
Academic Year 2020 – 2021 

 

 

Politecnico di Milano 
Department of Energy 

 

 
 

SuperGrid Institute 

 

Master of Science Degree in Electrical Engineering-Smart Grids 

 

 

 

Master’s Degree Dissertation 

 

 

 

 

AC to DC Converters for Medium Voltage Direct Current 

Networks with Integrated Renewable Energy Sources 
 

 

 

 

 

Academic Supervisor: 

Prof. Roberto PERINI 

 

Industrial Supervisors: 

Dr. Juan PAEZ 

Dr. Piotr DWORAKOWSKI 

 

 

 

 

Candidate: 

Ali KHONYA 

 

 



    

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Pagina lasciata intenzionalmente vuota/Page intentionally left blank] 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

3 

Acknowledgment 

I joined SuperGrid Institute when all the world was fighting with Covid-19. Despite, many problems 
including pandemie and serious finincial problems, I was very motivated to come to France and do 
this challenge. But my motivation was not the only factor. Another reason for insiting on doing this 
work was an appreciation to all the people who always supported me. I worked at SuperGrid 
Institute almost everyday form 8 AM to 8 PM to have an excellent outcome. I am always inspired by 
Nikola Tesla. Based on some sources, during his trip from Europe to the USA, most of his money was 
stolen on the boat ride over and he had only 4 cents (equivalent to 1.07 $ in 2021) in his pocket 
upon arriving there. Moreover, we know all the problems he faced in his life such as stealing his 
ideas. However, nothing stopped him to revolutionize electrical engineering.  

I am very grateful to my industrial supervisors at SupeGrid Institute, Dr. Juan Paez and Dr. Piotr 
Dworakowski. They are intelligent, experienced, and always full of ideas. Since the beginning, their 
support was wonderful and they spent a lot of their time to help me extend my knowledge. I also 
wish to thank my academic supervisor, Prof. Perini for accepting my request to be my supervisor 
and for increasing my motivation in power electronics. 

I am also very grateful to my colleagues at the Politecnico di Milano, Arastoo H. Salimi and Miad 
Ahmadi who always motivated me. Moreover, Many thanks to my colleagues at the SuperGrid 
Institue in power electronics and converter program. In these months, I learned a lot from them and 
they always were available to help me. 

To my beloved Golnaz: my deepest gratitude. Your encouragement when the times got rough are 
much appreciated and duly noted. In these months, the biggest issue that I had was being far from 
you, however you always encouraged me significantly. I appreciate a lot my parents and sister. I 
never forget your continuous supports since when I was a kid. Also, to my aunts and uncles: I am 
very fortunate to have you as my family. Moreover, to my mother-in-law: thank you so much for 
always being motivating.  

Finally, this work was fully dedicated to my grandfather (R.I.P.) who passed away last year. Since 
when I was born, he always encouraged, motivated and supported me. He is one of the strongest 
reasons for all of my accomplishments. I never forget you, grandfather and I always do my best to 
make you proud.  

 

 

 

 

 

 

 

 

 

 

 

 

 



    

4 

 
 

 

  

Abstract 

The negative impacts of the increase in the temperature of the world has motivated all the sectors 
to move towards sustainability and energy transition. As a consequence, reduction of using fossil 
fuels and Increasing use of natural resources to generate electricity is essential. The higher interest 
in electric vehicles and higher investment on renewable energy sources integration into the 
electrical networks have been the a part of the response of the energy sector to this need. Hence, in 
the future, the consumption and generation of electricity will be significantly higher.  

Due to the limited capacity of the current Alternating Current (AC) networks, an extension in the 
capacity of the electrical networks will be required. This can be done by implementing a parallel 
layer in Direct Current (DC) to the AC networks. The advantages of DC transmission allow us to 
accelerate energy transition more efficiently and economically. In the high voltage (HV) ranges, 
HVDC networks have been implemented but in medium voltage ranges, it has been mostly handled 
by AC. With increasing in the DC loads such as electric vehicles and interest in integrating renewable 
sources in this level of voltage, MVDC networks could be a feasible choice.  

To interconnect the existing AC networks and the future DC networks, AC to DC conversion is 
needed. An in-depth study on MV AC-DC converters is necessary. In this work, a state-of-the-art 
review on the industrial MV AC-DC converters is done. With this review, the recommended 
topologies for different voltage and power ranges are proposed. Then, the trends related to MVDC 
networks in literature are studied. This shows the potential applications and interests related to 
MVDC in the researchers’ insights. 

In the next chapter, DC faults on MV AC-DC converter is studied. To analyze this phenomenon, a 
study case of an MV converter with power rating of 20 MW and DC voltage of ±10 kV is considered. 
The results of state-of-the-art review are beneficial to choose 3-Level Neutral Point Clamped (3-L 
NPC) as the recommended topology for these ratings. There are few publications on the study of 
faults on 2-level converters. But there is no research on fault on 3-L NPC topology. Hence, this study 
is very essential since 3-L NPC is a promising topology for MV converters. First, this problem is 
analyzed theoretically and then using MATLAB SimPowerSystem, it is verified. It is seen that fault 
is a serious problem for the converter diodes. This constraint and the effective parameters are 
analyzed deeply. 

In the final chapter, an issue with the integration of renewable energy sources into the MVDC 
networks is analyzed. This phenomenon is an over-voltage that happens as a consequence of 
blocking AC-DC converters in an MVDC network with integrated renewable energy sources. It is 
noticed that this problem also exists in HV levels but in medium voltage ranges, it is relatively 
higher. A state-space model is proposed to analyze this problem in the networks with any number 
of renewable energy sources with less computational effort. Finally, a solution to limit this problem 
is proposed. 

 

Keywords: MVDC, Fault, NPC, RES Integration 
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Astratta 

L'impatto negativo dell'aumento della temperatura mondialeha motivato tutti i settori a muoversi 
verso la sostenibilità e la transizione energetica. Di conseguenza, la riduzione dell'uso di 
combustibili fossili e l'aumento dell'uso di risorse rinnovabiliper generare elettricità è essenziale. Il 
maggiore interesse per i veicoli elettrici e i maggiori investimenti sull'integrazione delle fonti di 
energia rinnovabile nelle reti elettriche rappresentano una parte della risposta del settore 
energetico a questa necessità. Di conseguenza  l’entitá del consumo e della generazione é costretta 
a subire un aumento sostanziale negli anni a venire.  

A causa della capacità limitata delle attuali reti a corrente alternata (AC), sarà necessaria 
un'estensione della capacità delle reti elettriche. Questo può essere fatto implementando uno strato 
in corrente continua (DC) parallelo alle reti AC. I vantaggi della trasmissione in CC permettono di 
accelerare la transizione energetica in modo più efficiente ed economico. Nelle gamme di alta 
tensione (HV), le reti HVDC sono giá state implementate a livello globale, ma nelle gamme di media 
tensione, la trasmissione energetica  principalmente gestita in AC. Con l'aumento dei carichi DC 
come i veicoli elettrici e l'interesse ad integrare le fonti rinnovabili in questo livello di tensione, le 
reti MVDC potrebbero essere una scelta interessante.  

Per interconnettere le reti AC esistenti e le future reti DC, è necessaria una conversione da AC a DC 
e viceversa. Conseguentemente, é necessario uno studio approfondito sui convertitori MV AC-DC. 
In questo lavoro, é presentata una revisione dello stato dell'arte sui convertitori industriali MV AC-
DC. In seguito, vengono proposte le topologie suggerite  secondo i diversi  range di tensione e 
potenza. Infine, vengono studiate le tendenze relative alle reti MVDC in letteratura. Questo mostra 
le potenziali applicazioni e gli interessi legati alla MVDC nelle intuizioni dei ricercatori. 

Questo lavoro affronta anche lo studio dei guasti DC nelle reti MVDC e viene analizzato l'impatto sul 
convertitore AC-DC. Per analizzare questo fenomeno, viene considerato il  caso di un convertitore 
MV con una potenza di 20 MW e una tensione DC di ±10 kV. La topologia del convertitore analizzato 
è un convertitore NPC (Natural Point Clamped) a 3 livelli. In primo luogo, questo problema é 
analizzato teoricamente e successivamente é sviluppato un modello di simulazione grazie 
aMATLAB SimPowerSystem. Cio’ che risulta di estremo interesse é l’individuazione di una 
situazione critica per i diodi del convertitori durante il tmepo di guasto. La valutazione e lo studio 
di questo fenomeno sono presentati in questa tesi insieme alla quantifcazione ed identificazione dei 
parametri principali coinvolti in tale condizione di funzionamento. 

Infine, vengono analizzate le sovratensioni transitorie nelle reti MVDC. Questo transitorio avviene 
come conseguenza del blocco dei convertitori AC-DC in una rete MVDC con fonti di energia 
rinnovabili integrate. Si nota che questo problema esiste anche nei livelli HV, ma nelle applicazioni 
di media tensione, è relativamente più alto. Infine, viene proposto un modello state-space per 
analizzare questo problema nelle reti con qualsiasi numero di fonti di energia rinnovabile ed una 
soluzione per limitare la sovratensione. 

Parole chiave: MVDC, guasto, NPC, integrazione FER 
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Introduction 

1.1. Sustainability and Energy Transition Acceleration by DC Networks 

In the recent years, human activity is increasing the amount of CO2 (Carbon Dioxide) in the 
atmosphere and this has resulted in significant and harmful impacts, from stronger, more frequent 
storms, to drought, sea level rise, and extinction [1][2]. The parameter CO2E is the amount of carbon 
dioxide required to produce an equivalent amount of warming. Burning natural gas for electricity 
releases between 0.27 and 0.91 kg of carbon dioxide equivalent per kilowatt-hour (CO2E/kWh). 
Coal also emits between 0.64 and 1.63 kg of CO2E/kWh [3]. 

These high amounts of CO2 emission by conventional electricity generators have motivated the 
energy sector to introduce a new type of energy sources which are more sustainable with the 
environment [1]. These sources which are used to produce electricity from natural clean sources 
which stand against using fossil fuels are called renewable energy sources. Wind, solar, 
hydroelectric, and geothermal are the most important renewable energy sources [4]. In terms of 
CO2 emission, wind is responsible for only 0.009 to 0.018 kg of CO2E/kWh on a life-cycle basis; 
solar 0.032 to 0.091 kg of CO2E/kWh, geothermal 0.045 to 0.091 kg of CO2E/kWh, and 
hydroelectric between 0.045 and 0.227 kg of CO2E/kWh [3]. Between these sources, currently, 
hydro power is the most popular source and due to the reducing trend of Levelized Cost of Energy 
(LCOE) of wind and solar power [4] [5], they are becoming more popular. Moreover, there are 
incentives on the production of renewable energy by governments that motivate also for an energy 
transition [6]. Overall, economical aspects of renewable sources (higher rate of return, lower costs, 
and the governmental incentives) is the other effective parameter which has made them attractive 
for energy suppliers [3] [7]. 

Due to the above-mentioned facts, currently, there is a trend in the world which is called “energy 
transition” and it refers to the global shift from conventional fossil fuel-based energy sources to 
renewable energy sources [8]. In the recent decades, the integration of renewable energy sources 
into the networks has been one of the most popular subject of multiple industrial or research works. 
Several issues have been addressed but there are plenty of other issues which must be analyzed to 
accelerate the energy transition. The ultimate goal is to develop a 100% Renewable Energy Sources) 
RES-based energy production by electrification of the energy sectors to decrease CO2 emissions [9]. 

The trend of generating/consuming electricity is changing very fast and ‘the future is electric’ [10]. 
As can be seen, nowadays, in the car industry, manufacturers are replacing traditional cars with 
electric vehicles (expected growth of 40.7% by 2027) [11], the interest in the rooftop mounted PV 
systems has been significantly increased (74% of the installed PV generation capacity in the U.S. in 
2008) [12], there are higher number of investors on the renewable energy sources [13], and 
generally speaking, low-carbon applications is a top subject for industrial and research works. 
These are all representing the more intensive using of electricity in the near future. But the current 
energy networks are not capable of this energy transition and the capacity of the networks must be 
increased [14]. Moreover, the expansion of RES requires the improvements in the electric networks. 
Hence, there are two solutions, traditional way with improving current AC networks (for example 
by installing new lines) or the modern way by adding a new layer to the existing networks – the 
direct current (DC) -network [15].  
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To accelerate energy transition, DC networks will be needed [15] and to interconnect the current 
AC networks and the DC networks, AC to DC converters are needed. AC-DC converters are well-
known in the low-voltage applications for example their usage in electric vehicles charging 
infrastructures, household electricity generation by PV panels, motor drives and traction drives. 
Additionally, in the high-voltage applications in for example for integration of wind power plants, 
AC-DC converters have been very popular [16][17][18][19]. But there has been limited applications 
of MVDC networks until now (for example on ships [20]) and this voltage range has been supplied 
mostly by AC system. Therefore, taking into account the potential importance of MVDC networks 
for the future of electrical systems, the AC-DC converters in the medium-voltage applications need 
an in-depth study.  

In this master’s thesis work, the main objective is analysis of AC-DC converters which can be used 
in the networks with the integrated renewable energy sources (RES) in medium voltage level. 

1.2. Scope of the work 

The first chapter is allocated to the importance of DC transmission system and its advantages over 
AC systems. The topologies and structures for implementing DC networks are studied. In the next 
two chapters, a state-of-the-art review on industrial work and literature related to MVDC 
technologies are explained. From this work, the design recommendations for medium-voltage 
converters will be identified and the analysis of literature will help detect the potential applications 
of MVDC networks. In chapter 5, one of the common issues which an AC-DC converter faces will be 
studied. DC faults are the phenomena which AC-DC converters must be able of deal with, so this 
problem will be analyzed and verified in a study case by simulation in MATLAB Simulink using 
SimPowerSystems tool. The design of study case used to analyze MVDC networks faults is based in 
the results of state-of-the-art review in chapters 3 and 4. Finally, an over-voltage problem which 
occurs in MVDC networks will be studied; the reasons will be explained in detail, it will be simulated 
considering a study case in MATLAB SimPowerSystem. To analyze this phenomenon with less 
computational effort, a mathematical model based on state-space modelling is proposed and as a 
benefit of this model, a possible solution is analyzed. Finally, conclusions and novelties of this work 
are shown in final chapter and some interesting perspectives are proposed. 
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DC Transmission System 

2.1. Background – The War of Currents 

Direct current was produced in 1800 by Italian physicist Alessandro Volta's battery, his Voltaic pile 
[21]. French physicist André-Marie Ampère conjectured that current travelled in one direction from 
positive potential to negative potential [21]. The wide spread use of low voltage direct current for 
indoor electric lighting in business and homes after inventor Thomas Edison launched his 
incandescent bulb based electric "utility" in 1882 [21] [22]. The direct current and Thomas Edison 
were the winners of the electricity market until Nikola Tesla, arrives in the USA.  

At that time, Tesla could receive a patent for his alternating current (AC) induction motor, then 
George Westinghouse, inventor and industrialist, bought Tesla’s patents and commercialized it [23]. 
By raising attentions in AC system, a battle between Thomas Edison and Nikola Tesla on the AC and 
DC currents occurred which was named “The War of Currents”.  

