Figure 5-8: Filter reactor loss calculation at station terminals 

Table 5-8 shows the chart representation of the results from the loss calculation of the filter reactor loss of various 

filter types used, using equation (2-22). The procedures used to calculate the filter resistor losses can also be similarly 

used to calculate the filter reactor losses. The only parameter needed to obtain is the harmonic inductive reactance,𝑋𝐿𝑛, 

which is calculated using equation (2-23). Therefore, having known the above stated parameters, the filter reactor 

losses due to the various filter types were calculated using equation (2-22).  From the above results, the filter reactor 

loss is higher at the rectifier terminal of the converter station than at the inverter terminal, which shows that the rectifier 

station terminal has larger power loss contributions on the transmitted power. 

5.2.4.3   Capacitor Bank Losses (Filter Capacitor Losses) 

The filter capacitor losses can be obtain using the same methods adopted during LCC-based HVDC technology, using 

equation (2-52). 

The average loss/kVar designs of the capacitors are given below; 

Low dielectric loss = 0.1 w/kVar. 

Paper, oil impregnated* =2.0 – 2.5 w/kVar. 

Paper, PCB impregnated* = 3.0 – 3.5 w/kVar. 

Plastic file/paper, PCB impregnated* = 0.5 – 1.0 w/kVar. 

Metallized film = under 0.5 w/kVar. 
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The asterik type are not manufactured anymore due to the non-biodegradability of the poly-chlorinated biphenyle 

(PCBs). Note that the 𝑄𝐶  used was 200MVar, then the power loss or shunt capacitor bank loss admits expression as 

equation (4.51), using low dielectric loss of 0.1 w/kVar then ; 

Capacitor bank losses at both the converter station terminals admit expressions as: 

Filter capacitor losses at the rectifier terminal = P = 
0.1𝑊

𝑘𝑉𝑎𝑟
 ×  𝑘𝑉𝑎𝑟 

Filter capacitor losses at the inverter terminal = P = 
0.1𝑊

𝑘𝑉𝑎𝑟
 ×  𝑘𝑉𝑎𝑟 

 

 

Figure 5-9: Filter capacitor loss calculations at station terminals 

Figure 5-9 shows the chart representation of the results from the loss calculation of the filter capacitor loss using 

equation (2-24). From the above results, the filter capacitor loss at the rectifier terminal of the converter station is the 

same with that at the inverter terminal, which shows that both the station terminals have equal power loss contributions 

on the transmitted power. 

 

Figure 5-10: The total AC filter loss calculations at converter station terminals 
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Figure 5-10 shows the chart illustration of the loss calculations of total AC filter losses, which is obtained by summing 

up all the losses associated with the AC filters installed at each of the converter stations to give the total AC filter loss 

contribution to the overall system network. The total AC filter losses of the rectifier terminal is 75.105 kW and that 

of the inverter terminal is 42.066 kW. From the above results, the total AC filter loss is higher at the rectifier terminal 

of the converter station than at the inverter terminal, which shows that the rectifier station terminal has larger power 

loss contributions on the transmitted power. 

5.2.5   DC Smoothing Reactor Losses 

The DC Smoothing losses can be obtain using the same methods adopted during LCC-based HVDC technology, using 

equations (2-25) to (2-28). 

 

Figure 5-11: DC-Smoothing reactor loss calculations at converter station terminals 

Table 5-11 shows the chart representation of the results from the loss calculations of the DC-Smoothing reactor loss 

of both the rectifier and inverter terminals using equations (2-25) to (2-28). Firstly, the hysteresis loss component,𝑃ℎ𝑛, 

was calculated for all the harmonic orders using equation (2-26). Afterwards, the eddy-current loss component, 𝑃𝑒𝑛, 

was evaluated for harmonic orders greater than 10, using equation (2-27). More so, the eddy-current loss component, 

𝑃𝑒2, was as well evaluated for harmonic orders less and equal to 2 using equation (2-28). Finally, the sum of the results 

was put in equation (2-25) to obtain the magnetization loss, 𝑃𝑚. Similarly, the value of the direct current losses was 

also estimated using some conventional equations written on the table. From the above results, the DC-Smoothing 

reactor loss is higher at the rectifier terminal of the converter station than at the inverter terminal, which shows that 

the rectifier station terminal has larger power loss contributions on the transmitted power. 

5.2.6   DC-Filter Capacitor Losses 

The DC-Filter capacitor losses can be obtain using the same methods adopted during LCC-based HVDC technology, 

using equation (4-1), equation (4-2) and equation (2-57).   
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Figure 5-12: DC-filter capacitor loss calculations at converter station terminals 

Figure 5-12 shows the chart illustration of the results from the loss calculations of the DC-filter capacitor losses using 

equation (4-1), equation (4-2) and equation (2-29).  The first step was to calculate the rectifier dc voltage using 

equation (4-1), afterwards, the above result was used in equation (4-2) to compute the inverter dc voltage, finally, the 

value obtained above was used in equation (2-29) to evaluate the dc filter capacitor losses. From the above results, it 

can be deduced that the filter capacitor loss at the rectifier terminal of the converter station is the same with that at the 

inverter terminal, but not the same in all cases, it depends on the converter configurations and system operations. 

5.2.7   Percentage Loss Calculations of each Converter Station Equipment  

Table 5-24: The total losses of all the equipment of the VSC-based converter stations 

Converter stations Equipment Two-Level topology Three-Level topology 

Rectifier 

terminal 

Inverter terminal Rectifier 

terminal 

Inverter terminal 

IGBT+Diode valves losses 17.221 MW 17.711 MW 9.317 MW 9.872 MW 

Converter transformer losses 333.07 kW 210.75 kW 333.07 kW 210.75 kW 

AC Filter losses 75.105 kW 42.066 kW 75.105 kW 42.066 kW 

DC Smoothing reactor losses 40.86 kW 32.132 kW 40.86 kW 32.132 kW 

DC Capacitor losses 29.715 kW 29.715 kW 29.715 kW 29.715 kW 

Total losses contributions by each 

terminal 

17.700 MW 18.026 MW 9.796 MW 10.187 MW 
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Figure 5-13: The total loss calculations of all the equipment of the converter stations 

Table 5-24 and figure 5-13 show the analysis of the total loss proportion of each converter stations’ equipment both 

at the rectifier and inverter terminals. From these illustrations, it can be deduced that the loss proportion of each 

equipment at the inverter terminal is higher than that of the rectifier terminal. Likewise, the loss of the IGBT valve 

module has the highest losses contributions at both converter station terminals. Finally, it can be deduced from the 

chart that the loss contribution of the two-level topology is higher than that of the three-level topology. 

Table 5-25: Loss proportion of converter station equipment 

Converter stations Equipment percentage loss Loss percent for two-level 

topology. 

Loss percent for three-level 

topology. 

Rectifier 

terminal 

Inverter 

terminal 

Rectifier 

terminal 

Inverter 

terminal 

IGBT+Diode valves losses 97.29 % 98.25 % 95.11 % 96.91 % 

Converter transformer 1.88 % 1.18 % 3.40 % 2.07 % 

AC Filter  0.43 % 0.23 % 0.77% 0.41 % 

DC Smoothing reactor 0.23 % 0.18 % 0.42 % 0.32 % 

DC capacitor 0.17 % 0.16 % 0.30 % 0.29 % 

% loss calculation of the total losses 

contribution of converter stations on HVDC 

network, assumimg the Power transmitted = 

20MW 

88.5 %  90.13 % 48.98 % 50.94 % 
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Figure 5-14: Percentage loss calculations of each converter station equipment 

Table 5-25 and figure 5-14 show percentage loss analysis of each converter station equipment both at the rectifier and 

inverter terminals. From these illustrations, it can be deduced that the loss-percent proportion of the equipment at the 

inverter terminal is higher than that of the rectifier terminal. Likewise, the percentage loss of the IGBT valve module 

has the highest loss-percent contribution at both converter station terminals. 

The losses of each equipment in converter station fall with the decrease of the transmission power under bipolar 

operational conditions. The losses of each equipment in the converter station increase with the decrease of the DC 

voltage under different single operartional conditions. The losses of each equipment in rectifier station are lower than 

those in inverter station. The loss proportion of each equipment in converter station considering both two-level and 

three-level topologies under the operartional mode condition of bipolar rated transmission power is seen on table 5-

25. 

 

It can be seen from table 5-24 and 5-25, that the losses of converter station are mainly composed of the losses of the 

IGBT valve modules. To decrease the total losses of HVDC system, the losses of the IGBT valve modules should be 

consider first. 

 

Table 5-26: Comparison of different HVDC technologies based on their loss figures at the converter station terminals 

HVDC Technologies Rectifier terminal Inverter terminal 

Loss proportions Loss percent Loss proportions Loss percent 

Two-Level VSC HVDC 17.700 MW 62.55% 18.026 MW 62.64% 

Three-Level VSC HVDC 9.796 MW 34.62% 10.187 MW 35.40% 
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LCC HVDC 801.154 kW 2.83% 565.65 kW 1.97% 

 

Table 5-26 shows the comparison of different HVDC technologies based on their Loss Figure at the converter 

terminals. These values were obtained by summing all the loss profiles of each equipment of the converter stations at 

each terminals of the HVDC technologies used as case study in this Research work. Subsequently, the percentage 

losses were eveluated from the above results. 

 

Table 5-27: Different HVDC technologies with their respective converter losses ratios 

HVDC Technologies Switching Frequency (Hz) Converter loss ratio. 

Two-level VSC 1000 4 

Three-level VSC 1000 2.214 

LCC HVDC 50 0.18 

 

Finally, table 5-27 shows the various HVDC technologies with their respective converter loss ratios, from the table, it 

can be deduced that the two-level VSC-based HVDC technology has the highest percentage converter losses follow 

by the three-level VSC-based HVDC technology.  

