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Dedi, 
na kojeg su topla sjecanja 

bila stalno prisutna 
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Abstract 

Abstract 
The Modular Multilevel Converter (M2C) is proven to be a key converter 

technology which is suitable for various high-voltage high-power applications. It 
offers several advantages over the conventional Voltage Source Converters 
(VSC) and multilevel converters. 

This Thesis deals with the measurement system for an M2C. Different 
methods to measure submodule capacitor voltages are analyzed, implemented 
on circuit boards and verified experimentally. The aim is to define the best 
approach to measure submodule capacitor voltages from reliability, speed, 
accuracy and simplicity point of view. 

Initially, a detailed study on the operation of a M2C is given in order to 
define the importance of having a fast and accurate measurement system of 
the submodule capacitor voltages.  

Secondly, a study of different methods to measure capacitor voltages is 
carried out. First the configuration of an ADC (Analog-to-Digital Converter) is 
presented and afterwards an alternative method based on voltage-to-
frequency conversion is presented.  

Then, a research of the electronic components which are suitable to fulfill 
the demands of such measurement systems and which are available on the 
market has been carried out. In particular, two different families of 
components are examined; VCOs (Voltage Controlled Oscillators) and VFCs 
(Voltage-to-Frequency Converters). 

As next step, the description of the digital interface between the submodule 
and the Field Programmable Gate Array (FPGA) is given. The FPGA receives 
information about the submodule capacitor voltages. This process is 
programmed using VHDL (VHSIC-very-high-speed-integrated-circuit Hardware 
Description Language). 

Finally, a hardware implementation of the measurement systems is 
performed, in order to verify the effectiveness of the proposed methods. 
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Sammanfattning 

Sammanfattning 
Den modulära multinivå omvandlaren (M2C) har visat sig vara en viktig 

omvandlarteknik som är lämplig för olika högspännings- och 
högeffektapplikationer. Den erbjuder flera fördelar jämfört med konventionella 
spänningsstyva omvandlare (VSC) och andra multinivåomvandlare. 

 
Denna avhandling behandlar mätsystemet för en M2C. Olika metoder för att 

mäta spänningar av submodulkondensatorer har analyserats, genomförts på 
kretskort och verifierats experimentellt. Syftet är att definiera det bästa sättet 
att mäta spänningar av submodulkondensatorer med hänseende till 
tillförlitlighet, snabbhet, exakthet och enkelhet. 

 
Inledningsvis ges en detaljerad studie om hur en M2C fungerar för att 

fastställa vikten av att ha ett snabbt och exakt mätsystem av spänningarna hos 
submodulkondensatorerna. 

 
Dessutom har en studie av olika metoder för att mäta 

kondensatorspänningar genomförts. Först presenteras konfigurationen av en 
ADC (analog-till-digital omvandlare) och därefter presenteras en alternativ 
metod baserad på spänning-till-frekvensomvandling. 

 
Därefter har en undersökning av de elektroniska komponenter som är 

lämpliga för att uppfylla kraven på sådana mätsystem och som är tillgängliga på 
marknaden utförts. I synnerhet två olika familjer av komponenter undersöktes, 
VCO (spänningsstyrda oscillatorer) och VFCs (spänning-till-
frekvensomvandlare). 
 

Som nästa steg, ges beskrivningen av det digitala gränssnittet mellan 
submodulen och Field Programmable Gate Array (FPGA). FPGA får information 
om spänningarna i submodulkondensatorerna. Denna process är 
programmerad med VHDL (VHSIC mycket-hög-hastighet-integrerad-krets 
hårdvarubeskrivande språk). 
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Slutligen har en hårdvaruimplementering av mätsystemet utförs för att 

kontrollera effektiviteten av de föreslagna metoderna. 
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Chapter 1 

1. Introduction 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

1.1. Introduction 

The future power systems will have to deal with great challenges which open 
the doors to a drastic redesign of the transmission grids. The Super-Grid, based 
on the coordination between HVAC and HVDC systems, is a shared idea and it is 
seen as the only solution to overcome the great changes in the way the 
electricity will be generated and supplied.  