Despite all the efforts of Edison, because of the significant advantages of alternating current over 
direct current in using transformers to raise and lower voltages to allow much longer transmission 
distances, direct current was replaced over the next few decades by alternating current in power 
delivery. The war of currents is still present but today, DC networks are more like a complement for 
AC networks rather than a rival. As it was mentioned before, DC networks will be useful for 
increasing capacity of the existing networks to have a faster and smoother energy transition and 
there are unbeatable benefits for DC networks representing the necessity of these networks for the 
future of electrical systems. These benefits are explained in the next section. The goal of this work 
is to enable such DC systems in medium-voltage level as there have been a lot of works in high-
voltage and low-voltage applications of DC networks. 

 

2.2. DC Transmission Advantages over AC Transmission 

It was explained that to accelerate energy transition, a parallel layer in DC will be needed. In this 
section, the advantages of DC networks over AC networks are explained. The major differences 
between DC and AC networks are explained in following. 

Due to the changing in amplitude of AC current, the reactive elements of the network consumes a 
part of the apparent power as reactive power. This causes a reduction in power factor (PF). While 
in DC transmission, due to the constant amplitude of current, no reactive power will be lost in the 
reactive elements of the network, so the power factor is always unity (PF=1). 

In addition to the DC resistance of the conductors, there is an equivalent AC resistance which refers 
to the tendency of current to pass through the surface (skin) of conductor. This is called ‘Skin Effect’ 
which occurs due to the changing magnetic field around conductors with AC current [24]. This 
phenomena makes the current density higher in the outer layer of conductor. As a consequent, the 
efficient cross-section area of conductor decreases and the total resistance of the conductor slightly 
increases [25]. With DC, there is a magnetic field around the conductor as well but since it is not 
changing, the flow of current through the whole cross-section is uniform so the DC current in the 
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core of inductor is the same as the outer surface. Therefore, there is no Skin Effect and loss due to 
this phenomena in the conductors with DC current [25].  

This is also the same for a similar so called ‘Proximity Effect’ phenomena. When two conductors are 
close, their magnetic fields interact with each other. Due to this interaction, the currents flowing 
through the conductors are affected. With AC, due to the changing magnetic field, the current is not 
uniformly distributed and this causes the increment in the effective resistance and consequently 
higher loss. While in DC, current is distributed uniformly, so this effect is absent [26].  

DC transmission requires fewer conductors than AC transmission - 2 conductors per DC circuit 
whereas three conductors per 3 phase AC circuit. DC lines have the ability of transmitting the same 
power with two conductors as AC lines with three conductors [27]. As a consequent, DC 
transmission requires fewer infrastructure and this is also another reason to reduce the costs [27]. 
Moreover, the land coverage of DC transmission system and the associated cost are less [27] [29]. 
This will reduce the visual impact and save the land for future extension of the network.  

Overall from costs point of view, considering the costs of transmission infrastructure and converter 
station, a so called ‘Break-even Distance’ parameter can be considered. This parameter presents the 
distance which costs of AC and DC transmission for a project based on voltage/power requirements 
become equal. For distances shorter than break-even distance, AC is a more economical choice and 
in opposite, for transmitting power to a distance more that break-even distance, DC should be 
preferred. Figure 1 shows the costs of DC and AC transmission system and the visual definition of 
break-even distance [27] [31]. This figure shows that in high distances, DC is a preferable solution. 
Depending on different parameters such as country-specific cost elements, interest rate, losses, etc., 
break-even distance is in the range of 500-800 kilometers (km) for the HVDC transmission when 
using overhead lines [27] [32] and around 100 km when using cables. In [22], a list of some of HVDC 
projects since 1954 is presented which shows the distances considering voltage/power 
requirements where the DC transmission was preferred. For medium voltage ranges, DC can be also 
a cost-effective choice, and due to the lower voltage/power for MVDC networks, the break-even 
distance will be probably shorter in the range of tens of kilometers.  

For losses, it is very similar to the costs comparison. A figure like Figure 1 is present for the 
comparison of losses between DC and AC transmissions, however the break-even distance for losses 
can be longer than break-even distance for costs [27]. For medium voltage ranges, to find the break-
even distance from losses point of view based on the voltage/power requirements, an analysis is 
done in [36]. It presents that for this range, the break-even distance considering losses is in the 
range of less than 10 km and some tens of kilometers depending on the voltage and power ratings 
[36].  

 

Figure 1 : Investment Costs Comparison between DC and AC  
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There are some other advantages which are offered by DC systems such as more controllability, 
stability, non-existence of  Ferranti effect, and no physical restriction limiting distance [22] [27] 
[31]. However, there are some drawbacks related to DC transmission such as high costs of 
converters and complexity of multi-terminal network implementation [27], and also the challenges 
related to DC protection systems [28]. 

Due to the advantages of DC transmission system, in 1954, high-voltage direct current transmission 
was developed commercially with mercury-arc valves-based converters in Gotland I HVDC project 
in Sweden [22], and is now a feasible option instead of long-distance high voltage alternating 
current systems [27] [29]. 

Currently, the number of DC distribution systems is very few and there are almost no DC 
distribution systems in operation and only high voltage DC transmission systems or low voltage DC 
pilot projects exist. It is expected that in the near future, the LVDC distribution systems will be more 
focused and implemented [51]. This is also the same for MVDC distribution systems. In the near 
future, with increasing use of DC power in for example increasing electric vehicles, and large-scale 
integration of renewable energy sources into the networks, it is expected to focus more on DC 
networks. Therefore, the use of DC energy networks will not be limited to only point to point power 
transmission and the DC networks will play a vital role in the future of electrical networks [51].  

 

2.3. The Motivation to Study MVDC Networks 

In previous section, the advantages of DC transmission to AC transmission were explained. These 
advantages can include all the voltage levels including medium voltage. The importance of DC 
transmission is significant for the energy transition. Thus, there have been multiple HVDC projects 
[22]. At significantly lower power and voltage levels, MVDC networks seem to offer promising 
advantages for a decentralized application [52]. But the medium voltage level has been mostly 
handled by AC so far and for distribution system, it is still mostly a research topic [51] [52]. For the 
networks of the future, there may be potential interests in the MVDC networks [51]. In [51], a survey 
is presented which shows the increasing interest in growth of DC loads (electric vehicles charging 
stations for example) and then interconnecting distributed generation (DG) and energy storages. It 
can be observed that MVDC networks are capable of providing this access more efficiently and also, 
developing MVDC networks with wind energy, development of electric vehicles, and DC load market 
demand are the additional driving forces [51][54]. Moreover, recently, there has been an interest in 
integrating offshore wind farms with MVDC networks [30].  The schematic of current electrical 
networks is shown in Figure 2 and it is expected that by operating medium voltage level in DC, the 
schematic of electrical networks will become like Figure 3. 

Now, despite the strong motivations behind MVDC networks in the distribution level, their use may 
make operational, safety, and reliability issues including reverse power flow in radial distribution 
networks or uncontrolled power flow in meshed distribution networks [51], and difficulties 
associated to the protection of those systems. This shows the necessity of this study. 
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Figure 2 : The Current Electrical Grids with MVAC Networks 

 

Figure 3 : The Future of Electrical Grids with MVDC Networks 
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2.4. Architectures of DC Networks 

There are different architectures to transmit power in the DC systems. In each architecture, the 
connection between two points in the network can have different schemes. In the following, first, 
the general architectures are explained and then, the different line schemes between points are 
described in Section 2.5.  

Mainly, there are two structures for the DC networks: radial structure and meshed structure [51]. 

 Radial Structure  

In this structure, there is only one path between two nodes (DC or AC). The DC side may be supplied 
by renewable energy sources or other DC or AC networks through power converters. This structure 
is shown in Figure 4. Point to point transmission which has been used in particularly HVDC 
networks is the basic radial structure. 

 

 Meshed Structure 

In a meshed structure, there are two or more paths between two nodes of the structure (DC or AC). 
This structure is more reliable than the radial structure as losing one line will not necessarily 
impose losing the supply of AC grid. Figure 5 illustrates this structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 : The Radial Structure of the DC Networks 

 

 

Figure 5 : The Meshed Structure of the DC Networks 
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2.5. Line Topologies 

For DC transmission, there are some line configurations and choosing a scheme depends on various 
factors such as voltage and power rating, the reliability requirements, cost of the project, and the 
specific defined regulations for each project [34]. The differences between these transmission 
schemes are based on the grounding, and configuration of DC poles. These topologies have been 
used in the HVDC transmission but they can be potentially used for MVDC voltage levels [51]. The 
main topologies are explained in following [34] [35]. 

 Asymmetrical Monopole 

In this scheme, DC line is supplied form two side by an AC-DC converter which is connected to an 
AC grid. One pole (positive pole) is rated at the nominal DC voltage and the negative pole (returning 
path) of the converters are grounded. This earthing can be done by simply connecting the negative 
pole to the ground at the terminal of converters which is shown in Figure 6 or this can be done by a 
using a metallic return connected to ground. The latter is shown in Figure 7 and in this approach, 
the metallic return will have a lower voltage specification compared to the main DC line. 

  

 Symmetrical Monopole 

In this scheme the voltage is shared between both of the DC poles and these poles will be isolated 
from the ground. So, this configuration includes two DC lines for two poles and these DC lines have 
the same insulation constraints. This scheme is shown in Figure 8. 

  

 

 

Figure 6 : The Asymmetrical Monopole Scheme with Solid Earthing Return 

 

 

Figure 7 : The Asymmetrical Monopole Scheme with Metallic Earthing Return 

 

 

 

Figure 8 : The Symmetrical Monopole Scheme 
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 Bipolar  

This scheme is a combination of two asymmetrical monopoles. One DC pole of the two converter 
stations is connected to each other and for the other DC pole, it can be directly connected to earth 
or using a metallic return similar to the asymmetrical monopole scheme. Both bipolar 
configurations are shown Figure 9 in and Figure 10, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 : The Bipolar Scheme with Solid Earthing Return 

 

Figure 10 : The Bipolar Scheme with Metallic Earthing Return 
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Power Electronics Converters in MV Applications 

3.1. Voltage Source Converter and Current Source Converter 

The potential interest in MVDC networks was explained in the previous chapter. In Figure 3, it was 
shown that the main element of the network to interface MVDC system is the AC-DC converter. It is 
needed to study the power converters used in the medium voltage level. There are mainly two types 
of converter used for AC to DC conversion: voltage source converters (VSCs) and Line Commutated 
Converters (LCCs). The main difference between these converters is the switch technology which is 
used to implement them. VSCs use self-commutating switches such as insulated gate bipolar 
transistors (IGBTs) which gives the possibility of high-frequency applications (over 1 kHz) with 
pulse width modulation (PWM) method while LCCs use thyristors which need a high synchronous 
voltage source to be triggered. The first generation of DC transmission systems used the LCCs 
because of the available switches at that time (thyristors and mercury valves) but by developing 
and improving IGBTs over decades and due to the advantages of VSCs [37], this type of converters 
are mostly preferred. However, some advantages of LCC HVDC schemes over VSC HVDC are [37]: 

 Availability of thyristors in higher voltages (6-10 kV) 

 Excellent over-current capability of thyristors 

 Thyristors lower on-state voltage drop, cost, and less conduction losses comparing to IGBTs 

 More mature systems 

 Lower overall costs comparing to VSC HVDC 

 Better response to DC faults 

Despite these advantages, there are more promising advantages of VSCs in comparison to LCCs. 
Some of these advantages are as following [37]: 

 VSCs have the capability of independent control of active and reactive power. 

 Using PWM technique with the IGBTs allows to do the switching in higher frequencies. 
Considering this advantage, VSCs need much smaller sizes of filters in comparison to LCCs. 

 Reversing of power flow is possible in a short time (50-100 ms) while in LCC, it has more 
constraints. 

 Better response to AC faults 

 In comparison to VSC, LCC injects significant low-order harmonics which requires large-
scale passive filters installation which takes a lot of space. 

 VSC needs smaller passive filters for reactive power compensation comparing to LCC. 

 VSCs provide the possibility if multi-terminal systems due to easy control of the power 
transfer. 

These important advantages of VSCs over LCCs have made VSCs more appealing since 1997 [37]. 
Moreover, LCCs more suitable for high voltage and high power DC applications while VSCs can be 
used in different voltage levels [37]. Moreover, with VSC, the power flow on the DC side can be 
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controlled without inverting the voltage polarity of the line [37]. All of These features make VSC a 
more promising converter type for medium voltage DC networks in comparison to LCCs. 

 

3.2. Survey of Voltage Source Converter (VSC) Topologies 

Voltage source converters can have different topologies. These topologies can be sorted in two 
general categories, two-level converter and multi-level converter. Depending on the desired 
number of output voltage levels, each topology needs a number of semiconductor devices and 
valves (a number of switches connected in series).  

 Two-Level Converter  

The 2-L converter is probably the mostly-used topology in the industrial purposes [38]. This 
converter is made up of at least one leg and the most common 2-L VSC has three legs (phases). In 
each leg, there are two valves of switches. In low power applications, each leg needs one IGBT valve 
since a wide range of IGBTs in the range of 650 V – 6500 V is available [38]. While, in higher voltage 
applications, a series of IGBTs per valve is needed. The schematic of a 3-phase 2-L VSC is shown in 
Figure 11.  

This topology has some features such as following [37]: 

 This topology is mostly applied for low voltage/power ratings (for example 1 kV, 1 MW) 

 It requires a simple construction and consequently simple control technique. 

 It uses the minimum number of switches in comparison to other topologies. 

 Because of the high switching losses, the switching frequency is limited to around 1.5 kHz. 
This also imposes installing large AC filters. 

 Poor DC fault ride-through 

 Two-level converters have higher dv/dt stresses, electromagnetic interference, and lower 
efficiency [40]. 

 The insufficient blocking voltage of semiconductor switches makes this topology not very 
suitable for MV and HV applications. In this topology, the rated voltage of each switch must 
be greater than DC pole to pole and for example for having a 30 kV medium voltage DC grid, 

 

Figure 11 : The Schematic of the Active Two-Level Bridge Rectifier 
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this value will be minimum 30 kV while in the existing switches, a switch can withstand 6.5 
kV as a maximum amount. This is one of the motivations to design multi-level topologies. 

 Neutral Point Clamped (NPC) Converter 

In 1979, the first Pulse-Width Modulation (PWM) NPC converter was invented [39] [43]. This 
topology is now a popular topology for industrial applications in AC drives [43].In comparison, to 
2-level topology, NPC the advantage of required lower blocking voltage for the IGBTs. Moreover, the 
harmonics generated by this topology is lower comparing to 2-level topology [38] [39]. Figure 12 
shows the schematic of a 3-level 3-phase neutral point clamped converter. 

 

An n-level NPC converter requires n-1 DC capacitors, 2n-2 switches per phase, and (n-1)(n-2) 
clamping diodes (n-1) diodes per clamping point pairs) per phase and its output phase and line 
voltages have n and 2n-1 levels, respectively. For example, a 3-L NPC topology is composed of 4 
IGBT valves per leg. This topology has some special features such as [41]: 

 Multiple clamping points, voltage imbalance on the DC capacitors, implementation 
complexity of higher level NPC converters, and asymmetrical power loss distribution among 
semiconductor devices have restricted NPC topology to only 3 and 5-level configurations. 