5.2.8   Power Losses Calculations of MMC-based HVDC Converter Stations 

5.2.8.1   IGBT Submodule Conduction Losses Calculations for the Upper (positive) Arm 

Table 5-28: Table showing the calculated values of the positive and the negative arms inserted and bypassed cells and 

also arm currents of MMC-based HVDC link 

Results Number of positive and negative arm inserted and bypassed cells 

Positive arm Inserted cells      𝑛𝑝
𝑖𝑛(𝑖) Bypassed cells   𝑛𝑝

𝑏𝑦
(𝑖) 

4 36 

Negative arm Inserted cells    𝑛𝑛
𝑖𝑛(𝑖) Bypassed cells   𝑛𝑛

𝑏𝑦
(𝑖) 

36 4 

Arm currents 𝐼𝑝(𝑖) 𝐼𝑛(𝑖) 

1561.35 A 669.07 A (Negative) 

Table 5-28 shows the calculated values of the positive and the negative arms inserted and bypassed cells using 

equations (2-88) to (2-91). More so, the arm currents are obtained by using equations (2-82) and (2-83).  
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Figure 5-15: The IGBT power conduction Losses for the upper arm 

Figure 5-15 shows the results of the calculations of IGBT power conduction losses at the upper arm using equations 

(3-23) and (3-24). The modulation index, m, the power factor and the peak value of sinusoidal output current are 

shown on table 5-28, similarly, the forward voltage at no-load, 𝑉𝑐𝑒𝑜, and the forward resistance, 𝑅𝑜, of the IGBT are 

readily available on the datasheet. The IGBT conduction loss of the inserted cell and the bypassed cell are estimated 

using equations (3-23) and (3-24). Subsequently, the results from this analysis are summed together to obtain the total 

IGBT conduction loss for the upper arm.  From the above results, the IGBT conduction losses at the inverter terminal 

of the converter station is larger than that of the rectifier terminal, which shows that the inverter station terminal has 

larger power loss contributions on the transmitted power. 

5.2.8.2   Diode Submodule Conduction Losses Calculations for the Upper (positive) Arm 

 

Figure 5-16: The diode submodule conduction losses for the upper (positive) arm 

Figure 5-16 shows the results of the calculations of Diode power conduction losses at the upper arm using equations 

(3-25) and (3-26). The modulation index, m, the power factor and the peak value of sinusoidal output current are 
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shown on table 5-28, similarly, the diode threshold voltage, 𝑉𝐷𝑜, and the diode forward resistance, 𝑅𝐷, of the diode 

are readily available on the datasheet. The diode conduction loss of the inserted cell and the bypassed cell are estimated 

using equations (3-25) and (3-26). Subsequently, the results from this analysis are summed together to obtain the total 

diode conduction loss for the upper arm From the above results, the diode conduction losses at the inverter terminal 

of the converter station is larger than that of the rectifier terminal, which shows that the inverter station terminal has 

larger power loss contributions on the transmitted power. 

5.2.8.3   Total submodule Conduction Losses at the Upper Arm 

Table 5-29: Table showing the total submodule conduction loss at the upper arm 

Results Submodule Conduction Loss 

Rectifier terminal Inverter terminal 

Total conduction Loss (W) (𝑃𝑡−𝑐𝑜𝑛𝑑 = 𝑃𝑡−𝐼𝐺𝐵𝑇 + 𝑃𝑡−𝐷𝑖𝑜𝑑𝑒) 57071.7 W 77456.9 W 

Arm 1+Arm 3+Arm 5 (Upper arms) 171215.1 W 232370.7 W 

 

Table 5-29 shows the results of the calculations of total power losses, which is obtained by summing the IGBT and 

Diode conduction losses. Since there are three arms in the upper section, then the results are multiplied by three to 

obtain the total conduction loss at each of the station terminals. From the above results, the total power losses at the 

inverter terminal of the converter station is larger than that of the rectifier terminal, which shows that the inverter 

station terminal has larger power loss contributions on the transmitted power. 

 

5.2.8.4   IGBT Submodule Conduction Losses Calculations for the Lower (Negative) Arm 

Table 5-30: Calculations of IGBT power conduction losses for the lower arm 

Results IGBT cell 

Power conduction losses in IGBT cell (W) Rectifier terminal  Inverter terminal 

IGBT conduction loss in 𝑇1 𝑃𝐼1𝑐𝑜𝑛𝑑 
𝑖𝑛 (𝑡) 32949.73 W 48243.61 W 

IGBT conduction loss in 𝑇2  𝑃𝐼2𝑐𝑜𝑛𝑑
𝑏𝑦 (𝑡) 3566.53 W 5265.85 W 

Total IGBT conduction loss for the Lower arm  36516.26 W 53509.46 W 

 

Table 5-30 shows the results of the calculations of IGBT power conduction losses at the lower arm using equations 

(3-23) and (3-24). The modulation index, m, the power factor and the peak value of sinusoidal output current are 

shown on table 5-28, similarly, the forward voltage at no-load, 𝑉𝑐𝑒𝑜, and the forward resistance, 𝑅𝑜, of the IGBT are 

readily available on the datasheet. The IGBT conduction loss of the inserted cell and the bypassed cell are estimated 

using equations (3-23) and (3-24). Subsequently, the results from this analysis are summed together to obtain the total 

IGBT conduction loss for the lower arm.  From the above results, the IGBT conduction losses at the inverter terminal 
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of the converter station is larger than that of the rectifier terminal, which shows that the inverter station terminal has 

larger power loss contributions on the transmitted power. 

5.2.8.5   Diode Submodule Conduction Losses Calculations for the Lower (Negative) Arm 

Table 5-31: Calculations of diode power conduction losses for the lower arm 

Results Diode cell 

Power conduction losses in Diode cell (W) Rectifier terminal  Inverter terminal 

Diode conduction loss in 𝐷1 𝑃𝐷1𝑐𝑜𝑛𝑑 
𝑖𝑛 (𝑡) 7192.149 W 10244.95 W 

Diode conduction loss in 𝐷2  𝑃𝐷2𝑐𝑜𝑛𝑑
𝑏𝑦 (𝑡) 499.03 W 838.23 W 

Total Diode conduction loss for the Lower arm 7691.18 W 11083.18 W 

 

Table 5-31 shows the results of the calculations of Diode power conduction losses at the lower arm using equations 

(3-25) and (3-26). The modulation index, m, the power factor and the peak value of sinusoidal output current are 

shown on table 5-28, similarly, the diode threshold voltage, 𝑉𝐷𝑜, and the diode forward resistance, 𝑅𝐷, of the diode 

are readily available on the datasheet. The diode conduction loss of the inserted cell and the bypassed cell are estimated 

using equations (3-25) and (3-26). Subsequently, the results from this analysis are summed together to obtain the total 

diode conduction loss for the lower arm From the above results, the diode conduction losses at the inverter terminal 

of the converter station is larger than that of the rectifier terminal, which shows that the inverter station terminal has 

larger power loss contributions on the transmitted power. 

5.2.8.6   Total Submodule Conduction Losses at the Lower Arm 

Table 5-32: Table showing the total submodule conduction loss at the lower arm 

Results Submodule Conduction Loss 

Rectifier terminal Inverter terminal 

Total conduction Loss (W) (𝑃𝑡−𝑐𝑜𝑛𝑑 = 𝑃𝑡−𝐼𝐺𝐵𝑇 + 𝑃𝑡−𝐷𝑖𝑜𝑑𝑒) 44207.44 64592.64 W 

Arm 2+Arm 4+Arm 6 (Lower arms) 132622.32 W 193777.92 W 

 

Table 5-32 shows the results of the calculations of total power losses, which is obtained by summing the IGBT and 

Diode conduction losses. Since there are three arms in the lower section, then the results are multiplied by three to 

obtain the total conduction loss at each of the station terminals. From the above results, the total power losses at the 

inverter terminal of the converter station is larger than that of the rectifier terminal, which shows that the inverter 

station terminal has larger power loss contributions on the transmitted power. 
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5.2.8.7   Overall Conduction Power Loss 

Table 5-33: Table showing the overall conduction power loss of MMC-based converters 

Results Submodules Conduction Loss 

Overall conduction Loss (W) 

𝑃𝑜𝑣𝑒𝑟𝑎𝑙𝑙−𝑙𝑜𝑠𝑠 = 𝑃𝑢𝑝𝑝−𝑎𝑟𝑚−𝑙𝑜𝑠𝑠 + 𝑃𝑙𝑜𝑤−𝑎𝑟𝑚−𝑙𝑜𝑠𝑠  

Rectifier terminal Inverter terminal 

303837.42 W 426148.62 W 

 

Table 5-33 shows the results of the calculations of the overall conduction power loss of M2C-based converters. This 

is obtained by adding the conduction power loss contribution of the upper arm and the lower arm together. From the 

above results, the total power losses at the inverter terminal of the converter station is larger than that of the rectifier 

terminal, which shows that the inverter station terminal has larger power loss contributions on the transmitted power. 

5.2.8.8   IGBT Submodule Switching Losses Calculations for the Upper (positive) Arm 

Table 5-34: Calculations of IGBT power Switching losses for the upper arm 

Results IGBT cell 

Power switching losses in IGBT cell (W) Rectifier terminal  Inverter terminal 

IGBT switching loss in 𝑇1 𝑃𝐼1𝑠𝑤 
𝑖𝑛 (𝑡) 5581.74 W 5525.974 W 

IGBT switching loss in 𝑇2  𝑃𝐼2𝑠𝑤
𝑏𝑦 (𝑡) 8547.613 W 8045.72 W 

Total IGBT switching loss for the upper arm 14129.35 W 13571.694 W 

 

Table 5-34 shows the results of the calculations of IGBT power switching losses at the upper arm using equations (3-

27) and (3-28). The peak value of sinusoidal output current, 𝐼𝑝, the switching frequency, 𝑓𝑠𝑤, and the dc IGBT 

saturation voltage, 𝑉𝑑𝑐−𝑠𝑎𝑡, are given on table 5-2. Similarly, the IGBT turn on switching energy, 𝐸𝑜𝑛, the IGBT turn 

off energy loss, 𝐸𝑜𝑓𝑓 , and the nominal values of current, 𝐼𝑛𝑜𝑚, and voltage, 𝑉𝑛𝑜𝑚, to normalize the switching power 

loss are readily available on the IGBT datasheet. Subsequently, the results from this analysis are summed together to 

obtain the total IGBT switching loss for the upper arm. From the above results, the IGBT switching losses at the 

inverter terminal of the converter station is larger than that of the rectifier terminal, which shows that the inverter 

station terminal has larger power loss contributions on the transmitted power. 
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5.2.8.9 Diode Submodule Switching Losses Calculations for the Upper (positive) Arm 

Table 5-35: Calculations of diode power switching losses for the upper arm 

Results Diode cell 

Power switching losses in Diode cell (W) Rectifier terminal  Inverter terminal 

Diode switching loss in 𝐷1 𝑃𝐷1𝑠𝑤 
𝑖𝑛 (𝑡) 3112.13 W 3093.29 W 

Diode switching loss in 𝐷2  𝑃𝐷2𝑠𝑤
𝑏𝑦 (𝑡) 4588.93 W 4419.37 W 

Total Diode switching loss for the upper arm 7701.06 W 7512.66 W 

 

Table 5-35 shows the results of the calculations of Diode power conduction losses at the upper arm using equations 

(3-29) and (3-30). The modulation index, m, the power factor and the peak value of sinusoidal output current are 

shown on table 5-28, similarly, the diode threshold voltage, 𝑉𝐷𝑜, and the diode forward resistance, 𝑅𝐷, of the diode 

are readily available on the datasheet. The diode conduction loss of the inserted cell and the bypassed cell are estimated 

using equations (3-29) and (3-30). Subsequently, the results from this analysis are summed together to obtain the total 

diode switching loss for the upper arm From the above results, the diode switching losses at the inverter terminal of 

the converter station is larger than that of the rectifier terminal, which shows that the inverter station terminal has 

larger power loss contributions on the transmitted power. 