No obvious converter candidate was available until a particular VSC-HVDC 
converter was proposed by Marquardt and Leisnicar: the Modular Multilevel 
Converter (M2C). It has several advantages over the conventional HVDC 
converters which will be presented in Chapter 2. 

This Master Thesis deals with a particular task regarding Modular Multilevel 
Converters. However the principle of operation of such a converter will be 
presented in order to fulfill a complete understanding of the main tasks, 
challenges and problems inherent to its operation. 
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1.2. Historical Notes  

Electrical power systems started to be developed at the end of the XIX 
century during the Second Industrial Revolution. Initially the electric power was 
transmitted by direct current, since DC generators and loads were used, mostly 
composed of lighting systems, DC motors and railway systems. Given the 
limitations of DC systems, it became immediately clear that it was necessary to 
invent another way to transmit electrical power [1]. 

In 1888 at the American Institute of Electrical Engineers, Nikola Tesla laid the 
theoretical foundation for the three-phase AC network [2]. The first high 
voltage three-phase transmission line was built in 1891. It was a 180 km long, 
connecting Frankfurt and Lauffen. It was built for the occasion of the 
International Electrotechnical Exhibition in Frankfurt am Main.  

Public opinion was conscious of the potentialities of the electrification, which 
was considered to be the most important engineering achievement of the 20th 
century. The role that electricity could play in raising the quality of life was 
immediately obvious. Electrical grids became quickly a fundamental part of the 
infrastructure in the industrialized countries, due to the rapid industrialization. 

The transmission networks were built to interconnect large electrical 
generating areas with load areas through long distance overhead lines. Since 
the demand and the generation costs of electric power are variable, the 
transmission grids are spread over wide areas which include entire continents, 
to achieve better load balancing and use electrical energy in a more efficient 
and economical way. Furthermore, the interconnection of neighboring power 
systems leads to an improved system security. The challenges of nowadays 
engineers consist in designing networks which will be able to transport 
electrical power taking into account availability, reliability, environmental, 
efficiency, safety and redundancy issues. 

At the beginning of the last century the development of Power Electronics 
devices started. The first high power electronic devices were mercury valves 
which were quickly replaced by semiconductor devices: diodes, thyristors and 
transistors. The development of these semiconductor devices after 1960s was 
fast and many different applications have been investigated. In the electric 
power systems, the power electronics systems are used for high-speed control 
of line impedance, phase angles and voltages. The nowadays applications are: 
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FACTS (Flexible AC Transmission Systems), HVDC (High Voltage Direct Current) 
transmission systems, traction systems and high power industrial motor drives. 

It has been shown that HVDC transmission systems may be economically 
advantageous when the goal is to interconnect particular electric power 
systems [3]. Some advantages compared to the traditional AC transmission 
lines are: the lower amount of electrical losses of direct currents compared to 
the alternate current, the possibility of a power transmission between 
unsynchronized AC transmission systems and the higher system stability [4],[5].  

 
Figure 1.2-I – The longest transmission link in the world: Rio Madeira 2,500 km [6] 

 
The first commercial HVDC transmission installation was commissioned in 

1954 to connect the Swedish mainland and the island of Gotland. The cable 
was 98 km long and able to transmit 20 MW at 100 kV.  At present, about 
140,000 MW of HVDC transmission capacity are installed in almost 150 projects 
around the world. The longest HVDC link in the world is shown in Figure 1.2-I 
and transmits 3,150 MW between the hydropower plants close to Porto Velho 
and the region of São Paulo stretching over 2.500 km [6]. The Jinping-Sunan 
7,200 MW UHVDC is nowadays the most powerful transmission line in the 
world and it transports power for 2090 km [6]. Part of the HVDC system is 
shown in Figure 1.2-II. 
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Figure 1.2-II – Converters in the most powerful transmission line in the world: Jinping-Sunan 

7200 MW [6] 

1.3. Changing grid, New Challenges                        

The global energy arena had a period of change over the last 20 years which 
is still ongoing. The three main causes which led the power systems to face this 
period of modernization were [7]: the deregulation of the electricity market, 
the unbundling of the power sector and the integration of huge amounts of 
renewable energies. 