 As a comparison to have a pole to pole DC voltage of Vdc, with two-level converter, the 
voltage rating of each switch must be Vdc, while for 3-L NPC, each switch must withstand 
Vdc/2 in the nominal condition. 

To enhance the voltage synthesis in an NPC converter (diode-clamped), clamping can be done by 
capacitors. This capacitors are called Flying Capacitors (FC) [42]. For the first time, ALSTOM used 
this topology in its ALSPA VDM6000 AC drive in 1990s [43].However, Flying Capacitors (FCs) might 
impose some practical constraints and additional costs [43]. Moreover, to overcome the 
disadvantage of uneven power loss distribution among semiconductors, clamping neutral points 
can be done by adding antiparallel switches such as IGBTs or IGCTs. This topology is called Active 
Neutral Point Clamped (ANPC) [43] [45]. The PCS 8000 AC drive manufactured by ABB uses this 

 

Figure 12 : The Schematic of a 3-Level Neutral Point Diode Clamped (NPC) Converter 
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topology [43] [46]. Due to the mentioned advantages of FC-based and ANPC converters, a 
combination of these two gives more robustness (from ANPC) and flexibility (from FC-based 
topology) [43]. As an example, ABB ACS2000 uses FC-based ANPC topology [43] [47].  

 Cascaded H-Bridge (CHB) 

This topology is implemented by cascading some single phase modules [42]. Each of these bridge 
modules generates three voltage levels of +Vdc, 0, and –Vdc. This is made by connecting DC 
capacitors to the AC side via four semiconductor switches. Figure 13 shows a phase (leg) of this 
topology with n bridges. 

Typically, for producing an n-level output waveform, (n-1)/2 number of bridges are needed. Some 
of the features of this topology are [41]: 

 It needs the minimum number of components comparing to other topologies for the same 
voltage level. 

 It does not require any additional diodes or floating capacitors. 

 The major drawback of this topology lies in the DC sources that for DC to AC conversion, it 
requires n separate DC sources per phase. 

 

Figure 13 : The Schematic of a leg of the Cascaded H-Bridge Converter with n Bridges 
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 Modular Multilevel Converter (MMC) 

MMC was proposed by Marquardt in 2003 [48]. Each leg of this converter consists of two arms and 
each arm includes a series connection of sub-modules (SMs) and an inductor (𝐿𝑎𝑟𝑚). Figure 14 
shows the schematic of a 3-phase modular multilevel converter (MMC) with N number of sub-
modules (SM). MMC is a promising alternative to conventional diode-clamped multi-level 
converters in medium/high voltage applications [37]. With the advantages of this topology such as 
flexibility of design, redundancy, lower harmonic contents and efficiency enhancement, it is 
expected that this topology is preferred in higher voltage applications [37] [49]. 

Depending on the requirements, each sub-module can have two configurations of half-bridge or full-
bridge. The former is shown in Figure 16 and the latter in Figure 15. 

 

 

 

Figure 14 : The Schematic of a Modular Multilevel Converter (MMC) 

 

 

Figure 16 : Sub-module with Half-
Bridge Configuration 

 

Figure 15 : Sub-module with Full-Bridge Configuration 
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In MMC with half-bridge sub-modules, each SM produces two voltage levels, +Vdc and 0. With full-
bridge sub-modules, a third level, -Vdc can also be generated. This topology offers higher levels of 
voltage and theoretically, there is no limit for the number of cells and consequently number of 
levels. Moreover, with the increase in number of sub-modules, the requirement for filters will be 
waived as the harmonic contents become lower. This is a remarkable advantage over other 
topologies [37], [41]. There is also an important advantage of MMC with full-bridge sub-modules 
which improves the performance of converter during DC faults. However, using this configuration 
requires doubled number of semiconductor components and this increases semiconductor power 
losses and costs in comparison to the MMC with half-bridge sub-modules [50]. 

3.3. Existing AC-DC Converters in MV Applications 

The AC to DC converters used today in medium voltage level can be found directly in the MVDC 
projects which have been implemented. Some of these projects which have been officially published 
can be found in the CIGRE technical brochure on medium voltage direct current (MVDC) grid 
feasibility study [51]. As an example, Angle DC project, under construction in the UK, is one of the 
most recent MVDC projects and it transforms power from 33 kV AC grid with conversion to a ±27 
kVdc [53] [54]. 

The main problem to analyze the AC-DC converters used in the implemented MVDC projects is the  
lack of sufficient and reliable information related to them as the detail of most of these projects are 
not published. This shows that to find the converters used in MV applications, it is needed to look 
for MV converters in the equipment which have already equipped with the AC to DC conversion and 
operate in medium voltage. These equipment are: 

 Medium Voltage AC Drives 

 Static Synchronous Compensator (STATCOM) 

To find the applied design in the mentioned equipment, several AC drives and STATCOMs from 
different manufacturers were analyzed. The results of this analysis will be explained from different 
points of view. 

 AC Drives 

AC drive is an equipment used to control the speed of an AC motor by changing the frequency of the 
supplied voltage. So, as the frequency of electrical grid is constant, an AC drive converts AC voltage 
to DC and then finally, uses a DC to AC inverter to recreate AC voltage. As an example, the schematic 
of a typical AC drive is shown in Figure 17. We observe that in this conversion chain, the red part 
shown in this figure is a DC-AC inverter. If the motor is at medium voltage level, it can be proposed 
to adopt this DC-AC inverter to a grid application. 

 

 

Figure 17 : The Single Line Diagram of a Typical AC Drive 
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Figure 18 shows a chart that summarizes the medium voltage AC drives designed by different 
manufacturers. The chart organizes the different converters by voltage and power ratings. Using 
this chart as a base, the main topologies used by the manufacturers can be presented as well as the 
switch technologies which are used on each case. These analyses are presented in Figure 19 and in 
Figure 20. 

Figure 19 shows that the preferred topology to design an AC-DC converter in industry is dependent 
on the required voltage and power ratings. This analysis shows that the NPC topology is used up to 
10 kV and 32 MW. This upper limit is achieved by General Electric (GE) MV7000 converter family 
[56]. Note that in this analysis, NPC refers to the ‘3-Level’ NPC topology. For the MV7000 converter 
manufactured by GE, with 5-level NPC, it is possible to reach up to 13.8 kV and 48 MW [56]. Here, 
only 3-L NPC is considered.  

For the case of CHB topologies, it has been found that it is used on MV converters with voltages 
between 6 kV and 11 kV and power up to 40 MW. This shows that as voltage increases, CHB is 
preferred in industry. The other topologies which are used in MV AC drives are the MMC and the 
Load Commutated Inverter (LCI) [57]. The MMC is proposed by Siemens for a voltage range around 
14 kV [58].  

It can also be observed that by increasing the voltage levels, the industrial solutions are cascaded-
based topology converters (CHB or MMC). As it was mentioned in the previous parts 
implementation of MMC is expensive and has a lot of control complexities. This is the reason that 
this topology is used in HV converters and it can be seen that it is used only in the highest voltage 
MV AC drive. 

Figure 20 shows the analysis of industrial AC drives from switch technology point of view. It was 
explained before that IGBTs are used in lower voltage applications of HVDC and it can be observed 
that in MV AC drives, this switch technology has been preferred due to the possibility of cascading 
converters. While, IGCT shows a significant merit in the high power converters without the need of 
cascading since IGCTs are capable of more current/power in comparison to IGBTs [59]. Due to the 
availability and benefits of thyristors in higher power/voltages, it has been used in one AC drive 
with the power rating of 85MW.  
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Figure 18 : The Medium Voltage AC Drives Used in Industry in Different Voltage and Power 
Ratings 
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Figure 19 : The Industrial Medium Voltage AC Drives Addressing their Topologies in Different 
Voltage/Power Ratings 

 

Figure 20 : The Industrial Medium Voltage AC Drives Addressing their Switch Technologies in 
Different Voltage/Power Ratings 
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 STATCOM 

The second equipment considered which includes an AC to DC conversion stage at medium voltage 
is Static synchronous compensator (STATCOM). STATCOM is a fast-acting element capable of 
providing or absorbing reactive current to regulate the voltage of AC grid at the point of connection 
[55]. STATCOM regulates voltage by exchanging power between a DC source and the AC grid in a 
very short time. This is done by an AC to DC converter. The typical schematic of a STATCOM is shown 
in Figure 21. Similar to the AC drive, the intended part to be studied is the converter inside the 
STATCOM. 

 

 

 

 

 

 

 

 

 

 

 

 

There are few number of STATCOMs and the information related to their DC voltage has not been 
specified. Considering STATCOMs, Figure 22 illustrates a chart which in some of the available 
STATCOMs in industry according to their power rating and AC grid voltage rating is shown. 

 

Figure 22 : The Manufactured STATCOMs Specifications Addressing Their Power Ratings, 
Topologes, and AC Grid Voltage Ratings 

This chart shows that most of the STATCOMs with power rating up to 50 MW use 3-L NPC topology 
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Figure 21 : The Single Line Diagram of a Typical STATCOM 
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3.4. The Relationship between AC and DC Voltages of VSCs 

After analysis of the MV converters in the AC drives and STATCOMs, since the DC voltage is desired 
and the mentioned voltages was AC voltage, the relationship between DC and AC voltages of these 
converters must be found. In VSCs, the AC and DC voltages are dependent on each other [37]. The 
relationship between the voltage on the AC and DC side of the VSC is dependent on the modulation 
technique which is applied to the IGBTs [37] [60]. To find their relationships, two Pulse-Width 
Modulation (PWM) techniques are focused. They are explained in following. 

 Sinusoidal PWM (PWM) 

Normally, in a voltage source converter with SPWM (Sinusoidal Pulse-Width Modulation), the 
relationship between the DC and AC voltage of the AC-DC converter is defined as the following 
equation. 

𝑈𝐷𝐶 = 2√
2

3
 
𝑈𝐴𝐶
𝑚𝑎

≈ 1.6
𝑈𝐴𝐶
𝑚𝑎

 Eq. 1 

In this equation, 𝑈𝐷𝐶  is the pole to pole DC voltage, 𝑈𝐴𝐶  is the AC line to line RMS voltage, and 𝑚𝑎 is 
the modulation index which must be less than 1 (0 < 𝑚𝑎 < 1) to have a sinusoidal AC voltage. The 
ideal value for modulation index is 1. But due to the saturation of this index and loss of perfect 
sinusoidal waveform, this parameter is designed to be less than 1. Hence, it is normally less than 1 
with a margin (for example 0.85 or 0.9). 

Based on the Eq. 1 and the range of modulation index, we can conclude: 

𝑈𝐷𝐶 >  2√
2

3
𝑈𝐴𝐶 ≈ 1.6 𝑈𝐴𝐶  Eq. 2 

This equation means that a VSC with SPWM modulation and DC voltage of 𝑈𝐷𝐶  can generate 
maximum 0.625 𝑈𝐷𝐶  AC line to line RMS voltage, however as it was mentioned, even this amount of 
AC voltage happens in an ideal condition with modulation index equal to 1 and practically, a slightly 
lower AC voltage is seen. This equation shows that in the achieved AC drives chart, the horizontal 
axis shows the AC side voltage of the converter and for the DC side, the voltage must be minimum 
160% of this AC voltage. Therefore, the following equation for this chart is present: 

𝑈𝐷𝐶𝐴𝐶 𝐷𝑟𝑖𝑣𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 > 1.6 𝑈𝐴𝐶𝐴𝐶 𝐷𝑟𝑖𝑣𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 𝑈𝑀𝑜𝑡𝑜𝑟  (𝑆ℎ𝑜𝑤𝑛 𝑜𝑛 𝑡ℎ𝑒 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐴𝑥𝑖𝑠) Eq. 3 

 Third Harmonic Injection PWM (THIPWM) 

In [60], another PWM technique has been proposed that is called third harmonic injection pulse-
width modulation (THIPWM). In this method, the reference waveform for modulation includes a 
sinusoidal waveform with the desired AC frequency (for example 50 Hz) and also another sinusoidal 
waveform with a three times AC frequency which refers to the third-order harmonic of the voltage 
on the AC side of the converter. The following equation shows the THIPWM modulation waveform: 

𝑇𝐻𝐼𝑃𝑊𝑀 𝑆𝑖𝑔𝑛𝑎𝑙:𝑀 = 𝑠𝑖𝑛(𝜔𝑡) + 𝐾𝑠𝑖𝑛 (3𝜔𝑡) Eq. 4 

As the amplitude of modulation signal must be maintained less than 1, the optimized value for K can 
be found as 1/6. Finally, the commonly used THIPWM modulation signal to eliminate triple 
harmonics is as following: 
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𝑇𝐻𝐼𝑃𝑊𝑀 𝑆𝑖𝑔𝑛𝑎𝑙:𝑀 =
2

√3
[𝑠𝑖𝑛(𝜔𝑡) +

1

6
𝑠𝑖𝑛 (3𝜔𝑡)] Eq. 5 

With this technique, all the triple harmonics will be significantly decreased (81%) while the first-
harmonic which is desired is extended to 1.15 (the linear modulation region is extended) compared 
with 1 in conventional SPWM. Moreover, this analysis show the better performance of the converter 
in reduction of the THD. Overall, with THIPWM technique, the PWM gain is increased by 15% over 
the traditional PWM and the relationship between the DC and AC voltage of a VSC can be modified 
to the following equation:  

𝑈𝐷𝐶 =
√2

𝑚𝑎
𝑈𝐴𝐶 ≈

1.4

𝑚𝑎
 𝑈𝐴𝐶  Eq. 6 

In this equation 𝑈𝐷𝐶  is the DC pole to pole voltage and 𝑈𝐴𝐶  is the AC line to line RMS voltage and 𝑚𝑎 
is the modulation index (0 < 𝑚𝑎 < 1). Therefore based on Eq. 6 and the range of modulation index 
to generate sinusoidal AC waveform, we can conclude: 

𝑈𝐷𝐶 > √2𝑈𝐴𝐶 ≈ 1.4 𝑈𝐴𝐶  Eq. 7 

This equation shows that by injecting third-harmonic in the modulation signal, the current will be 
less than the converter with conventional PWM modulation and with the same DC voltage, the AC 
voltage will be 15% higher (the same amount of transferred power). 
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3.5. AC Drive Converters in MVDC Networks 

Due to the few number of STATCOMs and the limited information, to finalize this analysis, only MV 
converters in AC drives will be focused. Considering, the AC drives, as the DC voltage is desired, it is 
needed to find the relationship between the DC and AC voltages of the AC drives. For the AC drives, 
AC voltage is the motor voltage. With considering the industrial AC drives in the MV level, and the 
conventional PWM technique to calculate the DC link voltage of analyzed AC drives from their AC 
voltage (See Eq. 2), the following table is proposed. This table presents the recommended 
voltage/power range to apply a topology based on the designs used in the industrial AC drives. This 
table only discusses the possible potential for each topology and in reality, based on the different 
requirements and future improvements, theses information may be updated. With THIPWM, the DC 
voltage ranges is a bit lower (See Eq. 7). 