5.2.8.10 Total Submodule Switching Losses at the Upper Arm 

Table 5-36: The total submodule switching loss at the upper arm 

Results Submodule switching Loss 

Rectifier terminal Inverter terminal 

Total switching Loss (W) (𝑃𝑡−𝑠𝑤 = 𝑃𝑡−𝐼𝐺𝐵𝑇 + 𝑃𝑡−𝐷𝑖𝑜𝑑𝑒)  21830.41 W 21084.354 W 

Arm 1+Arm 3+Arm 5 (Upper arms) 65491.23 W 63253.062 W 

 

Table 5-36 shows the results of the calculations of total power losses, which is obtained by summing the IGBT and 

Diode switching losses. Since there are three arms in the upper section, then the results are multiplied by three to 

obtain the total switching loss at each of the station terminals. From the above results, the total power losses at the 

rectifier terminal of the converter station is larger than that of the inverter terminal, which shows that the rectifier 

station terminal has larger power loss contributions on the transmitted power. 
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5.2.8.11   IGBT Submodule Switching Losses Calculations for the Lower (Negative) Arm 

Table 5-37: Calculations of IGBT power switching losses for the lower arm 

Results IGBT cell 

Power switching losses in IGBT cell (W) Rectifier terminal  Inverter terminal 

IGBT switching loss in 𝑇1 𝑃𝐼1𝑠𝑤 
𝑖𝑛 (𝑡) 2759.723 W 2257.83 W 

IGBT switching loss in 𝑇2  𝑃𝐼2𝑠𝑤
𝑏𝑦 (𝑡) 1009.20 W (negative) 1064.97 W (negative) 

Total IGBT switching loss for the Lower arm  1750.523 W 1192.86 W 

 

Table 5-37 shows the results of the calculations of IGBT power switching losses at the lower arm using equations (3-

27) and (3-28). The modulation index, m, the power factor and the peak value of sinusoidal output current are shown 

on table 5-28, similarly, the forward voltage at no-load, 𝑉𝑐𝑒𝑜, and the forward resistance, 𝑅𝑜, of the IGBT are readily 

available on the datasheet. The IGBT conduction loss of the inserted cell and the bypassed cell are estimated using 

equations (3-27) and (3-28). Subsequently, the results from this analysis are summed together to obtain the total IGBT 

switching loss for the lower arm.  From the above results, the IGBT switching losses at the rectifier terminal of the 

converter station is larger than that of the inverter terminal, which shows that the rectifier station terminal has larger 

power loss contributions on the transmitted power. 

5.2.8.12   Diode Submodule Switching Losses Calculations for the Lower (Negative) Arm 

Table 5-38: Calculations of diode power switching losses for the lower arm 

Results Diode cell 

Power switching losses in Diode cell (W) Rectifier terminal  Inverter terminal 

Diode switching loss in 𝐷1 𝑃𝐷1𝑠𝑤 
𝑖𝑛 (𝑡) 406.894 W 237.33 W 

Diode switching loss in 𝐷2  𝑃𝐷2𝑠𝑤
𝑏𝑦 (𝑡) 1069.91 W (negative) 1088.75 W (negative) 

Total Diode switching loss for the upper arm 663.02 W (negative) 851.42 W (negative) 

 

Table 5-38 shows the results of the calculations of Diode power switching losses at the lower arm using equations (3-

29) and (3-30). The modulation index, m, the power factor and the peak value of sinusoidal output current are shown 

on table 5-28, similarly, the diode threshold voltage, 𝑉𝐷𝑜, and the diode forward resistance, 𝑅𝐷, of the diode are readily 

available on the datasheet. The diode switching loss of the inserted cell and the bypassed cell are estimated using 

equations (3-29) and (3-30). Subsequently, the results from this analysis are summed together to obtain the total diode 

switching loss for the lower arm From the above results, the diode switching losses at the rectifier terminal of the 
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converter station is larger than that of the inverter terminal, which shows that the rectifier station terminal has larger 

power loss contributions on the transmitted power. 

5.2.8.13   Total Submodule Switching Losses at the Lower Arm 

Table 5-39: Table showing the total submodule switching loss at the lower arm 

Results Submodule switching Loss 

Rectifier terminal Inverter terminal 

Total switching Loss (W) (𝑃𝑡−𝑠𝑤 = 𝑃𝑡−𝐼𝐺𝐵𝑇 + 𝑃𝑡−𝐷𝑖𝑜𝑑𝑒)  1087.503 W 341.44 W 

Arm 2+Arm 4+Arm 6 (Lower arms) 3262.51 W 1024.32 W 

 

Table 5-39 shows the results of the calculations of total power losses, which is obtained by summing the IGBT and 

Diode switching losses. Since there are three arms in the lower section, then the results are multiplied by three to 

obtain the total switching loss at each of the station terminals. From the above results, the total power losses at the 

rectifier terminal of the converter station is larger than that of the inverter terminal, which shows that the rectifier 

station terminal has larger power loss contributions on the transmitted power. 

5.2.8.14   Overall Switching Power Loss 

Table 5-40: Table showing the overall switching power loss of MMC-based converters 

Results Submodules Switching Loss 

Overall switching Loss (W) 

𝑃𝑜𝑣𝑒𝑟𝑎𝑙𝑙−𝑙𝑜𝑠𝑠 = 𝑃𝑢𝑝𝑝−𝑎𝑟𝑚−𝑙𝑜𝑠𝑠 + 𝑃𝑙𝑜𝑤−𝑎𝑟𝑚−𝑙𝑜𝑠𝑠  

Rectifier terminal Inverter terminal 

68753.74 W 64277.382 W 

 

Table 5-40 shows the results of the calculations of the overall switching power loss of M2C-based converters. This is 

obtained by adding the switching power loss contribution of the upper arm and the lower arm together. From the above 

results, the total power losses at the rectifier terminal of the converter station is larger than that of the inverter terminal, 

which shows that the rectifier station terminal has larger power loss contributions on the transmitted power. 

5.2.8.15   Overall Total Losses of MMC at each Converter Stations 

Table 5-41: Table showing the overall switching power loss of MMC-based converters 

Results Submodules Overall total Losses 

Overall total Losses of M2C (W) 

𝑃𝑜𝑣𝑒𝑟𝑎𝑙𝑙−𝑙𝑜𝑠𝑠 = 𝑃𝑡𝑐𝑜𝑛𝑑−𝑙𝑜𝑠𝑠 + 𝑃𝑡𝑠𝑤−𝑙𝑜𝑠𝑠  

Rectifier terminal Inverter terminal 

372591.16 W 490426.002 W 

3-∅ MMC total Losses 1.118 MW 1.4713 MW 
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Table 5-41 shows the results of the calculations of the overall total power loss of M2C-based converters. This is 

obtained by adding the total switching power loss contribution and the total conduction power loss contribution 

together. From the above results, the overall total power losses at the inverter terminal of the converter station is larger 

than that of the rectifier terminal, which shows that the inverter station terminal has larger power loss contributions 

on the transmitted power. 

Table 5-42: Comparison of different HVDC technologies based on their converter loss figures at the converter station 

terminals 

HVDC Technologies Rectifier terminal Inverter terminal 

Loss proportions Loss percent Loss proportions Loss percent 

Two-Level VSC HVDC 17.221 MW 61.55% 17.711 MW 60.44% 

Three-Level VSC HVDC 9.317 MW 33.30% 9.872 MW 33.69% 

LCC HVDC 322.404 kW 1.15% 250.982 kW 0.86% 

MMC HVDC 1.118 MW 4.0% 1.4713 MW 5.01% 

 

Table 5-42 shows the comparison of different HVDC technologies based on their converter loss figure at the converter 

station terminals. Therefore, from the table, it can be deduced that the two-level VSC-based HVDC technology has 

the highest percentage converter losses, followed by the three-level VSC-based HVDC technology. It can be seen that 

the loss contribution of modular multilevel converters is lower than the two level and three level VSC HVDC 

technologies, which conforms with the theoretical background of this HVDC technologies. 

5.3 Summary 

This chapter describes the evaluation of power losses in VSC-based HVDC technologies. The loss mechanisms of 

various VSC topologies were considered, the topologies considered in this chapter are 2-level, 3-level and modular 

multilevel converter. The loss calculation method utilized in this chapter is based on analytical mathematical 

representations stipulated in standards IEC 62751-1-2 and the component datasheet. The difficulty of HVDC 

transmission system loss calculation falls in the loss calculation of the converter station. To understand the loss 

proportion of equipment in HVDC converter station and to decrease the losses of the HVDC system, analysis based 

on the formulas stipulated in the standard of IEC 62751-1-2 Determination of power losses in VSC-based high-voltage 

direct current (HVDC) converter stations and the formulas for power loss calculation for both the two-level and three-

level converter topologies were used to calculate the losses of each equipment in the converter stations. The results 

obtained from the losses analyses of these various VSC topologies show that the loss contributions of MMC topology 

is very much lower than the loss profile of 2-level and 3-level topologies. The MMC-based configuration has core 

features of low switching frequency and flexible controlled so that its loss figures are smaller than that of the three-

level and two-level VSC-based configuration.
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CHAPTER 6 

POWER LOSSES CALCULATION OF HVDC TECHNOLOGIES MODEL 

SIMULATION AND RESULTS 

6.1 Introduction 

The previous chapters have expressly shown the power losses calculation methodologies to evaluate the converter 

stations losses of various high voltage direct current technologies using Standards IEC 61803, IEEE std 1158, IEC 

62751-1-2 and datasheet parameters. Due to the various loss generation mechanisms, each kind of equipment has a 

particular loss calculation model, which involves equipment inherent parameters and operational parameters changed 

with operation conditions.  Therefore, it is expedient to acknowledge that the increased product variety in the area of 

power semiconductors demands comparisons beyond the information contained in datasheets. In respect of this, the 

various HVDC technologies (circuit simulations) models are implemented in Matlab-Simulink and permits the 

simulation of various power devices, modulation techniques and operating condition with ease. Subsequent to these 

circuit implementations, some results are obtained and consequently validated with other commercial power loss 

simulation tools or electronic software, such as Semisel and Melcosim [4, 92]. 