The process of privatization of electric power systems and the introduction 
of energy markets started in 1990 in the United Kingdom.  The reason behind 
deregulation is to increase the competition and therefore achieve lower energy 
costs and prices. The new trading mechanism of free electricity markets 
introduced an exponential increase of long distance transactions. In this way it 
is possible to take advantage of the availability of existing generation reserves 
and to use the power produced, in the most efficient and economical way.  The 
privatization therefore introduced new challenges to the transmission systems. 
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The transmission of huge amounts of power, between remotely located busses, 
loads the components of the electrical grid up to their thermal limits. 

The unbundling of the power sector is one of the consequences of the 
liberalization and it involves two different processes. The first aim is to 
separate generator companies, transmission system operators (TSO), 
distribution system operators and supply activities often called retailers from 
each other (vertical unbundling). Then, it is important to ensure effective 
competition in generation and retailing (horizontal unbundling). This 
substantial change of the management structure of the electric power systems 
led to a rapid increase of investments in both generation and retailer 
companies. Therefore new and more efficient power plants had been installed 
and more transactions were made. The transmission system investments have 
not followed the same growth rate because the possibility of building new 
overhead lines is limited by environmental reasons, limited availability of 
building permissions and public opposition. This drawback leads to higher risk 
of congestion in the power system and lower possibilities to control the power 
flows efficiently. 

The global climate changes over the last decades have influenced public 
opinion inducing the call for rapid changes in the way that electrical energy is 
produced. Furthermore, the progressive increase of the cost of fossil fuels 
introduces the need of cheaper energy resources. On the other hand the global 
energy demand rises very quickly due to progressive and measureless 
industrialization and population growth. In Europe, for example, the 
consumption of electrical energy increased by 32.8% from 1990 to 2007, and 
this growth rate is not even high if compared with China and India, and the new 
developing countries. For the reasons mentioned above, renewable energy 
resources have been investigated and their integration into the transmission 
and distribution grids was made possible. The intermittent nature of wind and 
solar energy sources introduces new challenges for the grid operators to 
reduce the foreseen massive congestion problems. The substantial differences 
from conventional power plants lie in the intermittent nature of renewable 
energy sources. That does not allow to forecast and to schedule the power 
production with accuracy. They also lie in the negligible marginal production 
cost of renewable energy which makes it convenient to operate wind and solar 
farms always at maximum capacity. Today wind generation is the fastest 
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growing energy generation sector due to important progress of the power 
converters which opens doors to the integration of large wind farms in the AC 
networks. The fast growing of this technology introduces great challenges for 
what concerns system reliability and stability, because the power flows are less 
controllable and wind turbine generators are not always able to participate in 
frequency control and to provide reactive power to the AC network. Many 
specific problems come when large wind farms have to be integrated in the 
system through weak busses and when the reserve generation capacity in the 
area is low. Therefore it is fundamental that a large amount of controlling 
power is available to carry out the fast and wide-range variations of the wind 
power generation.  

The European grid will have to deal with two big renewable sources in the 
closest future. In Figure 1.3-I it is shown the visions of the future European 
offshore grid provided by EWEA (European Wind Energy Association)[8]. EWEA 
expects that 400 GW of wind energy capacity will be operating in EU by 2030; 
250 GW on land and 150 GW offshore. Wind power will produce 1,154 TWh 
meeting 28% of EU electricity demand. In Figure 1.3-II it is shown the potential 
power generation in Middle East and North Africa. The Desertec project [9] has 
the goal to bring the clean power from the North-African desert into Europe. 
The project is capable of generating 470 GW by 2050. 

 

 
Figure 1.3-I – EWEA offshore future grid vision [15] 
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Figure 1.3-II – Desertec Concept: power generation in the deserts  

of the Middle East and North Africa [9] 
 
All these features have resulted in an alarming scenario for transmission and 

distribution system operators which have to deal with new security, reliability 
and affordability issues of electric power systems, where the transmission 
capacity is already at its limits. 