 

Topology 

Minimum Recommended 

Converter DC Voltage Range 

(Pole to Pole) 

Recommended Converter 

Power Range 

3-L Neutral Point Clamped 

(NPC) 

4.8 kV – 16 kV 3 MW - 32 MW 

Cascaded H-Bridge (CHB) 9.6 kV – 17.6 kV 3 MW - 40 MW 

Modular Multilevel Converter 

(MMC) 

Greater than 22.4 kV Greater than 23 MW 

Load Commutate Inverter 

(LCI) 

19.2 kV 85 MW 

Table 1: The Recommended Voltage/Power Ranges considering the Industrial AC Drives 

 

Moreover, in [54], the different topologies used in medium voltage application have been compared 
based on different criteria. It shows that with the same DC voltage rating 2-L VSC is more reliable 
than 3-L NPC but MMC is more reliable than both of these topologies. Moreover, the efficiency of 
MMC is more than 3-L NPC and both of them impose lower losses than 2-L VSC. Overall, from 
economical point of view, [54] proposes 3-L NPC topology for the converter with medium voltage 
up to 56 kV pole to pole DC voltage (±28 kVdc) and up to 23 MW while for the DC pole to pole voltage 
of 46 kV (±23 kVdc) and the power range of 23 MW and 33 MW, the most cost-effective topology is 
MMC. Moreover, it is strongly suggested that for the higher MVDC voltages and power ranges, MMC 
is more reliable and economical than other topologies due to the more availability of higher number 
of MMC sub-modules. Additionally, the other topology which is advantageous to use in higher MV 
voltages than 70 kV (±35 kVdc) is cascaded 3-L NPC which is deployed in Angle-DC project in the 
UK. In this project, 12 3-L NPC cells has been used with the bipolar line topology. Each cell has a 
power rating of 2.55 MVA (totally 30 MW) and 4.5 kV pole to pole DC voltage (totally 54 kV or ±27 
kVdc) [54]. 
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Research Trends in MVDC Applications and Related Technologies 

4.1. Introduction and Methodology 

After a review on industrial works related to MVDC, a study of the research trends in the literature 
for this concept is essential. The goal of this review is finding the popular subjects related to MVDC 
which have been interesting in the researchers’ views. There are a lot of publications can be found 
on different sources. It is interesting to analyze the interests related to this thesis work in the 
publications. Hence, we perform a review on the trends related to MVDC which can be found in 
literature.  

The source which is used for this study is IEEE Xplore [64] and the method is looking for the number 
of articles by keywords related to MVDC, its related applications and technologies. For example, to 
find out which topology is more popular in the literature, the term ‘MVDC’ and the topologies like 
‘NPC’ have been searched. Moreover, the time-interval to do this analysis is based on the current 
century and to see the trend of a topic related to MVDC (increasing or decreasing), the 21st century 
has been divided in four 5-years periods. So, the results have been analyzed in the following time-
periods: 

 2001 – 2005 

 2006 – 2010 

 2011 – 2015 

 2016 - 2020 

As an example, for the applied topologies in MVDC converters, considering number of articles in 
IEEE database for MVDC and its combination with these topologies of AC-DC conversion, Table 2 
shows the results: 

 

Keyword → 
MVDC 

MVDC + 
Half 

Bridge 

MVDC + 
Full 

Bridge 

MVDC 
+ NPC 

MVDC + 
MMC 

Period ↓ 

2001 - 2005 247 5 9 13 0 

2006 - 2010 438 10 20 23 4 

2011 - 2015 1079 40 47 58 79 

2016 - 2020 1999 106 146 75 280 

Table 2: Number of Articles in IEEE Database with these Keywords Related to MVDC 
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4.2. Results and Conclusions 

The results of this analysis have been ordered in different categories. 

 Trends of Topologies in MVDC  

The result of topologies analysis used in the articles related to MVDC is shown in Figure 23. These 
results show that even if in industrial MV converters, 3-L NPC and CHB are very popular, in 
literature, MMC has been the most prominent topology for authors and researchers about MVDC. 
This shows that probably in the future with more development of MVDC networks, more industrial 
MV converters with MMC topology will be available given its significant potential to researchers’ 
insight. Moreover, by more research and development of MMC, this topology has attracted a lot of 
interest in the recent decade of 21st century in comparison to the first decade. 

 

 

Figure 23 : Trends of Converter Topologies in articles related to MVDC Applications 
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 Trends of Switch Technologies in MVDC 

The result of switch technologies analysis used in the articles related to MVDC is shown in Figure 
24. This analysis clearly confirms the industrial review and show that IGBT is the most common 
switch used in the design and research of the authors. After IGBT, they have been interested in 
thyristors while IGCT has not been appealing in the articles related to MVDC applications. 

 

 

 

Figure 24 : Trends of Switch Technologies in articles related to MVDC Applications 
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 Trends of renewable energy sources in MVDC  

Figure 25 shows an overview of the trend of different renewable energy sources mentioned in the 
articles related to MVDC. These results show that potentially, wind and then PV are very compatible 
sources to be integrated in MVDC networks. 

 

 

Figure 25 : Trends of Renewable Energy Sources in articles related to MVDC Applications 
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 Trends of RES Locations in MVDC  

The outcome of the potential locations for integration of renewable sources in the articles related 
to MVDC is shown in Figure 26. This analysis show a massive potential interest in the insight of 
researchers for integrating renewable energy sources into the MVDC networks on ships or in 
marine applications. 

 

 

Figure 26 : Trends of Discussed Locations in articles related to MVDC Applications 
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 Trends of the main equipment in the MVDC  

This analysis demonstrates the interest of authors in medium-frequency transformers for MVDC 
networks and a fair amount of their interest in integrating storage system into the MVDC networks. 
The detailed results is shown in Figure 27. 

 

 

 

Figure 27 : Trends of Instruments in articles related to MVDC Applications 
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Analysis of DC Faults on MV AC-DC Converters 

5.1. Purpose 

Reliability and safety is the goals of a power system. An electrical network must be designed in a 
way to transfer power to the customers reliably. Hence, there is an essential need for analyzing 
some events which may happen in an electrical network. Similarly, in the hybrid electrical networks, 
the reliability of AC-DC converters is very important during any condition. DC faults on AC-DC 
converters is a popular research topic in HVDC converters [65][66][67][68]. But due to the 
immaturity of MVDC networks and MV converters, it is needed to study this phenomenon in this 
voltage range. Faults can happen for different reasons, either internally inside a device or due to an 
external interference. In this chapter, DC faults in MVDC networks are studied addressing the 
technical limitations for the equipment in the AC-DC converters.  

5.2. Study Case 

The following figure shows the single line diagram of the network which will be considered to 
analyze the impacts of DC faults on MV AC-DC converters. 

In the proposed network, we assume that the MVDC line is connected to the 225 kV AC grid via an 
AC-DC converter station. The considered nominal power for the station is 20 MW and the DC grid 
voltage is in the medium voltage range. A voltage of ±10 kV (20 kVdc pole to pole) is considered. 
These parameter are chosen based on the analysis done in [36]. 

 Converter Design 

The choice of the AC-DC converter for the case study is done considering the mentioned design 
requirements (20 MW, 20 kVdc pole to pole). Based on the analysis done in Chapter 3 on potential 
converter topologies for each voltage and power range, it is considered that 3-Level NPC is a good 
choice. Moreover, for the switch technology, IGBT is preferred. 

NPC topology has been mostly used in AC drives. A DC fault inside an AC drive is unlikely, so the 
impact of this fault on AC-DC converters with NPC topology has not been analyzed yet. However in 
publications like [37], [69], [70], and [71], DC fault on AC-DC converter with 2-level topology has 
been studied. The identified advantages of NPC for MVDC networks make an in-depth analysis on 
DC fault on MV converters with this topology necessary. 

As it was mentioned in Chapter 3, for a 3-L NPC, each switch in the topology must be rated with 
minimum half of the DC voltage (Vdc/2). Thus, for the retained study case, 10 kV, the topology will 

 

Figure 28 : Single Line Diagram of the Study Case Network 
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need switches with rated voltage of 10 kV. Currently, in the market, the highest voltage switch which 
can be found is 6.5 kV IGBTs. However, a derating is generally is done for the use of IGBTs (for 
example it can be seen in the 6.5 kV IGBTs manufactured by ABB [61] or Infineon [62]), Thus a rated 
collector-emitter voltage of 3.6 kV in this study. Therefore, to implement the needed converter with 
3-L NPC topology, there are two possible options: 

→ One 3-L NPC with three 6.5 kV-IGBTs in series for each switch in the topology (totally 12 
switches per phase and 36 switches for the converter): With this implementation, the 
size of converter will be smaller and as only one 3-L NPC converter will be used, less 
number of AC equipment (breakers, disconnectors, sensors, etc.) will be required. 
However, this implementation needs the balancing of the voltage on each IGBT, requiring 
snubber circuits [63]. This implementations is shown in and Figure 31. 

→ Cascading n 3-L NPCs: With this method, the required power and voltage will be shared 
between all the converters, decreasing the individual constraints for each converter. This 
implementation is shown in Figure 30. Table 3 shows the required number of switches 
for different number of cascaded (series) converters considering 6.5 kV IGBT (rated at 
3.6 kV). This method is similar to the applied design for the AC-DC station in the Angle 
DC project in the UK [54]. 

 

Figure 29 : The Schematic of Study Case Implementation with One NPC 

 

Figure 30 : The Schematic of Study Case Implementation with n NPCs 
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Number of Cascaded Converters with 3-L 
NPC Topology 

Minimum Required Number of Switches 

1 36 

2 48 

3 36 

4 48 

Table 3: The Number of 6.5kV IGBTs needed for Different Number of Cascaded NPCs 

The first option is retained because of the mentioned advantages and also the simplicity of this 
model to analyze faults on AC-DC converter. However, this will not impact on the general 
conclusions. The schematic of the designed converter is shown in Figure 31. 

The current which is passing by a switch in a converter in the nominal condition and also the peak 
of this current are the other parameters to choose a proper switch for designing a converter. In 
other words, we can satisfy the voltage requirement by choosing a 6.5 kV switch but it is also 
required to fulfill the current constraints. This is explained in the sub-chapter related to switch 
selection. 

 Passive and Active Elements Specification 

In this study case, the following elements are present: 

AC grid short circuit resistance and inductance: These parameters are represented by 𝑅𝐴𝐶  and  
𝐿𝐴𝐶  in the single line diagram of the network on Figure 28. Their values are specified according to 
the short circuit of the AC grid. A strong AC system is considered. Thus, the impedance related to 
the inductors of the network is much higher than the short circuit resistance (more than 7 times). 

 

Figure 31 : The Schematic of the Designed Converter with 3-L NPC Topology 
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Transformer: A transformer with Y-∆ windings was considered. Considering the transformer with 
other vector groups are also possible but requires further studies. The nominal converter power is 
20 MW, the transformer’s apparent power is dimensioned a little higher at 24 MVA. For the voltage, 
a transformer is connected from one side to the 225 kV AC grid, its primary voltage will be matched 
with the voltage of AC grid and for the secondary side, the voltage will be related to the DC voltage 
of the converter. In chapter 3, it was explained that a VSC with THIPWM (Third harmonic Injection 
Pulse-Width Modulation) and DC voltage of 𝑈𝐷𝐶  can generate maximum 0.71 𝑈𝐷𝐶 AC line to line 
RMS voltage (See Eq. 7).  

In the retained study case, with 20 kVdc pole to pole voltage, the AC voltage of converter can be 
around 14.3 kV at the maximum modulation index (𝑚𝑎 = 1). Considering the practical value of 
modulation index which is around 0.85-0.9, the design of the secondary voltage of the transformer 
at 12 kV is selected. 

Since the short-circuit impedance of transformer is very large, only short circuit impedance of the 
transformer can be considered. This figure shows the equivalent circuit of transformer seen by one 
side (primary or secondary). Moreover, due to the larger amount of transformer short circuit 

reactance in comparison to its resistance (𝑋𝑅𝑅𝑎𝑡𝑖𝑜 =
𝑋𝑡𝑟

𝑅𝑡𝑟
, 𝑋𝑅𝑅𝑎𝑡𝑖𝑜 ≫ 15), the resistance of 

transformer can be neglected and only its inductance can be considered. The short circuit 
inductance of the transformer can be calculated using the following formula: 

𝐿𝑡𝑟 =
𝑍𝑡𝑟
2𝜋𝑓

. (
𝑉𝑠𝑒𝑐
𝑉𝑝𝑟𝑖

)

2

 Eq. 8 

In this formula: 

𝐿𝑡𝑟: 𝑇ℎ𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑠𝑒𝑒𝑛 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑠𝑖𝑑𝑒 

𝑍𝑡𝑟: 𝑇ℎ𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑠𝑒𝑒𝑛 𝑏𝑦 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑠𝑖𝑑𝑒 𝑖𝑛 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑡𝑒𝑠𝑡 

𝑓: 𝐴𝐶 𝑔𝑟𝑖𝑑 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  

𝑉𝑠𝑒𝑐 : 𝑇ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 , 𝑉𝑝𝑟𝑖: 𝑇ℎ𝑒 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟  

 

AC Filter: The resistance and inductance of this filter are shown with 𝑅𝑓 and 𝐿𝑓 in the single line 

diagram of the study case in Figure 28. This filter is needed to reduce the harmonics on the current 
generated by the converter. The main component of this filter in the study case is the filter 
inductance as its reactance is considered much larger than the resistance. Choosing a large value 
can reduce the total harmonics distortions (THD) significantly but this will increase the modulation 
index to violate 1 and enter the saturation area of the modulation because large AC filter imposes 
higher voltage drop and thus to regulate the AC voltage at a set-point, the modulation index will be 
forced to rise and violate the linear region (0 < 𝑚𝑎 < 1). In the study case, it is assumed that the 
acceptable THD on the AC grid current is equal or less than 8% and the value of AC filter inductance 
is specified based on this limitation. 

 

DC Link Capacitor (𝑪𝑽𝑺𝑪): The DC capacitor is used to generate a DC voltage with low ripple from 
the rectified AC voltage coming from the converter. The value of DC link capacitor is designed in a 
way to have a ripple between 3-10 %. As a standard, the following equation is used to calculate a 
suitable amount for this capacitor [37]: 
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𝐶𝑉𝑆𝐶 =
2𝑆𝑉𝑆𝐶𝐸𝑠

𝑉𝑑𝑐
2  Eq. 9 

In this equation: 

𝐶𝑉𝑆𝐶 : 𝐷𝐶 𝐿𝑖𝑛𝑘 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐷𝐶 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑉𝑆𝐶 , 𝑆𝑉𝑆𝐶 : 𝑇ℎ𝑒 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑆𝐶 

𝐸𝑠: 𝑇ℎ𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑜 𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 , 𝑉𝑑𝑐 : 𝑇ℎ𝑒 𝑃𝑜𝑙𝑒 𝑡𝑜 𝑃𝑜𝑙𝑒 𝐷𝐶 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑆𝐶 

In practice, the value of 𝐸𝑠 is in the range of 10 𝑘𝐽𝑀𝑉𝐴−1 and 50 𝑘𝐽𝑀𝑉𝐴−1 [37]. Assuming 𝐸𝑠 =
10 𝑘𝐽𝑀𝑉𝐴−1, the suggested value for the DC link capacitor is around 1 mF. 

DC Inductor (𝑳𝒅𝒄): The DC inductor is used on the DC side of the converter for limiting the di/dt 
imposed by different phenomena such as faults to give enough time to the protection devices to 
detect and eliminate faults before damaging the equipment. The effect of DC inductor will be 
analyzed later during fault analysis. 