6.2 Circuit Simulations of Various HVDC Technologies 

The evaluation of transmission power losses are essential to be investigated in power transmission systems and it is 

imperative to design a transmission system with minimal power loss. Power loss evaluation in transmission system 

can contribute to the overall system performance optimization by assessing both the economic and technical system 

benefits and comprehending the components that contribute to maximum power loss [7, 83]. Hence, to evaluate the 

losses of converter station equipment, the system operation of a point-to-point HVDC system was modelled and 

simulated using Matlab-Simulink program. The rectifier control operation was modelled as a constant dc source and 

the control operation of the inverter as constant extinction angle, majorly for efficient, reliable and stable system 

operation. It is worthy of note that, the proposed method of valve losses determination is based on analytical formulae 

for both the operating and standby conditions. However, it is expedient to apply numerical solutions using real-time 

or non-real-time simulations to obtain such input parameters, for example switching energies, valve current, dc voltage 

etc. This approach is much faster and accurate (less prone to error) than applying purely analytical means which 

requires complex analysis to obtain some of these necessary input parameters. Moreover, to obtain accurate input 

parameters, it is expected that such simulations should be an accurate modelling of the system under investigation. At 

this junction, it is very essential to investigate the circuit simulations of various HVDC technologies such as LCC-

based and VSC based HVDC systems. Afterward, both approaches (analytical and simulations) are compared based 

on the results obtained [58, 95]. 

6.2.1 LCC-Based HVDC Technology 

Chapter 4 of this dissertation explicitly explained the analytical approach to calculating the power loss contributions 

of key equipment of the LCC-based HVDC converter stations during operating and standby conditions. The losses 
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were calculated from component characteristics, using suitable mathematical models of the converters as indicated in 

standards IEC 61803 and IEEE 1158. In this section, the analytical formulae used to estimate the various station 

equipment losses were modelled into blocks on Matlab-Simulink environment as illustrated in figure 6-1. These blocks 

were connected together to form LCC-based HVDC network. The description of the network is discussed below. The 

system was simulated and the losses of this HVDC technology were obtained from the scopes and the results were 

tabulated [3, 96].  

 

Figure 6-1: Circuit simulation of 6-pulse LCC-Based HVDC technology 

Figure 6-1 describes A 1000 MW (500 kV, 2 kA) DC interconnection, which is utilized to transport power from a 500 

kV, 5000 MVA, 50 Hz network to a 350 kV, 10,000 MVA, 50 Hz network. Both the network has a power rating of 

5000 MVA and frequency of 50 Hz [92, 97]. Therefore, the system and the converters are connected through a 5000 

MVA three-phase transformer (three windings). ). It is worthy of note that, HVDC system majorly converts from ac 

to dc through the rectifier station and also converts dc to ac through the inverter station. Therefore, the voltage reduces 

through these conversions as a result of the HVDC components between the rectifier and inverter stations. At first, 

the 500 kV was stepped down to 440 kV by the stepdown transformer, as a result of the subsequent conversions, the 

voltage was further reduced to 350 kV which could be calculated using some equation available in literature [56] 

analytically to justify the value. Finally, the voltage was stepped down by the step down transformer to 230 kVThe 

thyristors are fired at an angle of 19° and also the overlap angle between the commutating thyristors was taken to be 

10° in order for accurate and effective operation of the system and likewise to obtain optimum voltage value at the 

inverter side. More so, the rectifier and the inverter consist of 6-pulse Thyristor Bridge, which are connected, in series 

via a DC line of 500 km distributed parameter line and a 0.5 H smoothing reactor at both side of the line. Subsequently, 

the harmonic compensation has been taken care of, mainly by installing AC filters, which comprises of one capacitor 

banks of 600 Mvar reactive power for harmonic reduction. In the circuit simulation modelled in this research, two-

gamma measurement blocks are modelled for both the rectifier and inverter, whose subsystem components are 

illustrated in figures 6-2 and 6-3. The essence of these controllers is mainly to control the firing angle and the extinction 

angle for efficient operation of the system. The trigger set mainly convert the firing angle in suitable firing pulses for 

each individual valve and the synchronization of these pulses to the AC system.  In rectifier control system, the dc 

link current is kept constant by subjecting the rectifier with constant current control (pole control).The firing angle is 
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mainly adjusted with current error, to maintain the dc current constant. Also in inverter control system, the inverter 

adopts the constant extinction angle control. However, in steady state normal operating conditions, it operates with 

CEA control [98, 99]. 

 

Figure 6-2: Subsystem components of Alpha Order 

 

Figure 6-3: Subsystem components of Rectifier current control (Firing angle measurement) 

Figure 6-2 and 6-3 describes the rectifier control system whose major aim is to generate pulse signal to trigger the 

gate of the thyristor. The PID controller determines the conduction angle, which is used to generate the firing pulse 

for the thyristor. The PLL block generates the firing angle in radian (wt) and frequency from the three-phase voltage, 

which is utilized by the pulse generator to energize the gate of the six-thyristor valves. A PI current regulator controls 

the converter output current. A step signal is applied to the reference input to test the dynamic response of the current 

regulator. 

 

Figure 6-4: Subsystem components of Inverter gamma control 
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Figure 6-4 describes the implementation of inverter control system. The selector is used to select d and q from the 

abc-to-dqo transformation block. A PLL block is used to generate the frequency and the angle in radian (wt). The 

voltage from dqo is transformed to abc by Clarke transformation. Finally, the PWM generator generates the pulses of 

the thyristor based on the input from the transformation block [23]. 

6.2.1.1 Power Losses Calculation of LCC-based HVDC System 

An intuitive way to obtain the converter-station valve power losses is to simply compare the AC side measured power 

and the DC side power. The studies in the previous chapters pointed out the inherent inaccuracy in the measurement 

data, in the attempt to determine the station losses by simply subtracting the output power measured, from the input 

power. More so, such method is not able to observe the distribution of valve power loss and the factors that influence 

valve power losses. It was further suggested that the total losses of HVDC converter station should be obtained mainly 

by the addition of various equipment losses on the converter station. In view of this, the total losses calculation 

algorithm of LCC-based HVDC converter station are integrated in a block in Matlab Simulink [2, 7].  

 

 

Figure 6-5: Matlab-Simulink Losses Block Model (HVDC technologies) [66] 

Figure 6-5 describes the loss model of HVDC converter station equipment of various HVDC technologies. The 

parameter calculation is carried out based on the formulae in the standards and the device datasheet. The loss 

estimation of these station equipment is evaluated during operating and standby conditions. 
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6.2.1.2 Simulation Results using Various Simulation Schemes for Losses Estimation 

Table 6-1: Simulation parameters 

Required 

parameters  

𝑉𝑎𝑏𝑐  𝑓   𝐴𝑡𝑒𝑚𝑝°𝐶  𝑅  𝐿𝑠  𝑇𝑗 𝑅𝑡 𝑉𝑇𝑂 

Values 500 kV 50 Hz 40 ℃ 0.002 Ω 98.03e-3 H 125℃ 0.198mΩ 0.98 V 

 

 

Figure 6-6: LCC-based converter stations equipment losses using Matlab-Simulink algorithm 

Table 6-1 shows the simulation input parameters used in the Matlab-Simulink algorithm to compute the power losses 

of various equipment on the converter stations. The 𝐼2𝑅 losses of the converter station equipment were modelled in 

the block called loss calculation, and the outcome of the power losses of the converter station equipment such as 

thyristor valves, converter transformer, AC filters, and DC Capacitor are illustrated in figure 6-6. 

 

Figure 6-7: Source Voltage and current waveforms before applying harmonic filters 
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Figure 6-8: Source Voltage and Current waveforms after applying harmonic filters 

Figure 6-7 and 6-8 show the waveforms of the source voltage and current before and after the installation of harmonic 

filters respectively. The converters and converter transformer introduced the harmonic contents, which cause the 

ripples as shown in Figure 6-7.  From the total harmonic distortion analysis carried out, the following characteristics 

harmonics were noticed, 3rd, 5th, 7th, 11th, 12th, 17th, and 19th harmonics.  Subsequent to the installation of the 

harmonic filters such as the C-type, single-tuned, double-tuned, and high pass filters at the converter terminals, the 

harmonic contents were mitigated which results in Figure 6-8 that shows the waveform of filtered source voltage and 

current.  

 

Figure 6-9: Variation of converter station’s equipment losses with converter station operating parameters (Rectifier 

terminal) 
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Figure 6-10: Variation of converter station equipment losses with converter station operating parameters (Inverter 

terminal) 

Figure 6-9 and 6-10 show the results of the various key equipment losses on HVDC converter station as they vary 

with the operating parameters. These results were obtained from the scope of the block, model of Matlab-Simulink 

Algorithm. Theoretically, it is imperative to note that the actual losses in each piece of equipment depend on the 

ambient temperature, which is a function of the junction temperature. Losses also depend on the operating conditions 

to which it is applied, therefore, invariably depend on it operating parameters such as ambient temperature, load 

current, dc voltage, firing angle etc.  Therefore, in order for the summation of the individual losses to be a sufficiently 

accurate representation of the actual total HVDC converter station losses, the ambient and operating conditions for 

each piece of equipment must be defined, based on the ambient and operating conditions of the entire HVDC converter 

station. The losses of the key converter station equipment such as thyristor valves, converter transformer, AC filters, 

and DC smoothing reactor were estimated and varied with some operating parameters such as, the junction 

temperature, load current and dc voltage. The essence is to indicate loss dependence and its linear relationship on these 

parameters. The suggested and accepted method of estimating the power losses of converter station applies, i.e. the 

summation of various converter stations equipment losses.  The Matlab-Simulink algorithm was also modelled in a 

block to compute the junction temperature 𝑇𝑗, since the junction to case thermal resistance 𝑅𝑡ℎ𝑗−𝑐, case to heatsink 

thermal resistance 𝑅𝑡ℎ𝑐−ℎ and heatsink to ambient thermal resistance 𝑅𝑡ℎℎ−𝑎 values are readily available on 

component datasheet. The results obtained were also compared with other results from commercial losses calculation 

simulation tool such as Semisel program. Simisel program is an online losses calculation simulation tool powered by 

Semikron. The result obtained from the semisel program are shown below. 
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Table 6-2: Given simulation parameters 

Required parameters Values 

Threshold voltage, 𝑉𝑇𝑂 at 25°𝐶 

Threshold voltage, 𝑉𝑇𝑂 at 125°𝐶 

0.82 V 

0.98 V 

Slope resistance, 𝑟𝑇 at 25°𝐶 

Slope resistance, 𝑟𝑇 at 125°𝐶 

0.17 mΩ 

0.198 mΩ 

Junction to sink thermal resistance, 𝑅𝑡ℎ𝑗−𝑠 0.043 K/W 

 

 

Figure 6-11: Thyristor valves losses on semisel simulator platform 

Figure 6-11 describes the losses calculation on online commercial platform known as Semisel program powered by 

Semikron. Table 6-2 and Figure 6-11 show the required parameters for the simulation and the results obtained after 

the simulation respectively. 