1.4. The Need for FACTS and HVDC in Modern Electric 
Power Systems 

The new power system structure has to deal with more complex system 
control and protection strategies. The idea of a “smart grid” was developed by 
the European Technology Platform (ETP) in order to improve efficiency, 
affordability, safety and sustainability of electrical power systems and to deal, 
at the same time, with the dispersed generation introduced by renewable 
energies into the power systems. To achieve this goal some technological 
evolutions have been carried out. Recent developments of power system 
automation (distributed intelligent control systems, software algorithms and 
high-speed hardware, SCADA-Supervisory Control And Data Acquisition) and 
monitory and measurement technology (PMU-Phasor Measurement Units and 
WAMS-Wide Area Measurement Systems) allowed finer control options and 
better estimation of the system state. In the meantime the development of 
power electronic based controllers for the transmission system (FACTS and 
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HVDC) permits a fine and fast control right where the conventional mechanical 
controllers (tap-changer transformers, phase shifters, switched inductors and 
capacitors) had failed [4], [10]. 

By means of the development of high-speed power electronic controllers, 
FACTS devices make possible the real-time dynamic control of power-flows 
[11],[12]. That leads to an increased transmission capacity. Power lines 
therefore can be loaded up to their thermal limits increasing up to 50% the line 
loadability. These controllers are therefore maximizing the power carried by 
transmission lines. The other improvements that can be achieved are: grater 
active and reactive power control, loading of transmission lines up to their 
thermal limits, improved grid transient stability and higher damping of power 
system oscillations. The development of FACTS devices greatly pushed the rise 
in wind power capacity installed all over the world. SVCs (Static VAR 
Compensators) and STATCOMs (Static Synchronous Compensators) are used for 
dynamic reactive power control to overcome the significant reactive power 
flow changes induced by intermittent wind. They can also be used to increase 
some performances of wind farms: achieve better fault-ride-through, meet the 
requirements of system operators (harmonic limits, participation to primary 
and secondary control, provide dynamic voltage control). 

 Another outstanding application of high-power electronic converters in 
power systems is the High-Voltage Direct Current (HVDC) transmission [4]. This 
technology enables power transmission using DC overhead lines and cables. It 
is required to: 
− interconnect systems which are incompatible because of different operation 

frequencies (50 and 60 Hz) or phase numbers (traction converters).  
− interconnect systems with the same operation frequency, which cannot be 

synchronized because of a not fixed phase relationship.  
− transmit power over submarine crossing cables. 
HVDC systems may be advantageous for the transmission of large amounts of 
power over long distances. The investment cost effectiveness of DC 
transmission systems starts to be significant around 800 km. However, since it 
is possible to transmit 40% more power with the same system ratings and since 
the transmitted power is not limited by the line inductance, HVDC is very 
competitive for long distance transmission. Other big advantages are the lower 
losses than AC lines, the possibility to control independently active and reactive 
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power and the capability to supply weak networks. The different technologies 
of HVDC systems will be presented in Chapter 2. 

FACTS and HVDC devices are proved as means to provide more flexibility to 
the power systems. They make possible fast controllable centralized power 
generation, growth of interconnection capacities and the integration of 
distributed generation. 

1.5. Prospects of the Future HVDC Super-grids 

A stronger high voltage grid is needed in order to transmit huge amount of 
power over long distances and to balance the stochastic renewable energy 
fluctuations. The existing transmission grid must be redesigned to allow the 
massive integration of renewable energy sources into the existing electric 
power systems. The only reasonable alternative is an HVDC Super-Grid. This 
kind of transmission system is the only possible, due to the limitations of AC 
power transmission which has to deal also with legal, political and 
environmental issues. The opportunities to have more transfer capability 
replacing existing HVAC with HVDC lines and planning an underground 
implementation of the grid are the starting point for the development of such 
idea. In Europe, where the AC grid is already operated close to its limit, the 
Super-Grid is the only reasonable solution. The Super-Grid is "An electricity 
transmission system, mainly based on direct current, designed to facilitate 
large-scale sustainable power generation in remote areas for transmission to 
centers of consumption, one of whose fundamental attributes will be the 
enhancement of the market in electricity"[13]. 

The European future power system development will be characterized by 
two parallel trends: Europeanization (rise of cross-border power flows) and 
Decentralization (distributed generation, incomers in the energy market). The 
related expected availability, reliability and sustainability issues have been 
mentioned in paragraph 1.2. These two trends require:  
− a wider coordination and closer cooperation at pan-European level in order 

to maximize the benefit of the huge renewable sources 
− a smarter control of the distribution grids at local level in order to enable 

the integration on less predictable load and generation 
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The Super-Grid deals with the first task, and it is fundamental to achieve long 
distance bulk power transmission, low losses and minimum environmental 
impact. 