MVDC Line: It consists of one cable per pole which current will be exchanged through that in ± 10 
kVdc.  

DC Grid: Some components can be present such as renewable energy sources (which will be 
explained in the next chapter) but for the proposed fault analysis, they are neglected since 
considering the contribution of these elements into the fault does not affect the AC-DC converter. 

 Semiconductor Switch Selection 

As it was mentioned in the converter design, for AC-DC conversion, one converter with the topology 
of 3-L NPC with three series switches for each switch in the topology is supposed. The rated voltage 
of each of these switches must be at least 3.33 kV (assuming a correct voltage sharing). As it was 
mentioned, a 6.5 kV IGBT is a good choice however 4.5 kV IGBTs can also be used but higher number 
of switches is needed. Now, the nominal RMS current is also an important constraint and we have 
to check if this switch can carry the current of the converter in the nominal (steady-state) condition. 
Simulation (which will be explained in the next sub-chapter) of the study case shows that in this 
study case, the maximum RMS and the peak of current passing by each switch are 570 A and 1286 
A, respectively. So, to choose a suitable IGBT for this application, the following conditions must be 
met: 

 𝐶𝑜𝑛𝑡𝑖𝑛𝑜𝑢𝑠 𝐷𝐶 𝐹𝑜𝑟𝑤𝑎𝑟𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 ∶ 𝐼𝐹 > 570 𝐴 

 𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑣𝑒 𝑃𝑒𝑎𝑘 𝐹𝑜𝑟𝑤𝑎𝑟𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡: 𝐼𝐹𝑅𝑀 > 1286 𝐴 

For the 6.5 kV IGBTs mentioned in [61] and [62], the value of these parameters is as following: 

 𝐼𝐹 = 750 𝐴 

 𝐼𝐹𝑅𝑀 = 1500 𝐴 

This shows that a 6.5 kV IGBT can fully fulfill the requirements. For this application, the 6.5 kV 750 
A Infineon IGBT FZ750R65KE3 was chosen [62]. 

Overall, the most important parameters of the network are shown in Table 4: 

 

 

 

 



    

41 

Component of the Network Specification 

AC Grid RMS Line to Line Voltage 225 kV 

Transformer 24 MVA, 225 kV/12 kV 

Converter 3-L NPC VSC, 20 MW, 36 Infineon 6.5 kV 750 A IGBTs 

FZ750R65KE3 

DC Link Capacitor 1 mF 

DC Voltage 20 kV Pole to Pole (± 10 kVdc) 

Table 4 : Specifications of some of the Elements in the Study Case Network 

5.3. Theoretical Analysis of DC faults 

In this section, DC faults on MV AC-DC converter are studied. There are two types of fault in the DC 
networks: 

 Pole to Ground Fault 

 Pole to Pole Fault 

Both of these faults can cause some problems for the converter equipment in terms of high current 
and high di/dt which they impose on the converter equipment. The schematic of the network with 
pole to ground fault is shown in Figure 32. For a pole to ground fault, a simple way to limit the fault 
current is to add a resistor 𝑅𝑁 in the ground connection of the 3-L NPC converter. As we can see, by 
installing this resistor, the impedance in the fault path is increased and therefore, the fault current 
is limited.  

 

 

 

Figure 32 : Schematic of the Network with DC Pole to Ground Fault 
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For a pole to pole fault, it is not possible to install a resistor in the path of fault current because it 
imposes a voltage drop, increasing the losses in normal operation. Therefore, since the pole to 

ground fault currents can be limited by a resistor, the focus of the study will be done on pole to pole 
faults which pose more constraints to the converter. The schematic of the network with pole to pole 
DC fault is shown in Figure 33. 

For now, it is assumed that the fault occurs on the terminals of the AC-DC station (right after DC 
inductors) as it is shown in the Figure 33. The detailed schematic of the converter with DC link 
capacitors and DC inductors during a DC pole to pole fault is shown in Figure 34 which is based on 
the schematic of the converter proposed in study case (See Figure 31).  

After happening this phenomenon, the current flowing through fault location (𝐼𝐷𝐶  in Figure 34) 
experiences different steps. These steps are shown in Figure 35 and explained in the following. In 
Figure 35, 𝑡𝐹𝑎𝑢𝑙𝑡 is the moment which fault occurs, 𝑡𝑃𝑒𝑎𝑘 is the time which fault current reaches to 
its peak, and 𝐼𝑃𝑒𝑎𝑘 is peak value of DC fault current.  

 

Figure 33 : Schematic of the Network with DC Pole to Pole Fault 

 

 

Figure 34 : Schematic of the Converter with a DC Pole to Pole Fault Close to the Converter 
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Figure 35 : Fault Current after DC Pole to Pole Fault 

Step Zero: In this step, as the current of the switches start to rise, the protection of IGBTs will block 
all of them to prevent over-currents. Figure 36 shows the equivalent schematic of the converter 
after blocking IGBTs. Note that in this schematic, IGBTs are not shown since they are open due to 
blocking. 

 

Step 1 (Discharge of the DC Link Capacitors into the Fault): By blocking the switches, the voltage 
of DC link capacitors which are fully charged drops to zero in a very short time (this time depends 
on the value of DC inductor, a larger 𝐿𝐷𝐶  results in longer time). Consequently, the DC current rises 
to a very high current and reaches a peak. In this period, the DC capacitors start discharging into 

 

Figure 36 : Schematic of the Converter after Blocking IGBTs due to the DC Pole to Pole Fault 
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the fault path. The magnitude of the capacitor fault current is only limited by the impedance in the 
fault path (fault resistance). The DC inductors installed on the DC side limit the rise of the fault 
current. The equivalent circuit of the DC side in a short interval of time after fault will be an RLC 
circuit which is shown in Figure 37. 

In this circuit, 2𝐿𝐷𝐶  is the pole to pole equivalent of DC inductors and 𝑅𝑓𝑎𝑢𝑙𝑡 is the fault resistance 

which it is assumed as a very small amount (0.01 Ω). Solving this circuit will give the peak of DC 
current and the rising time to reach this peak. By using Kirchhoff Voltage Law (KVL) law in the 
circuit shown in Figure 37, it can be written: 

𝑣𝐶 + 𝑣𝐿 + 𝑣𝑅 = 0 Eq. 10 

 

By knowing the formula of the voltages of the capacitor, inductor, and resistor, we can write: 

1

𝐶𝑣𝑠𝑐
∫ 𝑖𝑑𝑐𝑑𝑡 +

2𝐿𝐷𝐶𝑑𝑖𝑑𝑐
𝑑𝑡

+ 𝑅𝐹𝑎𝑢𝑙𝑡𝑖𝑑𝑐 = 0 Eq. 11 

Solving this equation will give us the formula of DC current as following: 

𝑣𝐶𝑣𝑠𝑐 =
𝑉𝑑𝑐0𝜔𝐿𝐶0
𝜔𝐿𝐶

𝑒−
𝑡
𝜏 𝑠𝑖𝑛(𝜔𝐿𝐶𝑡 + 𝛽) −

𝐼𝑑𝑐0
𝜔𝐿𝐶𝐶𝑣𝑠𝑐

𝑒−
𝑡
𝜏 𝑠𝑖𝑛(𝜔𝐿𝐶𝑡) Eq. 12 

𝑖𝑑𝑐 = −
𝐼𝑑𝑐0𝜔𝐿𝐶0
𝜔𝐿𝐶

 𝑒−
𝑡
𝜏 𝑠𝑖𝑛(𝜔𝐿𝐶𝑡 − 𝛽) +

𝑉𝑑𝑐0
𝜔𝐿𝐶2𝐿𝑑𝑐

 𝑒−
𝑡
𝜏 𝑠𝑖𝑛(𝜔𝐿𝐶𝑡) 

Eq. 13 

where: 

𝜔𝐿𝐶 =
1

√2𝐿𝐷𝐶𝐶𝑣𝑠𝑐
   ,   𝛽 = arctan (

𝜔𝐿𝐶2𝐿𝐷𝐶
𝑅𝐹𝑎𝑢𝑙𝑡

)   ,   𝜏 =
2𝐿𝐷𝐶
𝑅𝐹𝑎𝑢𝑙𝑡

    ,   𝜔𝐿𝐶0 = √𝜔𝐿𝐶
2 +

1

𝜏2
  

𝐼𝑑𝑐0 and 𝑉𝑑𝑐0 are the initial values at the faults instant. Peak of DC fault current (𝐼𝑃𝑒𝑎𝑘) can be 

calculated by putting the derivative of DC current equal to zero (
𝑑𝑖𝑑𝑐

𝑑𝑡
= 0). Eq. 13 shows the impact 

of DC inductors (𝐿𝐷𝐶) on limiting the fault current as if there is no DC inductor (𝐿𝐷𝐶 = 0), this 
current rises to infinity. Moreover, by solving this derivative equation for t, the peak time (𝑡𝑃𝑒𝑎𝑘) 
can be calculated as following: 

𝑡𝑝𝑒𝑎𝑘 =
2𝜋 √2𝐿𝑑𝑐𝐶

4
 Eq. 14 

 

Figure 37 : Equivalent Circuit of the Fault Path by Discharge of DC Link Capacitor 
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There is also another way for calculating the peak time. As we know, peak time is the time that the 
natural response of DC current reaches its maximum value.  In other words, it is one quarter of the 
natural period of DC side in the LC circuit. Therefore we can write: 

𝑡𝑝𝑒𝑎𝑘 =
𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑃𝑒𝑟𝑖𝑜𝑑

4
=
𝑇𝑛𝑎𝑡𝑢𝑟𝑎𝑙

4
=
2𝜋 √2𝐿𝑑𝑐𝐶

4
 Eq. 15 

During this stage, there is no contribution to the fault current from the AC side of the VSC since 
converter equipment are not contributing to the fault and DC link capacitors are discharging in the 
fault via DC inductors. 

Step 2 (Transient Period until Steady State): After the complete discharge of the capacitors, the 
DC inductors (which are now fully charged) start to discharge into the fault. Figure 38 shows the 
schematic of converter in this step. 

During this stage, DC inductors will be discharged into the fault and the fault current will freewheel 
by the converter diodes. From this step, AC side starts to contribute into the fault and high currents 
will be passed through diodes. It can be observed that DC pole to pole fault is seen as a three-phase 
short circuit from AC side. Hence, a rectified version of the current coming from AC grid will be 
flown through fault as this current passes through diodes. Therefore, during this period there are 
two contributions, one from AC grid and the other form the discharge of DC inductors and the diodes 
are experiencing two currents, one from AC side which is the rectified three-phase AC short circuit 
current and another current which is coming from DC side. The analysis on DC fault current shows 
a like-wise equation as following: 

𝐼𝐷𝐶 = 𝑀𝑎𝑥{𝐼𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑑 𝐴𝐶 𝑇ℎ𝑟𝑒𝑒−𝑃ℎ𝑎𝑠𝑒 𝑆ℎ𝑜𝑟𝑡 𝐶𝑖𝑟𝑐𝑢𝑖𝑡, 𝐼𝑑𝑐𝐼𝑛𝑑𝐷𝑖𝑠} Eq. 16 

 

Figure 38 : Schematic of the Converter in the Transient Period 
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Presenting a super-position between these two currents, for the current coming from the discharge 
of DC inductors by neglecting the contribution of AC grid, the schematic of the converter shown in 
Figure 39 will be resulted. 

Since each diode in the forward-biased condition acts as a resistor with the resistance of 𝑅𝑜𝑛, an 
equivalent circuit can be achieved by calculating the equivalent resistance of all the converter 
diodes. The schematic of this equivalent circuit is shown in Figure 40. 

In this circuit, 𝑅𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 represents the total equivalent resistance of all the diodes of the converter. 

We can find this parameter in the datasheet of the switch. As an example, for the retained IGBT, the 
following picture shows the forward current and voltage of the diode. With the shown linear 
approximation, the equivalent turn-on resistance of the freewheeling diode of this specific switch 
can be calculated as 2 mΩ. 

 

Figure 40 : Equivalent Circuit of the Converter Considering only DC Inductors Discharge 

 

 

Figure 39 : Schematic of the Converter with Considering only the Discharge of DC Inductors 
Contribution 
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Figure 41 : The Graph of Current Passing by the Free Wheeling Diode of the Retained IGBT based 
on the Voltage [62] 

Finally, the total equivalent resistance of the 3-L NPC can be calculated as following: 

𝑅𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 𝑅𝑒𝑞 =
[3𝑅𝑜𝑛 + 3𝑅𝑜𝑛 + (6𝑅𝑜𝑛||2𝑅𝑜𝑛)]

3
= 2.5𝑅𝑜𝑛 Eq. 17 

In this formula, 𝑅𝑜𝑛 refers to the equivalent resistance of the freewheeling diode. 

Considering the equivalent circuit (Figure 39), the DC current flowing in this circuit can be 
calculated as: 

𝐼𝑑𝑐𝐼𝑛𝑑𝐷𝑖𝑠 = 𝐼𝑃𝑒𝑎𝑘𝑒
−
(𝑡−𝑡𝑃𝑒𝑎𝑘)

𝜏  Eq. 18 

In this equation, 𝐼𝑑𝑐𝐼𝑛𝑑𝐷𝑖𝑠  is the current coming from the discharge of DC inductors, 𝐼𝑃𝑒𝑎𝑘 is the peak 

of DC fault current which was calculated in the previous step, and 𝜏 is time-constant of the current 

passing in this circuit (𝜏 =
2𝐿𝐷𝐶

𝑅𝐹𝑎𝑢𝑙𝑡+𝑅𝑒𝑞
). Eq. 18 shows that the DC current coming from the super-

position by only considering discharge of DC inductors will decrease exponentially as we are dealing 
with a RL circuit. 