6.2.2 VSC-based HVDC Technologies 

 

Figure 6-12: Block diagram of two-level VSC HVDC technology 
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Figure 6-13: Block diagram of multi-level VSC HVDC technology 

Figure 6-12 depicts the two-level VSC HVDC technologies with a 200 MVA, 100 kV DC forced –commutated 

voltage-source converter interconnection, which is used to transport power from a 500 kV, 5000 MVA, 50Hz system 

to another identical AC system. More so, the rectifier and the inverter are two and three level VSC converters using 

IGBTs and freewheeling diodes. The Sinusoidal Pulse Width Modulation (SPWM) switching utilizes a single-phase 

triangular carrier wave with a frequency of 20 times the fundamental frequency (1 kHz). The AC side of the system 

consists of the converters, the step down 𝑌𝑔 − 𝐷 transformer, the converter reactor and the AC filters. The DC side 

consists of the DC filters, the shunt capacitors etc. The 600 Mvar shunt AC filters are mainly 27th and 54th high-pass 

tuned around the two dominating harmonics. The DC capacitors are connected to the VSC terminals. Therefore, these 

connections have an influence on the system dynamics and voltage ripples on the DC sides. The rectifier and the 

inverter are interconnected through a pie cable configuration of 500 km distance apart and 8mH smoothing reactors. 

Figure 6-13 shows a multi-level VSC HVDC technology, a 500 kV, 5000 MVA, 50Hz system were utilized to transmit 

power from the rectifier terminal to the inverter terminal. At the inverter terminal, a 2800 volts DC source, 1000 MW, 

three-phase multi-level delivers variable power to the distribution power system. More so, the inverter output is 

connected to the 230 kV, 5000 MVA, 50Hz system through a 350/230 kV transformer. The control system mainly 

contains two PI controllers (one current regulator and one PQ regulator) to generate the needed inverter pulses in order 

to achieve the reference output power. Note that, the leg of phase-A is implemented using three-Half IGBT with Loss 

Calculation blocks. More so, both the conduction and switching losses are computed and injected into a thermal 

network. The achievable output power versus switching frequency for the three-phase multi-level converter station 

are illustrated by the simulation. Furthermore, the half-bridge is modeled by two IGBT and freewheeling diode blocks, 

which are pulsed from an external pulse generator. It is worth noting that, the loss estimations are based on the 

specifications read from the manufacturer’s datasheet. 
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Figure 6-14: Arrangement of IGBT modules, which form the subsystems of various VSC configurations 

Figure 6-14 shows the method of IGBT Modules arrangement in the subsystem blocks of various VSC configurations. 

The above arrangement is mainly for the inverter terminal, this is like a prototype for other VSC configurations both 

at the rectifier and inverter station terminals.  

6.2.2.1 Power Losses Calculation of VSC-based HVDC System 

The power losses estimation algorithm of various VSC technologies of HVDC system such as two, three and multi-

level technologies are executed by two Matlab files, a Simulink program (.mdl file) and the main file (.m structure). 

The Simulink file is activated from the main file. The power losses are majorly estimated in four groups, which are, 

IGBT conduction losses, IGBT switching losses, diode conduction losses and diode switching losses. 

 

Figure 6-15: Matlab-Simulink: Conduction calculation block model 
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Figure 6-16: Matlab-Simulink: switching losses calculation block model 

Figure 6-15 and 6-16 show the Matlab-Simulink Implementation of Conduction and switching losses calculation based 

on the formula stipulated in the previous chapters. The block model actually provides the losses of one leg of the IGBT 

Module. Therefore, due to the same dc-link voltage, switching patterns and ac current are applied to the other phase 

legs. Since the configuration is three-phase the total losses by multiplying the results by three. 

6.2.2.2 Simulation Results for VSC Technologies using Matlab-Simulink Algorithm 

Table 6-3: Simulation parameters 

Required 

parameters  

𝑉𝑐𝑒−𝑑𝑐  𝑓𝑠𝑤   𝐴𝑡𝑒𝑚𝑝°𝐶  𝑅  𝐿𝑠  𝑇𝑗 𝑅𝑜 𝑅𝑑 

Values 2800V 1 kHz 60 ℃ 0.002 Ω 98.03e-3 H 125℃ 0.001677 0.001167 

 

 

Figure 6-17: Two-level VSC technology power losses estimations using Matlab-Simulink algorithm 
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Figure 6-18: Three-level VSC technology power losses calculations using Matlab-Simulink algorithm 

 

Figure 6-19: Multi-level VSC technology power losses calculations using Matlab-Simulink algorithm 

Table 6-3 shows the simulation parameters used in the Matlab-Simulink algorithm to compute the power losses of 

IGBT modules at each converter station terminals. The 𝐼2𝑅 losses i.e., the square of the rms current passing through 

the power device (IGBT modules) and its equivalent resistance at both converter station terminals (Conduction losses), 

also the product of the voltage and current of the main semiconductor using the oscilloscope were modelled in the 

block called loss calculation. Therefore, the outcome of the Simulation results of the IGBT modules power losses at 

both converter station for all the VSC technologies are illustrated in Figure 7-17, 7-18 and 7-19. 
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Figure 6-20: The Inverter terminal’s Voltage and current waveforms during 2-Level VSC simulation 

 

Figure 6-21: The Inverter terminal’s Voltage and current waveforms during 3-Level VSC simulation 
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Figure 6-22: The Inverter terminal’s Voltage and current waveforms during Multi-Level VSC simulation 

Figure 6-20, 6-21 and 6-22 describe the output waveform at the inverter terminal for 2-level, 3-level and multi-level 

VSC configurations during the operating condition of the station i.e. the station energized and the valves are operating. 

The waveforms show the voltage and current at the inverter terminal for various VSC technologies. During standby 

mode i.e. when the stations are energized and the valves blocked, zero harmonic current flows in the system and results 

to no losses in the system.  

Figure 6-23 illustrates the relationship and the effect of both IGBT and FWD losses on two operating parameters such 

as modulation index and power factor. Fig. 6-23 is obtained by setting the transmission capacity of the system to 

1500kW, which results to the losses at both upper and lower submodule of the IGBT and FWD shown below. 

Therefore, it can be seen that their losses decreases when the power factor and modulation index of the system 

increases. The losses of IGBT are larger than the losses of its corresponding FWD. Hence, with a fixed transmission 

power, the losses of the system can be drastically reduced by increasing the modulation index and power factor. 
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Figure 6-23: The 3-D map of IGBT's and FWD's Losses of MMC topology 

 

Figure 6-24: The variation of the switching, conduction and total losses of 6-valves IGBT Module for 2-Level VSC 

configuration with respect to the Load current 
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Figure 6-25: The variation of the switching, conduction and total losses of 6-valves IGBT Module for 3-Level VSC 

configuration with respect to the Load current 

 

Figure 6-26: The variation of the switching, conduction and total losses for both upper and lower arm of Multi-Level 

VSC configuration with respect to the Load current 

Figure 6-24, 6-25 and 6-26 show the results obtained from the scope of the block model of Matlab-Simulink 

Algorithm, which calculate both the switching losses and conduction losses of IGBT Modules  for various VSC 

configurations  as they vary with respect to the load currents. The Matlab-Simulink algorithm was also modelled in a 

block to compute the junction temperature 𝑇𝑗, since the junction to case thermal resistance 𝑅𝑡ℎ𝑗−𝑐, case to heatsink 

thermal resistance 𝑅𝑡ℎ𝑐−ℎ and heatsink to ambient thermal resistance 𝑅𝑡ℎℎ−𝑎 values are readily available on 

component datasheet. The results obtained using Matlab-Simulink block model were also compared with other results 

from commercial losses calculation simulation tool such as Semisel and Melcosim program to validate the accuracy 
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of the results obtained on Matlab-Simulink Algorithm. The result obtained from the Semisel and Melcosim program 

are shown below. 

Table 6-4: Simulation parameters 

IGBT  𝑉𝑐𝑒  𝐼𝑐 PF MR 𝑓𝑠𝑤 𝑓𝑜 𝑇𝑠 𝑇𝑗𝑚𝑎𝑥 𝑅𝑔(𝑜𝑛)  𝑅𝑔(𝑜𝑓𝑓)  

2800 V 1000 A 0.856 0.85 1kHz 50Hz 125°𝐶 150°𝐶 2.4Ω 2.7Ω 

Diode 𝐶𝑓 𝑉𝑇𝑂  𝑅𝑑  𝑉𝑓 𝐼𝑓  𝑅𝑡ℎ(𝑗−𝑐) 𝐴𝑡𝑒𝑚𝑝 𝑁𝑠 𝐸𝑜𝑛 𝐸𝑜𝑓𝑓  

1 1.2 V 0.001

2 

2.57V 450A 0.055K/W 60°𝐶 6 6450

mJ 

4650

mJ 

 

 

Figure 6-27: Power losses calculations of two-level VSC-based configuration using other loss simulators 

Figure 6-28: Power losses calculations of three-level VSC-based configuration using other loss simulators 
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Figure 6-27 and 6-28 describe the losses calculation on online commercial platform known as Semisel program 

powered by Semikron and Melcosim, which is a power loss simulator software developed by Mitsubishi corporation 

mainly for proper selection of IGBT module within its maximum junction temperature limit. The results obtained 

using Matlab-Simulink block model were also compared to validate the accuracy of the results obtained on Matlab-

Simulink Algorithm. Table 6-4, Fig.6-27, and Fig. 6-28 show the required parameters for the simulation and the results 

obtained after the simulation respectively. 

 

Figure 6-29: Losses Comparisons of HVDC technologies using various Losses calculations simulation platforms 

Figure 6-29 shows the losses comparisons of the calculated, Matlab-Simulink, Semisel and Melcosim values obtained 

during their analyses and simulation respectively. From Fig. 6-28, it is obvious that the results obtained as a result of 

using standard IEC 61803, IEC 62751-1-2 and datasheet are quite reasonably higher than the other platforms. It can 

be seen that the difference between various methods applied was small. The power losses results depict that the 

calculated losses values differ on a maximum of 9.04% in comparison with the Matlab-Simulink platform, 20.9% in 

comparison with the Semisel application and 34.5% in comparison with the Melcosim program. Matlab-Simulink 

Algorithm has an important feature, which is its flexibility. Reason being that the power device parameters, operating 

condition, modulation strategy and configurations are very easy to be modified. 