As it was mentioned, after pole to pole fault, AC side acts as three-phase short circuit; in steady state, 
a sinusoidal current will be present and in transient, there will be an additional decaying 
exponential current. The current on AC side can be calculated as: 

𝑖𝑎𝑐(𝑡) = 𝐼3𝑃ℎ𝑆ℎ𝐶𝑃𝑒𝑎𝑘𝑠𝑠 𝑠𝑖𝑛(𝜔𝑡 + 𝛼 − 𝜑) + [𝐼𝑎𝑐 𝑠𝑖𝑛(𝛼 − 𝜑0) − 𝐼3𝑃ℎ𝑆ℎ𝐶𝑃𝑒𝑎𝑘𝑠𝑠 𝑠𝑖𝑛(𝛼 − 𝜑)]𝑒
−
(𝑡−𝑡𝑃𝑒𝑎𝑘)

𝜏  Eq. 19 

In this equation: 

𝐼3𝑃ℎ𝑆ℎ𝐶𝑃𝑒𝑎𝑘𝑠𝑠: 𝑇ℎ𝑒 𝑝𝑒𝑎𝑘 𝑜𝑓 𝐴𝐶 𝑠𝑡𝑒𝑎𝑑𝑦 − 𝑠𝑡𝑎𝑡𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 3 − 𝑝ℎ𝑎𝑠𝑒 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 (𝑜𝑟 𝐷𝐶 𝑓𝑎𝑢𝑙𝑡) 

𝜔 = 2𝜋𝑓 (100𝜋) , 𝛼: 𝑡ℎ𝑒 𝑝ℎ𝑎𝑠𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡ℎ𝑟𝑒𝑒 𝑝ℎ𝑎𝑠𝑒𝑠 (0,120˚, 240˚)  

 𝐼𝑎𝑐 : 𝑇ℎ𝑒 𝑝𝑒𝑎𝑘 𝑜𝑓 𝐴𝐶 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (𝑛𝑜𝑟𝑚𝑎𝑙 )𝑐𝑜𝑛𝑑𝑖𝑡𝑜𝑛 (𝑏𝑒𝑓𝑜𝑟𝑒 𝑓𝑎𝑢𝑙𝑡) 

𝜑0: 𝑃ℎ𝑎𝑠𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝐴𝐶 𝑝ℎ𝑎𝑠𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑓𝑎𝑢𝑙𝑡 𝑚𝑜𝑚𝑒𝑛𝑡    
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𝐼3𝑃ℎ𝑆ℎ𝐶𝑃𝑒𝑎𝑘𝑠𝑠  can be calculated like following: 

𝐼3𝑃ℎ𝑆ℎ𝐶𝑃𝑒𝑎𝑘𝑠𝑠 =
√2𝑣𝐴𝐶𝑠𝑖𝑛(𝜔𝑡 + 𝜑)

√𝑅𝑇
2 + 𝑋𝑇

2
 Eq. 20 

In this formula, 𝑣𝐴𝐶  is the line to line RMS voltage of AC grid on the secondary of transformer (for 
example in the retained study case, 𝑣𝐴𝐶 = 12 𝑘𝑣) and 𝑍𝑇 = 𝑅𝑇 + 𝑗𝑋𝑇 = 𝑅𝑇 + 𝑗𝜔𝐿𝑇 is the total 
impedance seen by AC grid (transferred all to the secondary of transformer) which mainly includes 
transformer and AC filter inductances. 

Moreover, 𝜑 and time constant of the decaying exponential term in the transient (𝜏) are: 

𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝜔𝐿𝑇
𝑅𝑇

)     ,     𝜏 =
𝐿𝑇
𝑅𝑇

 Eq. 21 

 

Based on Eq. 19, current of a phase on the AC side is shown in Figure 42. 

 

Figure 42 : Current of an AC Phase after DC Pole to Pole Fault on the Converter 

 

During this stage, if the rectified current coming from the AC grid is more than the DC current 
coming from discharge of DC inductors, it will be dominant (based on Eq. 16) and if in opposite, the 
current coming from the DC inductors is higher, this current becomes dominant and the following 
equation is present: 

𝑖𝑑𝑐(𝑡) = 𝐼𝑑𝑐𝐼𝑛𝑑𝐷𝑖𝑠 = 𝑖𝑑𝑐(𝑡0)𝑒
−
(𝑡−𝑡0)
𝜏  Eq. 22 
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In this equation, 𝑡0is the instant which current coming from discharge of DC inductor becomes 
dominant on the rectified current of AC grid. Overall, DC fault current always follows one of these 
currents (mentioned in Eq. 16).  

Step 3 (Steady State): In steady state, the transient effect of the DC current coming from the 
discharge of DC inductors will be fully disappeared and based on the Eq. 16, the DC current will be 
only given by the rectified AC three-phase short circuit current. In other words, the DC steady state 
current is peak of AC three phase short circuit current rectified by converter diodes and filtered by 
LC filter in the DC side. This value was given in Eq. 20. 

5.4. Simulation Tool and Modelling 

To analyze the fault in the proposed study case and study its impacts on the AC-DC converter, a 
model was developed and simulated in MATLAB Simulink SimPowerSystem based on the study case 
shown in Figure 28. The model is shown in Figure 43. 

Modelling MVDC Line: The MVDC line is modelled with an equivalent PI model per DC pole. The 
equivalent circuit of the MVDC line in two poles is shown in Figure 44 and the pole to pole equivalent 
circuit of the two MVDC lines is shown in Figure 45. 

 

 

 

 

 

 

Figure 43 : The Schematic of the Simulated Model in MATLAB Simulink SimPowerSystem 

 

 

Figure 45 : The Total Pole to Pole Equivalent Circuit 
of the MVDC Line 

 

 

 

Figure 44 : The Equivalent Circuit of the MVDC 
Lines in Each DC Pole 
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5.5. Simulation Results 

To simulate the network and verify the theoretical analysis done in pervious section, the model 
shown in Figure 43 is used. Figure 46 shows the DC current analyzed by theory, DC current obtained 
in simulation, and the current of phase A in AC side of the converter. 

 

Figure 46 : The DC Current Achieved by Theory and Simulation Comparison and Phase A of AC 
Current 

This figure confirms the assumptions of the previous analysis and the three steps of the network 
response are clear in this figure. Moreover, Figure 47 verifies that in all the process of fault in DC 
side, AC side acts like occurring a three-phase short circuit before the converter. 

 

Figure 47 : The AC Phases Currents Comparison for a DC Pole to Pole Fault and AC 3-Ph Fault 
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5.6. Impact of DC Faults on AC-DC Converter 

To analyze the impact of this fault on the AC-DC converter equipment, the current passing by each 
semiconductor is studied. Figure 48 shows the current passing by all diodes of one converter leg 
(phase). 

 

Figure 48 : Current Passing by Diodes of Converter in Phase A after DC Pole to Pole Fault 

This figure shows that after DC pole to pole fault, the current of diodes in the converter can reach 
to a high amount, as an example, current of diode Da1 and Da2 has reached to approximately 12 kA. 
Considering the thermal limitation of diodes, the high level of currents could damage them. A 
parameter describes this limitation, is called ‘Surge Current Integral’ and it is expressed by 𝐼2𝑡. This 
parameter is limited for diodes. For any application, the value of 𝐼2𝑡 must be always kept lower than 
the maximum allowed value. In the available IGBTs, this parameter is specified on a half-cycle basis. 
Assuming the amplitude 𝐼𝐹𝑆𝑀 (the maximum allowable non- repetitive half-sine wave surge 
current) for the half-sine wave current, the surge current integral 𝐼2𝑡 can be calculated based on 
Standard IEC 60747 as following: 

∫ 𝐼2(𝑡)𝑑𝑡
𝑡𝑝

0

=
1

2
. 𝐼𝐹𝑆𝑀
2 . 𝑡𝑝 Eq. 23 

In this formula, 𝑡𝑝 is the time duration of half of sine-wave period. For example in the AC system 

with the frequency of 50 Hz, 𝑡𝑝 is 10 ms. 

This parameter can mostly be found on datasheet of semiconductors. In the retained IGBT for this 
study case, this parameter is 0.47 𝑀𝐴2𝑠. Figure 49 shows the variation of this parameter for diode 
Da1 (See Figure 34) after fault. In this figure, it is clear that approximately 20 ms after fault, the 𝐼2𝑡 
of this diode violates the maximum allowed value (0.47 𝑀𝐴2𝑠 of 𝐼2𝑡 is shown with a red ∆ in Figure 
49). 
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Figure 49 : 𝐼2𝑡 of Diode Da1 after Fault 

This violation could be a challenge and addresses the importance of proposing a solution to limit 
fault. But above that, it is important to analyze the impact of different parameters on current passing 
by diodes which potentially change this timing since it is needed to find the worst case which in the 
time to violate this constraint is minimum and protection must be fast enough to eliminate fault 
before that time. 

 Analysis of the impacts of different parameters 

After identifying the problem, it is important to analyze the parameters which may affect on this 
issue. To find the worst case, i.e. the scenario which causes the maximum amount of current through 
diodes and so the maximum value of 𝐼2𝑡, different parameters and scenarios were analyzed which 
will be explained in the following. 

Different Fault Moment Effect: In this scenario, the effect of having the fault at different moments 
of the AC cycle. To do this analysis, a fault at different moments (different AC cycle phase) was 
simulated and to compare the results, the DC currents obtained from simulation for all the different 
fault moments have been shifted to t=2s. Figure 50 shows results of this analysis. 
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Figure 50 : DC Fault Current at Different Fault Moments in Reference to the Fault at t=2s 

This figure shows that when the fault happens at different moments of the AC cycle, it has no impact 
on the DC fault current. This can be also verified by the theory which was mentioned previously. 
The reason is that in all the steps which were explained, the phase angle parameter did not exist in 
any equation and this confirms that the DC fault current is independent from fault moment.  

Now, analyzing the impacts on the diodes, Figure 51 shows the 𝐼2𝑡 of diode Da1 for the DC fault at 
different moments with reference to the fault at t=2s (i.e. all the 𝐼2𝑡 obtained by different fault 
moments are shifted to t=2s). This figure represents the strong impact of fault moment on the 
current of the diode and as it can be seen, at 9.1 ms after fault, the 𝐼2𝑡 of this diode has exceeded the 
maximum allowed (0.47 𝑀𝐴2𝑠). This shows that without a proper protection solution, in 9.1 ms 
after the DC pole to pole fault, some diodes of the converter will be damaged.  

 

Figure 51 : 𝐼2𝑡 of Diode Da1 after DC Pole to Pole Fault at Different Moments in Reference to the 
Fault at t=2s 
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DC Inductor Effect: As it was explained in Section 5.2.2 that the purpose of the DC inductor is to 
limit di/dt rate during faults. Figure 52 shows the effect of this parameter value on the DC fault 
current. 

 

Figure 52 : The Impact of DC Inductor Value on the DC Fault Current 

This analysis show the impact of DC inductor on the peak of DC fault current and during step 2 
(explained in Section 0). Larger DC inductors can significantly limit the peak current while for lower 
DC inductors, the DC current peak value is higher. In addition with larger DC inductors, the needed 
time for protection action is longer while with lower DC inductors, protection system must act faster 
and this can be a serious constraint to design it. Regarding the protection of the AC-DC converter, a 
large value of DC inductor is preferable, however the cost of this inductor will be higher so a trade-
off between cost and the di/dt limiting characteristic of this inductor must be performed. 

 

AC Filter Inductance Effect: As it was explained in Section 5.2.2, AC filter is mainly used to decrease 
the THD of the current being injected by the converter in the AC system. According to the analysis 
done on Section 0, the value of this filter will change the steady-state current of AC three-phase 
short circuit (based on Eq. 20), it is expected that the steady-state value of DC fault current is 
dependent on the value of AC filter inductance. Figure 53 confirms these statements. The AC filter 
inductance has only one impact on the steady-state current and variation of this filter will not have 
any impact on the DC peak current. 
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Figure 53 : Impact of AC Filter Inductance on the DC Fault Current 

 

The Effect of Fault at Further Distances from AC-DC Station: In this part, the impacts of different 
fault distances from converter is analyzed. As it was explained, the MVDC line in each pole is 
modelled as a PI cable with series resistance-inductances and shunt capacitances. The pole to pole 
equivalent model of the MVDC lines in two poles was shown in Figure 45. Figure 54 presents the 
shape of DC fault current for fault at different distances from AC-DC station. In this figure, the 
reduction of peak of DC fault current by increasing the fault distance is clear and also it shows that 
the peak does not occur by discharge of DC link capacitors. The reason behind this is the 
interference of the impedances of MVDC line in the fault current. If we consider the equivalent 
circuit of the converter without considering AC side, as the impedance on the DC side has been 
increased, this will change the DC current coming from the equivalent circuit and also the rectified 
AC three-phase short circuit will be seen faster in the DC fault current (based on Eq. 16).  
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Figure 54 : The Effect of Fault at Different Distances from AC-DC Station on DC Fault Current 
Passing through DC Inductors 

Overall, Figure 55 shows the impact of fault distance on the peak and steady state values of DC fault 
current. It can be seen that the peak of DC current will be reduced significantly by increasing fault 
distance.  

 

Figure 55 : The Effect of Fault Distance on Peak and Steady-State Values of DC Fault Current 

 

Figure 56 and Figure 57 show the rising time to reach the peak and damping time of the DC fault 
current for fault at different distances from AC-DC station, respectively. 
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Figure 56 : The Effect of Fault Distance on the Rising Time to Reach the Peak of DC Fault Current 

 

Figure 57 : The Effect of Fault Distance on the Damping Time of DC Fault Current 

A reason for increasing the rising time may be the increase in the inductances on the DC which 
increases the time constant of the line. For faults at very far distances (> 25 km) from AC-DC station, 
the amount of DC impedance will be very large and no peak will be seen as the fault current will be 
fully damped by these impedances. So, the maximum fault currents for these cases is equal to the 
steady-state current. 

Effect of Fault at Different Moments and Distances from AC-DC Station: Even if fault happens 
at a further distance from AC-DC station, there will be no impact by different fault moments on the 
DC fault current. This means that in further distances which AC rectified current will be dominant 
on the current coming from discharge of DC inductors (Step 2 of the fault explained in section 0), 
this current will be the same at different fault moments and overall, the DC fault current will not 
change. Figure 58 shows the DC fault current after a pole to pole fault at 20 km from AC-DC 
converter addressing different fault moments with a reference to fault at t=2s. 
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Figure 58 : DC Fault Current after Pole to Pole Fault at 20 km from AC-DC Converter at Different 
Fault Moments in Reference to the fault at t=2s (Shifted all the Waveforms to this moment) 

All these analysis show that the worst case is when the DC inductor ( 𝐿𝐷𝐶) is low and fault happens 
at t=2 or t=2.005 (90˚ or 270˚) (for diode Da1). 
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5.7. Comparison between Impacts of DC Fault on NPC and Two-Level 
Converters 

In Section 5.2.1, it was explained that DC faults was analyzed on two-level converters in some 
publications. The analysis of differences between responses of the AC-DC converters with 2-level 
and NPC topologies can be interesting. The only main difference between these topologies is the 
existence of clamping diodes in the NPC converter (See diodes Dca1 and Dca2 in the phase A of the 
converter in Figure 31). Assuming that main number of diodes in these topologies is the same (in 
2-level, we have two switches per switch in the topology), Figure 59 shows the results with two-
level and NPC topologies (Figure 11 shows the schematic of 2-level topology). 

 

Figure 59 : The Comparison of Current after DC Pole to Pole Fault in Different Topologies of AC-DC 
Converter 

This figure has two important results: 

 The DC fault current in both topologies is the same. This is verifying the three steps which 
were proposed to theoretically analyze DC pole to pole fault on AC-DC converter.  

 This figure also shows that peak of current passing by the diodes in these topologies is 
approximately the same, however there is a little difference which is due to the clamping 
diodes. Since the peak of current in both topologies is approximately the same, this analysis 
which was done foe NPC topology is also valid for 2-L converter. 

As a perspective, the current passing by clamping diodes after DC fault on NPC topology can be 
studied. This might be necessary for dimensioning diodes with the appropriate 𝐼2𝑡. 
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Study of Over-voltage in the MVDC Networks 

6.1. Purpose 

The motivations behind MVDC networks were explained in Section 2.3. These networks have the 
potential of hosting renewable energy sources in for example railway applications [76]. Moreover, 
there has been an interest in implementing these networks with integrated power sources for 
example on ships [20] [77]. Hence, there may be some issues related to the interaction between DC 
network elements and AC-DC converter. In this chapter, the focus is on the over-voltage 
phenomenon which happens in MVDC networks. No publication about this problem in HVDC 
applications was found however it might be present. The reason behind this over-voltage problem 
is explained in detail and the possible solution to prevent or limit it is proposed. 