6.3 Conclusion 

In conclusion, various mathematical schemes have been investigated in this research, majorly for loss estimation of 

various HVDC technologies utilizing both commercial online losses simulation tools such as Semisel, also the losses 

simulation software were simultaneously used to validate the accuracy of the other programs, software like Matlab-

Simulink and Melcosim. These schemes are simple to implement and subsequently does not slow down numerical 

simulation time. The discrepancies between the various schemes adopted in this research works during the estimation 

of the losses of different HVDC technologies are not too large as described above using the percentage difference 

between the calculated loss values and the other schemes respectively.  Finally, from the results obtained, it is obvious 

that the accuracy of the resulting total losses is principally not influenced by the various loss calculation scheme. It 

mainly depends upon the datasheets or experimental measurements. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The aim of this research is to investigate the analytical and simulation calculation methods of power losses of HVDC 

converter stations in accordance with the stipulated Standards IEC 61803, IEEE Std 1158 and IEC 62751-1-2, 

Determination of power losses in high –voltage direct current (HVDC) converter stations alongside with the datasheet 

parameters of the electronic devices. In this research-work, the following transmission technologies were investigated, 

VSC-based (2-level, 3-level and modular multilevel converter) and LCC-based HVDC converter technologies. This 

research makes it possible to predict the loss figure or profile of various HVDC technologies most exactly, likewise 

to clearly show the dependency of the losses on circuit parameters and operating point and besides to have a good 

basis for the comparison of both converter systems. The main objective was to investigate, determine, identify and 

evaluate the loss contributions of each components of various HVDC converter stations such as LCC-based HVDC 

and VSC-based (Two-level, three-level and Multi-level configurations) HVDC technologies using analytical approach 

and subsequently validate the results obtained by simulation approach in order to prove the viability of the HVDC 

loss study .  

 

Therefore, the loss figures of individual equipment of LCC-based HVDC converter stations that contribute large 

amount of losses were investigated and analyzed based on the mathematical expressions stipulated in the Standards 

IEC 61803 coupled with the datasheet parameters. Afterwards, the results obtained due to the aforementioned 

approaches were illustrated in tables and charts (figures). The calculation procedures for calculating the eight loss 

mechanisms of thyristor valves, the load and no-load losses of converter transformer, the losses of smoothing reactor, 

and the losses due to the AC filters installed at the converter terminal were presented. The essence of installing the 

AC filters was to reduce the ill-effect harmonic contents or better still to compensate for the reactive power being 

consumed by the converters. The loss proportions of each equipment in converter stations under the operartional mode 

condition of bipolar rated transmission power were also analyzed. From the results of the loss evaluations of LCC-

based HVDC technology, the converter transformers have the highest loss contribution, followed by thyristor valves, 

DC smoothing reactors, then finally, AC filters. The results were in conformity with the typical breakdown of the 

percentage total losses of LCC-based HVDC Converter Station illustrated in standards IEEE 1158 and IEC 61803. 

 

More so, the determination and analyses of power losses of VSC-based converter stations were investigated. Three 

different topologies were considered which are two-level, three-level and modular multilevel converter configurations, 

under each topologies, the conduction and switching losses of both the IGBTs and the freewheeling diodes were 

analytically assessed. The total power losses contributions of each VSC-based technologies were obtained by 

summing the loss profiles due to conduction and switching action of the IGBTs modules. The results obtained due to 

the loss estimations were illustrated in form of tables and charts to show the loss contributions of each equipment on 
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VSC-based HVDC converter stations pictorially. The total losses and the percentage loss proportions of converter 

station equipment were also analyzed for further illustrations. The comparisons of different HVDC technologies based 

on their loss figures at the converter station terminals were illustrated. The loss mechanisms of various VSC-based 

topologies such as the two, three level and modular multilevel converter configurations were calculated using the 

mathematical expressions obtained in various literatures that were reviewed, IEC 62751-1-2 and coupled with the 

datasheet parameters. From the results obtained it could be deduced that the two-level VSC-based HVDC technology 

has the highest percentage converter losses, followed by the three-level VSC-based HVDC technology. It can be seen 

that the loss contribution of modular multilevel converters is lower than the two level and three level VSC HVDC 

technologies and this is due to its characteristics of low switching frequency. 

 

Furthermore, the Matlab-Simulink modeling of HVDC technologies using the mathematical expressions used during 

the analytical approach were also investigated to provide an independent crosscheck on the results obtained using 

idealized mathematical representations (analytical technique). These loss expressions were modeled in a blocks and 

afterwards were implemented on Matlab-Simulink environment. The circuit simulations of various HVDC 

technologies in line with the loss evaluation of these technologies i.e. LCC-based, two-level, three-level and Multi-

level configurations, were comprehensively illustrated. Subsequent to the simulation of the modeled HVDC 

technologies, the simulation results obtained due to various simulation scheme or platform were illustrated using tables 

and chart (figures). Hence, in order to validate the loss results obtained from Matlab-Simulink environment, some 

other loss simulation software were used such as Melcosim and a commercial power loss simulation tools known as 

Semisel, all these efforts are to validate and compare the results. 

 

In general, it is worth noting that, these loss percentages should be taken as approximate, reason being that, these 

numbers were obtained for components in different systems. Invariably, the actual circuit losses obviously depend on 

its operating point and the transmission system. Note that, the converter transformer used in HVDC systems 

experiences the normal operating loss due to the sinusoidal current flow and also has additional losses due to the flow 

of harmonic current through the device. The transformer losses were found to be about 41.6% at the rectifier and 

37.26% at the inverter terminals. Furthermore, the losses contributions by the thyristor valves were found to be 40.2% 

at the rectifier and 44.4% at the inverter terminal, alternatively, the losses in the snubber circuits and the thyristor 

valves are preferably measured by simply determining the amount of heat that is dissipated or removed by the cooling 

system. The losses due to the snubber circuits are infinitesimally small compared to other converter stations 

equipment, therefore these losses were neglected throughout the converter station’s loss evaluations.  

7.2 Recommendations for Future Research 

Measurement of HVDC converters losses is one of the most important figures of merit for a converter valve. The 

present situation of loss evaluation is that such losses are often calculated and not measured. For investors, that decides 

on transmission system alternatives, accurate knowledge of the expected losses form an essential part of project 

evaluation. In respect of this, proper measurement of losses in HVDC system is important. The power losses of various 
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HVDC technologies can be directly evaluated in economic terms (minimizing losses will also reduce emission of 

greenhouse gases). Therefore, it is expedient to introduce alternative methods for establishing loss evaluation factors 

of HVDC technologies, which is evaluating the economic costs of losses in HVDC converter stations. Therefore, the 

author recommends the application of HVDC converter and its impact on the different types of losses, the technical 

and economic analyses of HVDC technologies to be studied and to investigate the economic feasibility and viability 

of HVDC system on loss minimization and also investigate its benefits from financial point of view for further 

research. 

Furthermore, the next step of this study would be the expansion of the model used in this research work to compute 

the HVDC converter station losses. It would be very interesting to model a more realistic HVDC system and analyze 

the losses of each equipment on the converter stations. More so, all the simulations in this study were done for rated 

voltage and power of the converters, but it is of importance that the operation at different power and voltage level to 

be investigated due to its effect on converter’s efficiency. Generally, the cost in terms of investment and operation is 

an interesting factor, which is to be considered in future study, and it is the most important from the companies’ point 

of view. Finally, the application  
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APPENDICES 

Appendix A 

Datasheet Manual for Thyristor DCR3030V42 
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Datasheet Manual for IGBT Module DIM1200ASM45-TS000 
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Table A-1: System Parameters of the HVDC Systems 

Components Actual value 

Rectifier side Inverter side 

Transformer rating 500/440 kV,  

1000 MVA 

350/230 kV 

Transformer resistance 2 Ω 2 Ω 

Transformer reactance 55.5 mH 55.5 mH 

Coupling reactor 41.8 mH 41.8 mH 

VSC converter rating 1000 MVA 1000 MVA 

DC cable resistance 0.05 Ω/km(500km 

long) =25 Ω 

0.05 Ω/km (500km long) =25 Ω 

𝑉𝑐𝑒−𝑑𝑐 2800 V 2000 V 

DC link voltage 561.64 kV 561.51 kV 

𝑁𝐼𝐺𝐵𝑇 𝑣𝑎𝑙𝑣𝑒(number of IGBTs connected in 

series) 

300 300 

Number of valves at each station. 6 6 
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Table A-2: Datasheet parameters for Dynex IGBT module DIM1200ASM45-TS000 [67, 100] 

Input 

 𝑉𝑐𝑒−𝑑𝑐 2800 V 

 𝐼𝑟𝑚𝑠 

 

 

 

S 1000 MVA Rectifier side = 1312.16 A 

 

 

Inverter side = 1649.57 A 

  𝑉𝑠 440 kV 

𝑆

√3 × 𝑉𝑠

 

𝐼𝑝 √2 × 𝐼𝑟𝑚𝑠 Rectifier side=1855.7 A Inverter side=2332.84 A 

Switching frequency  𝑓𝑠𝑤 1 KHz 

Converter Power factor  cos 𝜃 0.85 

Modulation index (m) 0.856 

Ambient Temp °𝐶 60 

DATASHEET 

DIM1200ASM45-TS000 

Case temperature=𝑇𝑐𝑎𝑠𝑒  = 125°𝐶 unless stated otherwise. 