6.2. Study Case 

The study case used for studying this problem is the previous one which was explained in the fault 
chapter. The only difference is the participation of renewable sources in the MVDC grid which are 
connected to the MVDC lines via a voltage source converters. The single line diagram of the study 
case is shown in Figure 60. 

In this study case, K number of RES stations are connected to the MVDC. The distance between these 
stations are shown with 𝑑1, 𝑑2, 𝑑3,…, and 𝑑𝐾. This distance will change the parameters of cables (PI 
Model) between these stations. Table 5 shows some parameters of this study case. 

 

 

 

 

 

 

Figure 60 : Single Line Diagram of the Study Case Network 
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Network Component/Parameter Component Specification 

Number of RES Stations K  

MVDC Line Length 𝑑𝑡𝑜𝑡𝑎𝑙  

Distance Between Stations 
𝑑1 = 𝑑2 = 𝑑3 = ⋯ = 𝑑𝐾 =

𝑑𝑡𝑜𝑡𝑎𝑙
𝐾

 

RES Station Injected Power and Current 
𝐸𝑎𝑐ℎ 𝑅𝐸𝑆: 𝑃𝑅𝐸𝑆 =

20 𝑀𝑊

𝐾
, 𝐼𝑅𝐸𝑆

=
𝑃𝑅𝐸𝑆
20 𝑘𝑉

 (𝑇𝑜𝑡𝑎𝑙𝑙𝑦 1 𝑘𝐴) 

VSCs Capacitance (𝐶𝑉𝑆𝐶) 𝐶𝑉𝑆𝐶 ≪ 𝐶𝐴𝐶𝐷𝐶  (Since Power of AC-DC converter is 

several time higher than the power of each VSC) 

Table 5 : The Scpecification of some of the Elements of the Study Case Network 

It is also assumed that there is no communication between RES stations and the AC-DC station. 

6.3. Theoretical Analysis 

In a normal condition (steady state) of this network, 20 MW power is injected by renewable sources 
to the AC grid in a 20 kVdc pole to pole bus. The AC-DC station controls the DC voltage. 

If for any reason due to an internal fault or an intentional reason, the AC-DC converter is blocked 
(all IGBTs are open), the VSCs connected to the renewable sources do not necessarily detect this 
blocking. As a consequent, they will maintain injecting power into the MVDC line, which will make 
the DC voltage to vary from the nominal value. The controllers of VSCs are designed in a way to 
block them if their DC voltage goes out of a pre-defined margin of 1.1 p.u. (22 kV).  
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Figure 61 shows the detailed schematic of the network after blocking AC-DC converter and it can 
be seen that after blocking, AC-DC converter is isolated from DC network. Here, it is assumed that 
however by blocking AC-DC station and opening all IGBTs, AC and DC sides are still connected via 
converter diodes, as long as the voltage on DC side does not go below the AC grid rectified value, 
diodes do not conduct and they can be ignored. 

By blocking the AC-DC station, the VSCs keep injecting power into the DC grid. Since the DC side is 
no longer controlled by AC-DC station, the voltage of MVDC grid will increase. Soon after by hitting 
the upper-limit of 1.1 p.u. (22 kV), the controllers of VSCs block all of them. The schematic of this 
step after blocking all the VSCs connected to RES station has been shown in Figure 62 (the 
assumption in previous part for blocking AC-DC station is present in this condition as well and 
diodes are VSCs are ignored). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61 : The Schematic of the Network after Blocking the AC-DC Converter 
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At this moment, the passive elements of the network such as AC-DC capacitor and VSC capacitors, 
and the cable have been fully charged, they will start to discharge into the other elements of the 
network. A resonance phenomena occurs. 

The equivalent circuit of the DC grid after blocking AC-DC converter and VSCs connected to the RES 
stations is shown in Figure 63. 

In this circuit, 𝐶𝑝𝑖𝑝𝑝 is pole to pole equivalent capacitance of the PI cable which is equal to 
𝐶𝑝𝑖

4
 (See 

Figure 45). It is considered that all the capacitances are charged at 20 kV and the inductors are 
energized at the nominal current which was injected by the RES stations; for example, DC inductors 
see the maximum injected current which is equal to the total current injected by all the RES stations 
and it is 1 kA.  

 

 

 

 

 

Figure 62 : Schematic of the Network after Blocking AC-DC Converter and the VSCs connected to RES 
Stations 

 

 

 

 

Figure 63 : The Equivalent Circuit of DC Grid after Blocking AC-DC Converter and the VSCs connected 
to the RES Stations 

 



    

64 

6.4. Equivalent Circuit Model 

To simulate this phenomena and monitor the results, MATLAB Simulink SimPowerSystem is used.  

At this point, only 4 RES stations are considered. Following table shows some of the specification of 
the network and the assumption which are made. 

Network Component/Parameter Component Specification 

Number of RES Stations K = 4 

MVDC Line Length 20 km 

Distance Between Stations 
𝑑1 = 𝑑2 = 𝑑3 = 𝑑4 = 𝑑 =

𝑇𝑜𝑡𝑎𝑙 𝑀𝑉𝐷𝐶 𝐿𝑖𝑛𝑒 𝐿𝑒𝑛𝑔𝑡ℎ

𝐾
= 5 𝑘𝑚 

RES Station Injected Power 
𝐸𝑎𝑐ℎ 𝑅𝐸𝑆:

20 𝑀𝑊

𝐾
= 5 𝑀𝑊,

5 𝑀𝑊

20 𝑘𝑉
= 250 𝐴 (𝑇𝑜𝑡𝑎𝑙𝑙𝑦 1 𝑘𝐴) 

VSCs Capacitance (𝐶𝑉𝑆𝐶) 𝐶𝑉𝑆𝐶
∗ = 5 𝐶𝑉𝑆𝐶 ≪ 𝐶𝐴𝐶𝐷𝐶   

Table 6: The Specification of some of the Elements of the Study case Network 

Therefore, it is assumed that there are 4 main RES stations which each includes 5 renewable energy 
sources and the DC link capacitor for each VSC connected to these main stations include 5 VSC 
capacitors which was explained before. 

The single line diagram of this network and SimPowerSystem model which was used to analyze this 
phenomenon are shown in Figure 64 and Figure 65, respectively. 

 

 

 

Figure 64 : Single Line Diagram of the Network with 4 Main RES Stations 
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Figure 65 : The Simulation Model in MATLAB SimPowerSystem 

In this model, the VSCs are modelled with a controlled-current source and a parallel capacitor which 
is 𝐶𝑣𝑠𝑐 . The VSC model is shown in Figure 66. 

 

Figure 66 : Voltage Source Converter Model 
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6.5. Equivalent Circuit Simulation Results 

Finally, by modelling the study case in the MATLAB SimPowerSystem, we can observe that an over-
voltage appears caused by the resonance of the passive elements of the grid. This is shown in Figure 
67. In the simulation, we assume that the AC-DC converter is blocked at t=2s. 

 

Figure 67 : The Voltages of DC Grid after Blocking AC-DC Station 

This figure clearly shows that after blocking AC-DC converter, the RES stations have injected power 
to the DC grid and this has increase the voltage to 1.1 p.u. (22 kV) which has caused blocking VSCs 
as well. After that, due to the resonance loop, the voltage of VSCs have been increased. The following 
table shows the over-voltage amount seen at different nodes of the DC grid. 

DC Grid Location Pole to Pole Over-voltage 

AC-DC Terminal 2 kV (0.1 p.u.) 

Output of DC Inductor 6 kV (0.3 p.u.) 

VSC 1 13 kV (0.65 p.u.) 

VSC 2 20 kV (1 p.u.) 

VSC 3 25 kV (1.25 p.u.) 

VSC 4 26 kV (1.3 p.u.) 

Table 7 : The Amount of Over-voltage at Different Locations of the DC Networks 

 

It can be seen that: 
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 Voltage on the terminal of AC-DC converter is almost not affected by this phenomenon and 
it has remained in the acceptable range. 

 Voltage of all VSCs and the output of DC inductors have been significantly affected in this 
phenomenon and it is visible that the distance from AC-DC station has a direct relationship 
with the amount of over-voltage; further locations from AC-DC station will have more over-
voltage and therefore, the further VSC which is VSC 4 has the maximum over-voltage. 

6.6. State-Space Model 

In previous section, the over-voltage issue within a model with few number of stations was analyzed 
and some assumptions were considered. But a more appropriate method to analyze the real system 
with higher number of RES stations (K=40 for example) is needed. This can be done mathematically 
by a state-space modelling of the DC grid including the AC-DC converter. Power, voltage of the 
network remain constant and other specification can be calculated using the table in Section 6.2. 

In this model, AC-DC converter is modelled as a controlled-current source (with current 𝐼𝑖𝑛) and a 
parallel capacitor which is 𝐶𝐴𝐶𝐷𝐶 . The control signal of this current source comes from a controller 
which changes the input current injected by converter following the change in the output DC pole 
to pole voltage. The control scheme is shown in Figure 68. 

In this scheme, the reference output voltage is the desired voltage set-point which is 20 kV and the 
𝑉𝑜𝑢𝑡 is the voltage measured on the capacitor 𝐶𝐴𝐶𝐷𝐶 .  

The equivalent circuit of the DC grid considering the AC-DC converter is shown in Figure 69. 

In this circuit, 𝐼𝑅𝐸𝑆𝑖  is the current injected by RES station (𝑖) and it is assumed that all the stations 

inject the same power and current. Totally 1 kA is injected to the AC grid by RES stations. 

 

The state space model is described by Eq. 24, where state space variables (𝑋) are the current of the 
inductors and voltage of the capacitor. U is the matrix of the system inputs, i.e. the currents 𝐼𝑅𝐸𝑆𝑖   

 

Figure 68 : Control Scheme Applied in the State-Space Model 

 

 

Figure 69 : Equivalent Circuit of the DC Grid Including AC-DC Converter 
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being injected by RES stations and the current on the AC-DC station, 𝐼𝑖𝑛. Matrix U has been given by 
Eq. 25. 

{�̇� = 𝐴. 𝑋 + 𝐵. 𝑈
𝑌 = 𝐶. 𝑋 + 𝐷.𝑈

 Eq. 24 

In these equations, X is the state-space vector and U is the vector input of the system (𝐼𝐿: 𝐼𝑙𝑖𝑛𝑒). 

𝑋 =

[
 
 
 
 
 
 
 
 
 
𝑉𝑜𝑢𝑡1
𝐼𝐿1
𝑉𝑜𝑢𝑡2
𝐼𝐿2
⋮

𝑉𝑜𝑢𝑡𝐾
𝐼𝐿𝐾

𝑉𝐷𝐶𝐼𝑛𝑑𝑂𝑢𝑡
𝐼𝐿𝑑𝑐
𝑉𝐴𝐶𝐷𝐶 ]

 
 
 
 
 
 
 
 
 

 , 𝑈 =

[
 
 
 
 
 
𝐼𝑖𝑛
𝐼𝑅𝐸𝑆1
𝐼𝑅𝐸𝑆2
⋮

𝐼𝑅𝐸𝑆𝐾
𝐼𝑜𝑢𝑡 ]

 
 
 
 
 

 Eq. 25 

Now, to find the relationships between state-space parameters and the system inputs based on the 
Eq. 24., the KVL and Kirchhoff Current Law (KCL) rules have been applied: 

{
 

 
𝐶𝑡 = 2𝐶𝑝𝑖𝑝𝑝 + 𝐶𝑉𝑆𝐶

𝐼𝐶𝑡 = 𝐼𝐿𝑖𝑛𝑒1 + 𝐼𝑅𝐸𝑆1 − 𝐼𝐿𝑖𝑛𝑒2

𝐼𝐶𝑡 = 𝐶𝑡.
𝑑𝑉𝑜𝑢𝑡1
𝑑𝑡

= 𝐶𝑡. �̇�𝑜𝑢𝑡1
⇒ �̇�𝑜𝑢𝑡 =

𝐼𝐿𝑖𝑛𝑒1
𝐶𝑡

+
𝐼𝑅𝐸𝑆1
𝐶𝑡

−
𝐼𝐿𝑖𝑛𝑒2
𝐶𝑡

 Eq. 26 

 

{

𝑉𝐿𝑝𝑖 + 𝑉𝑅𝑝𝑖 = 𝑉𝐷𝐶𝐼𝑛𝑑𝑂𝑢𝑡 − 𝑉𝑜𝑢𝑡1

𝑉𝐿𝑝𝑖 = 2𝐿𝑝𝑖.
𝑑𝐼𝐿𝑖𝑛𝑒1
𝑑𝑡

= 2𝐿𝑝𝑖. 𝐼�̇�𝑖𝑛𝑒1
⟹ 𝐼�̇�𝑖𝑛𝑒 = −

1

2𝐿𝑝𝑖
𝑉𝑜𝑢𝑡1 −

𝑅𝑝𝑖

𝐿𝑝𝑖
𝐼𝐿𝑖𝑛𝑒1 +

1

2𝐿𝑝𝑖
𝑉𝐷𝐶𝐼𝑛𝑑𝑂𝑢𝑡 Eq. 27 

 

{

𝐼𝐶𝑝𝑖𝑝𝑝 = 𝐼𝑖𝑛 − 𝐼𝐿𝑖𝑛𝑒1

𝐼𝐶𝑝𝑖𝑝𝑝 = 𝐶𝑝𝑖𝑝𝑝.
𝑑𝑉𝐷𝐶𝐼𝑛𝑑𝑂𝑢𝑡

𝑑𝑡
= 𝐶𝑝𝑖𝑝𝑝. �̇�𝐷𝐶𝐼𝑛𝑑𝑂𝑢𝑡

⇒ �̇�𝐷𝐶𝐼𝑛𝑑𝑂𝑢𝑡 = −
𝐼𝐿𝑖𝑛𝑒1
𝐶𝑝𝑖𝑝𝑝

+
𝐼𝐿𝑑𝑐
𝐶𝑝𝑖𝑝𝑝

 Eq. 28 
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The other equations can be found similarly as repetitive blocks can be considered for any number 
of RES stations like following: 

Figure 70 shows a block which is presenting each RES station and the cable before it (K blocks 
totally). Using this block and the KVL and KCL rules inside it, the equations for all the RES station 
can be found. 

Finally, by finding all the equations, based on the Eq. 24, the matrices of A, B, C, and D for the retained 
study case can be found as following matrices: 

 

 

 

 

 

 

Figure 70 : Repetitive Blocks in the Circuit of State-Space Model 
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𝐴 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 0

1

𝐶𝑡
0

−1

𝐶𝑡
⋯ 0 0 0 0 0 0 ⋯ 0 0 0 0 0

−1

2𝐿𝑝𝑖

−𝑅𝑝𝑖

𝐿𝑝𝑖
0 0 ⋯ 0 0 0 0 0 0 ⋯ 0 0

1

2𝐿𝑝𝑖
0 0

0 0 0
1

𝐶𝑡
⋯ 0 0 0 0 0 0 ⋯ 0 0 0 0 0

1

2𝐿𝑝𝑖
0

−1

2𝐿𝑝𝑖

−𝑅𝑝𝑖
𝐿𝑝𝑖

⋯ 0 0 0 0 0 0 ⋯ 0 0 0 0 0

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮

0 0 0 0 ⋯ 0
1

𝐶𝑡
0

−1

𝐶𝑡
0 0 ⋯ 0 0 0 0 0

0 0 0 0 ⋯
−1

2𝐿𝑝𝑖

−𝑅𝑝𝑖
𝐿𝑝𝑖

0 0 0 0 ⋯ 0 0 0 0 0

0 0 0 0 ⋯ 0 0 0
1

𝐶𝑡
0

−1

𝐶𝑡
⋯ 0 0 0 0 0

0 0 0 0 ⋯
1

2𝐿𝑝𝑖
0

−1

2𝐿𝑝𝑖

−𝑅𝑝𝑖
𝐿𝑝𝑖

0 0 ⋯ 0 0 0 0 0

0 0 0 0 ⋯ 0 0 0 0 0
1

𝐶𝑡
⋯ 0 0 0 0 0

0 0 0 0 ⋯ 0 0
1

2𝐿𝑝𝑖
0

−1

2𝐿𝑝𝑖

−𝑅𝑝𝑖
𝐿𝑝𝑖

⋯ 0 0 0 0 0

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮

0 0 0 0 ⋯ 0 0 0 0 0 0 ⋯ 0
1

𝐶𝑡
0 0 0

0 0 0 0 ⋯ 0 0 0 0 0 0 ⋯
−1

2𝐿𝑝𝑖

−𝑅𝑝𝑖
𝐿𝑝𝑖

0 0 0

0
−1

𝐶𝑝𝑖𝑝𝑝
0 0 ⋯ 0 0 0 0 0 0 ⋯ 0 0 0

1

𝐶𝑝𝑖𝑝𝑝
0

0 0 0 0 ⋯ 0 0 0 0 0 0 ⋯ 0 0
−1

2𝐿𝐷𝐶
0

1

2𝐿𝐷𝐶

0 0 0 0 ⋯ 0 0 0 0 0 0 ⋯ 0 0 0
−1

𝐶𝐴𝐶𝐷𝐶
0
]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Eq. 29 

 

𝐵 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 0

1

𝐶𝑡
0 ⋯ 0 0 0 ⋯ 0 0

0 0 0 ⋯ 0 0 0 ⋯ 0 0

0 0
1

𝐶𝑡
⋯ 0 0 0 ⋯ 0 0

0 0 0 ⋯ 0 0 0 ⋯ 0 0
⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮

0 0 0 ⋯
1

𝐶𝑡
0 0 ⋯ 0 0

0 0 0 ⋯ 0 0 0 ⋯ 0 0

0 0 0 ⋯ 0
1

𝐶𝑡
0 ⋯ 0 0

0 0 0 ⋯ 0 0 0 ⋯ 0 0

0 0 0 ⋯ 0 0
1

𝐶𝑡
⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮

0 0 0 ⋯ 0 0 0 ⋯
1

𝐶𝑡

−1

𝐶𝑡
0 0 0 ⋯ 0 0 0 ⋯ 0 0
0 0 0 ⋯ 0 0 0 ⋯ 0 0
0 0 0 ⋯ 0 0 0 ⋯ 0 0
1

𝐶𝐴𝐶𝐷𝐶
0 0 ⋯ 0 0 0 ⋯ 0 0

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Eq. 30 
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6.7. State-Space Model Results  

To validate the model, the state-space model is simulated for K=4 for the same configuration took 
into account in the simulation done on the previous section. Both results are compared on Figure 
71. This figure shows the voltage waveforms achieved from the state-space model (dashed lines) 
and the real model with SimPowerSystem (solid lines) after blocking AC-DC converter. 

 

Figure 71 : The Comparison of Voltages Waveforms Achieved from State-Space and 
SimPowerSystem Models 

The results show a high accuracy of state-space model for calculating the amount of over-voltage. 
The timing difference between waveforms is due to the different solving method of the two models. 
The SimPowerSystem model runs on discrete-time solving method while state-space model gives 
the result by continuous solver. A solution to improve this difference is to use the same (or close) 
solving method for both of the models. For example, if the time-step of the SimPowerSystem model 
decreases and becomes closer to continuous solving, this phase differences will be less. 

With state-space modelling of the DC grid including AC-DC converter, we are able to simulate a 
network with any number of renewable energy sources and also the distances between RES stations 
can be chosen arbitrarily. For the study case, 40 RES stations were considered and its single line 
diagram was shown in Figure 60, the voltages waveforms of the VSCs after blocking AC-DC 
converter are shown in Figure 72 (Each color represents DC pole to pole voltage waveform in the 
output of a VSC connected to a RES station and also the DC pole to pole voltages in the output of DC 
inductors and on the terminal of AC-DC converter). This model verifies that after blocking AC-DC 
converter, the over-voltage on further VSC is (which is VSC 40) is the highest between all the VSCs 
and it is approximately 25 kV (1.25 p.u.).  
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Figure 72 : The Voltages Waveforms of 40 VSCs after Blocking AC-DC Converter (Each Color: One 
VSC connected to a RES Station) 

The amount of over-voltage was also analyzed for configuration of the network with different 
nominal voltages in the medium voltage range. For this analysis, two different assumptions were 
considered. In one analysis, the injected power be DC network was assumed constant (𝑃𝑇𝑜𝑡𝑎𝑙𝐷𝐶 =

20 𝑀𝑊). In the other scenario, it was assumed that the current injected by DC network is constant 
for the networks with different DC pole to pole voltages (𝐼𝑇𝑜𝑡𝑎𝑙𝐷𝐶 = 1 𝑘𝐴). The results are shown in 

Figure 73.  

This figure shows that for higher line voltages, this problem is present but the over-voltage amount 
relative to the nominal DC pole to pole voltage (per unit) is significantly reduced and in some point, 
it is negligible while for the lower ranges of line voltage, the caused over-voltage is significant. 
Moreover, this analysis shows that when injected current is the same, the relative over-voltage (Per 
Unit) in higher voltages is a bit more than the scenario with same injected power by DC network. In 
this figure the maximum over-voltage which can be seen by the furthest VSC has been considered. 

 

Figure 73 : The Effect of DC Pole to Pole Voltage on the Maximum Over-voltage in the Networks 
with Same Injected Power/Current by DC Network 
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6.8. Possible Solution 

The (𝐶𝑉𝑆𝐶) was assumed small in comparison to the DC link capacitor on the terminal of AC-DC 
converter (𝐶𝐴𝐶𝐷𝐶). This significant difference will impact on the energy exchange between these 
capacitors. During resonance, there is s transfer of energy between these capacitors. For the same 
amount of energy (charge or discharge), the variation of voltage is different for VSCs and AC-DC 
converter. The following equation shows the relationship between change of energy for a capacitor 
and change in its voltage:  

∆𝐸𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 =
1

2
𝐶∆𝑉𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟

2  Eq. 31 

In this equation, ∆𝐸𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟is the change in energy of a capacitor with capacitance of 𝐶 depending 

the change on its voltage (∆𝑉𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟). From this equation, it can be calculated that: 

∆𝑉𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 = √
2∆𝐸𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟

𝐶
 Eq. 32 

Hence, for the same amount of energy exchange, a smaller capacitor has a higher voltage change. 
Therefore, the over-voltage amount on the output of VSCs connected to RES station is significantly 
higher than the AC-DC station terminal.  

A solution to limit the transient over-voltage can be increasing the value of VSCs (connected to 
renewable sources) DC link capacitor to partially compensate the mentioned difference. The 
developed state-space model allows to apply this change in the capacitors value. Figure 74 shows 
the effect of increasing 𝐶𝑉𝑆𝐶  on the over-voltage. 

 

Figure 74 : The Effect of Increasing the Capacitance of DC Link Capacitor of VSCs Connected to 
Renewable Sources 

It is visible that increasing the capacitance of DC link capacitor of the VSCs connected to RES 
stations, can reduce the over-voltage remarkably. However, this implies adding additional 
capacitors which will impact the VSC size and cost. 
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Conclusions and Perspectives 

The negative impacts of the increase in the temperature of the world have motivated all the sectors 
to move towards sustainability and energy transition. As a consequence, reduction of using fossil 
fuels and Increasing use of natural resources to generate electricity is essential. Hence, in the future, 
the consumption and generation of electricity is expected to be higher. Due to the limited capacity 
of existing Alternating Current (AC) networks, an extension in the capacity of the electrical 
networks is required. The advantages of DC transmission allow to increase the capacity of electrical 
networks and accelerate energy transition more efficiently and economically. In the high voltage 
ranges, HVDC networks have been implemented but in medium voltage ranges, it has been mostly 
handled by AC. With increase in the DC loads such as electric vehicles and interest in integrating 
renewable sources in MV level, MVDC networks could be an interesting choice.  

To enable future MVDC systems, AC to DC conversion is needed to interface the AC and DC networks. 
In this work, a state-of-the-art review on the industrial MV AC-DC converters was done. With this 
review, the recommended topologies for different voltage and power ranges were proposed. Then, 
the trends related to MVDC networks in literature were studied. This showed the potential 
applications and interests related to MVDC in the researchers’ insights. 

DC faults on MV AC-DC converter were studied. To analyze this phenomenon, a study case of an MV 
converter with power rating of 20 MW and DC voltage of ±10 kV was considered. The chosen 
topology for AC-DC converter was a 3-L NPC. This was based on the results of state-of-the-art 
review. It was observed that is not significant research on DC faults on 3-L NPC topology, and thus 
this work can contribute to this area. First, the problem was analyzed theoretically and then it was 
verified using MATLAB SimPowerSystem. It was seen that s DC pole to pole fault is a serious 
problem for the converter diodes. So the effect of different parameters on DC faults was deeply 
analyzed. It was shown that for a DC fault on MV converter with 3-L NPC topology, the worst case is 
when DC inductor is very small and for each freewheeling diode depends on the fault moment. 
Moreover, the comparison of DC fault on 3-L NPC and 2-L converters showed that the constraints 
are similar in terms or the sizing of diodes. However, some works are still needed to be done to 
analyze the behavior of clamping diodes in order to properly size them against faults. 

In the final chapter, transient overvoltages in MVDC networks was analyzed. It was dound out 
thatThis transient happens as a consequence of blocking AC-DC converters in an MVDC network 
with integrated renewable energy sources. This phenomenon is an over-voltage that happens as a 
consequence of blocking AC-DC converters in an MVDC network with integrated renewable energy 
sources. It was noticed that this problem also exists in HV levels but in medium voltage ranges, it is 
relatively higher. A state-space model was proposed to analyze this problem in the networks with 
any number of renewable energy sources with less computational effort. It was identified that this 
phenomenon happens mainly due to smaller capacitance of distributed VSCs around the line 
comparing with the main capacitor of AC-DC converter. Finally, this fact was a motivation to 
increase the capacitance of these VSCs and reduce the over-voltage. Hence, over-sizing some 
elements is needed so a deeper research seems essential. 

This work identified many perspectives related to the MVDC networks. In this work, only DC fault 
and over-voltage were focused. With developing higher number of MVDC projects, there may be 
some other issues which need to be studied. Moreover, there may be an interest for MMC topology. 
This implies studiyng likely issues related to this converter in medium voltage level. Basically, it 
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needs a more in-depth analysis to find the recommended topologies in the MV level. For example, 
in the higher voltages of MV level (20 kV – 80 kV), it is needed to identify the preferred topologies. 
Additionally, with the development of switches in higher voltage/power ratings, the potentials of 
applying 3-L NPC in higher DC voltages should be analyzed. It is also an interesting perspective to 
design 3-L NPC converters with swithces using Wide Band-Gap (WBG) semiconductors such as 
Silicon Carbide (SiC). Moreover, the importance of DC networks in distribution level was analyzed. 
Hence, an intersting perspective is development of DC-DC converters for interfacing HVDC, MVDC, 
and LVDC networks in the future. 
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Appendices 

8.1. Possible Solutions for Converter Protection from DC Faults 

It was explained in Section 3.3 that MV converters have been mostly used in some equipment which 
include AC to DC conversion such as AC drives. The probability of occurring a DC fault inside an AC 
drive is very low. Hence, a comprehensive research on the protection of MV converter from DC faults 
has not been done yet. In following, the potential solutions for MV converter protection from DC 
faults are explained. First solution is a solution which can be concluded from previous analysis. 
Considering converters in HVDC applications, the protection solutions used in the converters in 
these voltage levels could be helpful for MV converters protection as well. Thus, the other solutions 
are proposed based on the protection schemes in HV converters. 

 Over-dimensioning Converter Diodes 

In the previous sections, it was pointed out that the main problem of DC faults is the risk of 
damaging converter diodes. It was noticed that due to the limited value of diodes 𝐼2𝑡, in a short time 
(in the retained study case, 9.1 ms) after fault, this parameter will be exceeded. Hence, there are 
two solutions:  

 If the diodes with higher 𝐼2𝑡 are used, this problem might be solved depending on the fault 
duration. This can be done by installing diodes with higher capability of withstanding fault 
current (higher 𝐼2𝑡). The availability of such a diode is a limiting constraint. Moreover, after 
fault, 𝐼2𝑡 of the diode increases to a very high amount in a very short time. So, installing 
diodes with higher 𝐼2𝑡 only makes the time of damage a little longer (a few milliseconds). 
For a very short faults (milliseconds), this solution might be useful. 

 The other solution is installing some diodes in parallel to share fault current and thermal 
constraints. This solution is shown in Figure 75. With this solution, the 𝐼2𝑡 of one diode in 
the previous case, will be shared between all the diodes and the time to exceed the maximum 
allowed 𝐼2𝑡 increases. A constraint to apply this solution is increase in size and costs of the 
converter. Moreover, comparing to previous solution, this solution is suitable for longer 
duration faults. But still after a critical time, if fault remains, diodes will be damaged. 

 

Figure 75 : Installing some Diodes in Parallel to Share Fault Current 
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 Full-Bridge Sub-modules (Specialized for MV Converters with MMC topology) 

In Section 3.3.1 was mentioned that in the higher voltages of medium voltage range (20 kV – 80 kV), 
MMC can be a promising topology. Moreover, it was explained in Section 3.2.4 that due to the 
advantages of MMC, this topology is preferred in HVDC applications. Hence, the DC fault protection 
solutions for MMC topology could be potential solutions for MV converters. To protect MMC 
converter from DC faults, using full-bridge sub-modules is a prominent solution however it 
increases cost and size of converter significantly [37] [72]. A full-bridge sub-module is shown in 
Figure 15. 

 Protective Thyristor Switch 

Using full-bridge sub-modules implies increase in size and cost. To protect MMC converter with 
half-bridge sub-modules, a protective thyristor switch can be installed on each sub-module 
[73][74][75]. This protection scheme is shown in Figure 76. 

In the normal condition, thyristor switch is off while in the fault condition, it will be triggered and 
fault current will be passed through it. So, no current passes through freewheeling diodes and they 
will remain undamaged. This solution can be used for the medium voltage MMC converters with 
half-bridge sub-modules. It also can be useful for protecting 3-L NPC converter but this is a 
perspective. Hence, implementing this protection solution in 3-L NPC converter should be analyzed 
deeply in the future. 

 

 

 

 

 

 

 

 

 

 

 

Figure 76 : Protective Thyristor Switch for Half-Bridge MMC Converter Protection from DC Faults 
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