IGBT DIODE 

 

 𝐸𝑜𝑛(𝐽) 6.45 𝐸𝑟𝑒𝑐(𝐽) 3.75 

 𝐸𝑜𝑓𝑓(𝐽) 4.65 - - 

 𝐼𝑛𝑜𝑚(𝐴) 1200 𝐼𝑛𝑜𝑚(𝐴) 1200 

 𝑉𝑛𝑜𝑚(𝑉) 2800 𝑉𝑛𝑜𝑚(𝑉) 2800 

 𝑉𝑐𝑒𝑜(𝑉) 1.44 𝑉𝑑𝑜(𝑉) 1.79 

 𝑅𝑜(Ω) 0.001677 𝑅𝑑(Ω) 0.001167 

 𝑅𝑡ℎ(𝑗−𝑐)(°𝐶/W) 0.008 𝑅𝑡ℎ(𝑗−𝑐)(°𝐶/W) 0.016 

𝑅𝑡ℎ(𝑐−ℎ)(°𝐶/W) 0.006 𝑅𝑡ℎ(𝑐−ℎ)(°𝐶/W) 0.006 

𝑅𝑡ℎ(𝑗−ℎ)(°𝐶/W) 0.014 𝑅𝑡ℎ(𝑗−ℎ)(°𝐶/W) 0.022 

𝑅𝑡ℎ(ℎ𝑠−𝑎)(°𝐶/W) 0.007 𝑅𝑡ℎ(ℎ𝑠−𝑎)(°𝐶/W) 0.007 
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Appendix B 

The Results of the Loss Calculations of some Converter Station Equipment 

 

Table B-1: Damping loss per valve calculations (Losses of damping Resistor) 

Parameters needed for calculations. 𝑚 𝜇 𝛼 𝑓 𝑉𝐿 

0 10° 19° 50 Hz 311.13kV 

𝑊5 Damping Loss per 

valve (Rectifier side) 

First branch 𝑅1 𝐶1  𝑊5𝑓−𝑏𝑟𝑎𝑛𝑐ℎ=3.185 kW 

 𝑊5𝑠−𝑏𝑟𝑎𝑛𝑐ℎ=2.854 kW 

 𝑊5𝑡𝑜𝑡𝑎𝑙=6.038 kW 

5 kΩ 10nF 

Second branch 𝑅2 𝐶2 

7 kΩ 8nF 

𝑊5 Damping Loss per 

valve (Inverter side) 

First branch 𝑅1 𝐶1  𝑊5𝑓−𝑏𝑟𝑎𝑛𝑐ℎ=2.0152kW 

 𝑊5𝑠−𝑏𝑟𝑎𝑛𝑐ℎ=1.8056kW 

 𝑊5𝑡𝑜𝑡𝑎𝑙 =3.8207 kW 

5 kΩ 10nF 

Second branch 𝑅2 𝐶2 

7 kΩ 8nF 

 𝑊5𝑠𝑡𝑎𝑛𝑑𝑏𝑦 Damping 

Loss per valve 

(Rectifier) 

First branch 𝑅1 𝐶1 𝑍1  𝑊51𝑠𝑡𝑏𝑦=1.592 kW 

 𝑊52𝑠𝑡𝑏𝑦=1.426 kW 

 𝑊5𝑠𝑡𝑏𝑦=3.018 kW 

5 kΩ 10nF 318.35 kΩ 

Second branch 𝑅2 𝐶2 𝑍2 

7 kΩ 8nF 397.95 kΩ 

𝑊5𝑠𝑡𝑎𝑛𝑑𝑏𝑦 Damping 

Loss per valve (Inverter) 

First branch 𝑅1 𝐶1 𝑍1 𝑊51𝑠𝑡𝑏𝑦=1.0073kW 

 𝑊52𝑠𝑡𝑏𝑦= 902.46W 

 𝑊5𝑠𝑡𝑏𝑦= 1.909kW 

 

5 kΩ 10nF 318.35kΩ 

Second branch 𝑅2 𝐶2 𝑍2 

7 kΩ 8nF 397.95kΩ 
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Table B-2: Rectifier Converter Station Transformer Losses Calculations using Method 1 

Required Parameters 𝛼 𝑅1 𝜇 𝑓 
𝐸𝑝ℎ =

𝑉𝐿

√3
 

𝑋𝑡 

19 2 Ω 10 50 254.03 kV 60Ω 

𝑛 𝐾1 𝐾2 𝐹 𝐼𝑛  (𝐴) (𝑘𝑛) 𝑅𝑛

= 𝑅1

∗ (𝑘𝑛) 

𝐼𝑛
2(𝑘𝐴) 𝐼𝑛

2𝑅𝑛(𝑘𝑊) 

1 0 0.0868 0.0868 351.04 1.00 2.00 123.23 246.45 

5 0.0855 0.0833 0.0687 55.55 4.34 8.68 3.09 26.17 

7 0.0833 0.0803 0.0667 38.49 5.65 11.30 1.48 16.74 

11 0.0766 0.0722 0.0606 22.29 13.00 26.00 0.50 12.92 

13 0.0722 0.0671 0.0568 17.68 16.50 33.00 0.31 10.31 

17 0.0616 0.0556 0.0479 11.403 26.60 53.20 0.13 6.92 

19 0.0556 0.0492 0.0431 9.153 33.80 67.60 0.084 5.66 

23 0.0427 0.0361 0.0326 5.734 46.40 92.8 0.033 3.05 

25 0.0361 0.0295 0.0273 4.421 52.90 105.8 0.02 2.07 

29 0.0230 0.0167 0.0171 2.385 69.00 138.00 0.01 0.79 

31 0.0167 0.0107 0.0124 1.617 77.10 154.20 0.003 0.40 

35 0.0051 0 0.0051 0.5900 92.40 184.80 0.0004 0.065 

37 0 -0.0046 0.0046 0.4993 101.00 202.00 0.0002 0.05 

41 -

0.0086 

-0.0119 0.0089 0.8743 121.00 242.00 0.0001 0.18 

43 -

0.0119 

-0.0146 0.0111 1.0402 133.00 266.00 0.00005 0.29 

47 -

0.0167 

-0.0180 0.0142 1.2188 159.00 318.00 0.00003 0.47 

49 -

0.0180 

-0.0188 0.0150 1.2375 174.00 348.00 0.00001 0.53 

𝐼𝑛−𝑡𝑜𝑡𝑎𝑙 = 525.223 𝐴 (𝐼𝑛
2𝑅𝑛)𝑡𝑜𝑡𝑎𝑙 = 333.07 𝑘𝑊 
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Table B-3: Rectifier Converter Station Transformer Losses Calculations using per unit Method 

Required Parameters 𝛼 𝑅1 𝜇 𝑓 
𝐸𝑝ℎ =

𝑉𝐿

√3
 

𝑋𝑡 

19 2 Ω 10 50 254.03 kV 60Ω 

𝑛 𝐾1 𝐾2 𝐹 𝐼𝑛 (𝐴) (𝑘𝑛) 𝑅𝑛

= 𝑅1

∗ (𝑘𝑛) 

𝐼𝑛/2𝑘𝐴 

Per unit 

𝐼𝑛
2𝑘𝑛 

(𝑝𝑒𝑟 𝑢𝑛𝑖𝑡) 

1 0 0.0868 0.0868 351.04 1.00 2.00 0.1755 0.0308 

5 0.0855 0.0833 0.0687 55.55 4.34 8.68 0.0278 0.0033 

7 0.0833 0.0803 0.0667 38.49 5.65 11.30 0.0192 0.0021 

11 0.0766 0.0722 0.0606 22.29 13.00 26.00 0.0111 0.0016 

13 0.0722 0.0671 0.0568 17.68 16.50 33.00 0.0088 0.0013 

17 0.0616 0.0556 0.0479 11.403 26.60 53.20 0.0057 0.0009 

19 0.0556 0.0492 0.0431 9.153 33.80 67.60 0.0046 0.0007 

23 0.0427 0.0361 0.0326 5.734 46.40 92.8 0.0029 0.0004 

25 0.0361 0.0295 0.0273 4.421 52.90 105.8 0.0022 0.0003 

29 0.0230 0.0167 0.0171 2.385 69.00 138.00 0.0012 0.0001 

31 0.0167 0.0107 0.0124 1.617 77.10 154.20 0.0008 0.0001 

35 0.0051 0 0.0051 0.5900 92.40 184.80 0.0003 0.00006 

37 0 -0.0046 0.0046 0.4993 101.00 202.00 0.0002 0.00007 

41 -0.0086 -0.0119 0.0089 0.8743 121.00 242.00 0.0004 0.00008 

43 -0.0119 -0.0146 0.0111 1.0402 133.00 266.00 0.0005 0.00009 

47 -0.0167 -0.0180 0.0142 1.2188 159.00 318.00 0.0006 0.0001 

49 -0.0180 -0.0188 0.0150 1.2375 174.00 348.00 0.0006 0.0001 

𝐼𝑛−𝑡𝑜𝑡𝑎𝑙 = 525.223 𝐴 (𝐼𝑛
2𝑅𝑛)𝑡𝑜𝑡𝑎𝑙 = 0.0416 𝑝𝑢 
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Table B-4: Inverter Converter Station Transformer Losses Calculations using Method 1 

Required Parameters 𝛼 𝑅1 𝜇 𝑓 
𝐸𝑝ℎ =

𝑉𝐿

√3
 

𝑋𝑡 

19 2 Ω 10 50 202.07 kV 60Ω 

𝑛 𝐾1 𝐾2 𝐹 𝐼𝑛 (𝐴) (𝑘𝑛) 𝑅𝑛

= 𝑅1

∗ (𝑘𝑛) 

𝐼𝑛
2(𝑘𝐴) 𝐼𝑛

2𝑅𝑛(𝑘𝑊) 

1 0 0.0868 0.0868 279.234 1.00 2.00 77.972 155.944 

5 0.0855 0.0833 0.0687 44.190 4.34 8.68 1.953 16.56 

7 0.0833 0.0803 0.0667 30.613 5.65 11.30 0.937 10.59 

11 0.0766 0.0722 0.0606 17.732 13.00 26.00 0.314 8.17 

13 0.0722 0.0671 0.0568 14.0621 16.50 33.00 0.198 6.534 

17 0.0616 0.0556 0.0479 9.0703 26.60 53.20 0.0823 4.38 

19 0.0556 0.0492 0.0431 7.2807 33.80 67.60 0.0530 3.583 

23 0.0427 0.0361 0.0326 4.5608 46.40 92.8 0.0208 1.93 

25 0.0361 0.0295 0.0273 3.5169 52.90 105.8 0.0124 1.312 

29 0.0230 0.0167 0.0171 1.8975 69.00 138.00 0.0036 0.497 

31 0.0167 0.0107 0.0124 1.2859 77.10 154.20 0.00165 0.254 

35 0.0051 0 0.0051 0.4693 92.40 184.80 0.00022 0.0407 

37 0 -0.0046 0.0046 0.3972 101.00 202.00 0.00016 0.0323 

41 -0.0086 -0.0119 0.0089 0.6955 121.00 242.00 0.00048 0.116 

43 -0.0119 -0.0146 0.0111 0.8275 133.00 266.00 0.00069 0.184 

47 -0.0167 -0.0180 0.0142 0.9695 159.00 318.00 0.00094 0.299 

49 -0.0180 -0.0188 0.0150 0.9844 174.00 348.00 0.00097 0.338 

𝐼𝑛−𝑡𝑜𝑡𝑎𝑙 = 417.79 𝐴 (𝐼𝑛
2𝑅𝑛)𝑡𝑜𝑡𝑎𝑙 = 210.75 𝑘𝑊 
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Table B-5: Filter Resistor Loss Calculations 

Required parameters 𝑄 𝑉 𝑓 

200 MVar 311.13 kV 50 Hz 

C-type filter 

(Rectifier side) 

𝑃𝑟 =16.421 kW 

𝑛 5th and 7th  5th and 7th 

𝑞 50 

𝐼 𝐼5 + 𝐼7 Rectifier Inverter 

94.0381 A 74.8030 A 

(Inverter side) 

𝑃𝑟 = 6.5746 kW 

𝐶1 6.8566 𝜇𝐹 10.836 µF 

𝑅 1.8569 Ω 1.1750 Ω 

𝐿 0.0591 H 0.0374 H 

Single-tuned band pass filter. 

(Rectifier side) 

 

𝑃𝑟 =3.544 kW 

𝑛 11th and 13th  11th and 13th 

𝑞 20 

𝐼 𝐼11 + 𝐼13 Rectifier Inverter 

39.9691 A 31.7936 A 

(Inverter side) 

 

𝑃𝑟 = 1.4188 kW 

 

𝐶 6.5223 µF 10.308 µF 

𝑅 2.2183 Ω 1.4036 Ω 

𝐿 0.0128 H 0.0081 H 

Double tuned filter 

(Rectifier side) 

 

𝑃𝑟 =2.9991 kW 

 

 

𝑛 17th and 19th  17th and 19th 

𝑞 4 

𝐼 𝐼17 + 𝐼19 Rectifier Inverter 

20.5556 A 16.3510 A 

(Inverter side) 

 

𝑃𝑟 =1.2007 kW 

 

𝐶1 6.5950 µF          10.423 µF 

𝐶2 6.5950 µF 10.423 µF 

𝑅 7.0979 Ω 4.4912 Ω 

𝐿1 0.0053 H 0.0034 H 

𝐿2 0.0043 H 0.0027 H 

High pass filter 

(Rectifier side) 

 

𝑃𝑟 =4.0567 kW 

 

𝑛 23rd - 49th  23rd - 49th 

𝑞 2 

𝐼 𝐼23 𝑡𝑜 𝐼49 Rectifier Inverter 

19.6170 A 15.6044 A 

(Inverter side) 

 

𝑃𝑟 =1.6242 kW 

 

𝐶 6.5642 µF 10.374 µF 

𝑅 10.5417 Ω 6.6702 Ω 

𝐿 0.0029 H 0.0018 H 

The total filter resistor loss 

(Rectifier) 
𝑃𝑟𝑡𝑜𝑡𝑎𝑙−𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟  27.021 kW 

The total filter resistor loss 

(Inverter) 
𝑃𝑟𝑡𝑜𝑡𝑎𝑙−𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟  10.818 kW 
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Table B-6: Filter Reactor Loss Calculations 

C-type filter 

(Rectifier side) 

𝑃𝑅 =16.421 kW 

𝑛 5th and 7th  5th and 7th 

𝑄𝑛 50 

𝐼2 (𝐼5 + 𝐼7)2 Rectifier Inverter 

8.843kA 5.596kA 

(Inverter side) 

𝑃𝑅 =6.5746 kW 

 𝐿 0.0591H 0.0374H 

𝑋𝐿𝑛 92.8473Ω 58.7490Ω 

Single-tuned band pass filter. 

(Rectifier side) 

𝑃𝑅 =3.5438 kW 

𝑛 11th and 13th  11th and 13th 

𝑄𝑛 20 

𝐼2 (𝐼11 + 𝐼13)2 Rectifier Inverter 

1.598kA 1.01kA 

(Inverter side) 

𝑃𝑅 = 1.4188kW 

𝐿 0.0128H 0.0081H 

𝑋𝐿𝑛 44.3667Ω 28.0729Ω 

Double tuned filter 

(Rectifier side) 

𝑃𝑅 =4.0626 kW 

 

 

𝑛 17th and 19th  17th and 19th 

𝑄𝑛 4 

𝐼2 (𝐼17 + 𝐼19)2 Rectifier Inverter 

422.55A 267.36 A 

(Inverter side) 

𝑃𝑅 =1.6296kW 

 

𝐿1 0.0053H 0.0034H 

𝐿2 0.00005H 0.0027H 

𝐿1 + 𝐿2 0.0053H 0.0034H 

𝑋𝐿𝑛 38.4596Ω 24.3804Ω 

High pass filter 

(Rectifier side) 

𝑃𝑅 =4.0567 kW 

 

𝑛 23rd - 49th  23rd - 49th 

𝑄𝑛 2 

𝐼2 (𝐼23 𝑡𝑜 𝐼49)2 Rectifier Inverter 

384.83A 243.5A 

(Inverter side) 

𝑃𝑅 =1.6242kW 

 

𝐿1 0.0029H 0.0018H 

𝑋𝐿𝑛 21.0833Ω 13.3404Ω 

The total filter reactor loss (Rectifier) 𝑃𝑅𝑡𝑜𝑡𝑎𝑙−𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟  28.084 kW 

The total filter reactor loss (Inverter) 𝑃𝑅𝑡𝑜𝑡𝑎𝑙−𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟  11.247kW 
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Table B-7: Rectifier Terminal DC Smoothing Reactor Loss Calculations 

𝑛 𝑃ℎ𝑛 (Hysteresis loss 

component in per 

unit) 

𝑃𝑒𝑛 (The eddy-current loss 

component, in per unit) for n > 

10 

𝑃𝑒2 (The eddy-current loss 

component, in per unit) for 

n =2 

𝐼𝑛 (Harmonic 

currents) A 

1 0.1755 - 0.0308 351.04 

5 0.1389 - 0.0193 55.55 

7 0.1347 - 0.0181 38.49 

11 0.1226 4.1200 × 10−4 - 22.29 

13 0.1149 2.8170 × 10−4 - 17.68 

17 0.0969 1.3402 × 10−4 - 11.403 

19 0.0870 9.1292 × 10−5 - 9.153 

23 0.0659 3.9415 × 10−5 - 5.734 

25 0.0553 2.4434 × 10−5 - 4.421 

29 0.0346 7.6607 × 10−6 - 2.385 

31 0.0251 3.6373 × 10−6 - 1.617 

35 0.0103 5.1481 × 10−7 - 0.5900 

37 0.0092 3.7917 × 10−7 - 0.4993 

41 0.0179 1.2237 × 10−6 - 0.8743 

43 0.0224 1.7739 × 10−6 - 1.0402 

47 0.0286 2.5461 × 10−6 - 1.2188 

49 0.0303 2.6801 × 10−6 - 1.2375 

𝑃ℎ𝑛−𝑡𝑜𝑡𝑎𝑙 = 1.1701 𝑃𝑒𝑛−𝑡𝑜𝑡𝑎𝑙 = 1.2462 × 10−3 𝑃𝑒2−𝑡𝑜𝑡𝑎𝑙 = 0.06826 

𝑃𝑒 = 𝑃𝑒𝑛−𝑡𝑜𝑡𝑎𝑙 +  𝑃𝑒2−𝑡𝑜𝑡𝑎𝑙 = 0.0692 

The direct current loss 

calculation (Rectifier 

side) 

𝐼𝑜 (dc current) 𝑅 𝐿 

2 kA 0.02 Ω 0.2 mH 

𝑋𝐿 2𝜋𝑓𝐿 0.0628 Ω 

𝑍 
√𝑅2 + 𝑋𝐿

2 
0.0659 Ω 

𝑃0 (direct current losses) 𝐼𝑜
2𝑍 263.75 kW 

𝑃𝑚 = 0.125(∑𝑃ℎ + ∑𝑃𝑒)𝑃0 = 40.861 𝑘𝑊 

𝑃𝑚= The magnetization loss. 
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Table B-8: Inverter Terminal DC Smoothing Reactor Loss Calculations 

𝑛 𝑃ℎ𝑛 (Hysteresis loss 

component in per unit) 

𝑃𝑒𝑛 (The eddy-current loss 

component, in per unit) for n > 

10 

𝑃𝑒2 (The eddy-current loss 

component, in per unit) for 

n =2 

𝐼𝑛 (Harmonic 

currents) A 

1 0.1396 - 0.0195 279.234 

5 0.1105 - 0.0122 44.190 

7 0.1071 - 0.0115 30.613 

11 0.0975 2.6069 × 10−4 - 17.732 

13 0.0914 1.7824 × 10−4 - 14.0621 

17 0.0771 8.4803 × 10−5 - 9.0703 

19 0.0692 5.7765 × 10−5 - 7.2807 

23 0.0524 2.4940 × 10−5 - 4.5608 

25 0.0440  1.5461 × 10−5 - 3.5169 

29 0.0275 4.8473 × 10−6 - 1.8975 

31 0.0199  2.3015 × 10−6 - 1.2859 

35 0.0082 3.2574 × 10−7 - 0.4693 

37 0.0073 2.3992 × 10−7 - 0.3972 

41 0.0143   7.7428 × 10−7 - 0.6955 

43 0.0178  1.1224 × 10−6 - 0.8275 

47 0.0228 1.6111 × 10−6 - 0.9695 

49 0.0241 1.6958 × 10−6 - 0.9844 

𝑃ℎ𝑛−𝑡𝑜𝑡𝑎𝑙 = 0.9808 𝑃𝑒𝑛−𝑡𝑜𝑡𝑎𝑙 = 0.6000 × 10−3 𝑃𝑒2−𝑡𝑜𝑡𝑎𝑙 = 0.0432 

𝑃𝑒 = 𝑃𝑒𝑛−𝑡𝑜𝑡𝑎𝑙 +  𝑃𝑒2−𝑡𝑜𝑡𝑎𝑙 = 0.0438 

The direct current loss 

calculation (Rectifier 

side) 

𝐼𝑜 (dc current) 𝑅 𝐿 

2 kA 0.02 Ω 0.2 mH 

𝑋𝐿 2𝜋𝑓𝐿 0.0628 Ω 

𝑍 
√𝑅2 + 𝑋𝐿

2 
0.0659 Ω 

 𝑃0 (direct current losses) 𝐼𝑜
2𝑍 263.75 kW 

Rectifier terminal   -   𝑃𝑚 = 0.125(∑𝑃ℎ + ∑𝑃𝑒)𝑃0 = 40.861 𝑘𝑊 

Inverter terminal    -   𝑃𝑚 = 0.125(∑𝑃ℎ + ∑𝑃𝑒)𝑃0 = 32.132 𝑘𝑊 
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Appendix C 

HVDC TECHNOLOGIES CIRCUIT SIMULATION MODELS 

 
Figure C-1: Circuit Simulation of 6-pulse LCC-Based HVDC technology 

 

 

Figure C-2: Circuit Simulation of Two-Level VSC HVDC technology 



136 

 

 
Figure C-3: Circuit Simulation of Three-Level VSC HVDC technology 

 

 
Figure C-4: Circuit Simulation of Multi-Level VSC HVDC technology 