 
Figure 1.5-I – Programme Structure and Placement of WP3 [14] 

In May 2011, the ENTSO-E (European Network of Transmission System 
Operators for Electricity) set ambitious goals for 2050 in the Study Roadmap 
towards Modular Development Plan on pan-European Electricity Highways 
System (MoDPEHS) [14]. The future objectives of European Policy on energy 
will be to ensure the functioning of the energy market and the security of 
energy supply and to promote: energy efficiency, energy saving, the 
development of new and renewable forms of energy and to promote the 
interconnection of energy networks. The Programme considers all the 
technical, technological, economical, financial, political and sociopolitical issues 
to improve efficiency and feasibility of the whole energy supply chain. The 
program structure is shown in Figure 1.5-I. The work package W3 on 
technology assessment focuses on overall future technology developments 
where HVDC is included in the technologies which could significantly influence 
the transmission system development to 2050. It refers particularly to Voltage 
Source Converters (including multi-terminal HVDC) and Line Commutated 
Converters. Figure 1.5-II shows the main drivers which lead to the need of a 
pan-European electricity highway system. They are: 
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− Wind farms in Northern Europe and North-Western Africa [15] 
− Solar and photovoltaic power plants in Northern Africa, Middle-East and 

Southern Europe [16] 
 

 
Figure 1.5-II – Main drivers for a pan-European Electricity Highways System [9] 
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Chapter 2 

2. High Voltage Direct Current (HVDC) 
Transmission 

 
 
 
 
 
 
 
 
 
 

 

2.1. Introduction 

HVDC technology is proven to be advantageous for a wide range of 
transmission applications: long-distance bulk-power transmission, submarine 
cable transmission, underground cable transmission, asynchronous 
interconnection of ac networks. The reasons for the increased number of HVDC 
projects globally committed are economical and technical. In some applications 
HVDC is the only feasible way to interconnect two parts of a power system.  

This chapter introduces the main HVDC technologies, system configurations 
and operating principles. It gives an overview over the traditional converter 
technologies used in HVDC transmission systems, and it gives a detailed 
description of the Modular Multilevel Converter (M2C) technology.  

The main tasks, challenges and problems inherent to the design, operation 
and control of M2Cs are presented. This detailed description is given in order to 
define the importance of having a fast and accurate measurement system of 
the submodule capacitor voltages, and therefore to validate the purpose of this 
Master’s Thesis. 
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2.2. HVDC technologies 

Two different families of converters are used in HVDC transmission systems: 
Line Commutated HVDC (LCC-HVDC) and Voltage Source Converters (VSC-
HVDC) [5].  The first are based on thyristor valves. They are line-commutated 
and require a synchronous voltage source to operate. The latter are self-
commutated and based on IGBT valves. They were introduced in the 1990s.  

2.1.1. Line Commutated HVDC - LCC-HVDC 

The basic building block in LCC-HVDC is the six-pulse bridge which is 
composed of six controlled unidirectional thyristor valves which operate six 
commutations per voltage period. Each valve is composed of a number of 
series connected thyristors in order to achieve sufficient voltage blocking 
capability. Devices which reach ratings up to  and  are currently 
available in HVDC applications.  The AC voltage is fed to the six-pulse bridge 
through a transformer. The function of thyristors is to vary the amplitude of the 
DC voltage , acting on the firing angle . 

As it is shown in Figure 2.2-I the switching operations result in a harmonic 
ripple of six times the fundamental frequency in the DC voltage  [5]. A 
Fourier expansion of the voltage waveform shows that the voltage contains 
harmonics of order: 

 
The amplitude of these harmonic voltages can be considered proportional to 
the inverse of the order of the harmonic. Most modern HVDC transmission 
systems utilize twelve-pulse converters to increase the DC voltage and to 
obtain a smoother DC voltage reducing the filtering requirements of the sixth 
harmonic. By doing this the phase currents become more sinusoidal. Twelve-
pulse operation is achieved connecting in series two six-pulse bridges which are 

fed from voltages which are  phase displaced. This is achieved by connecting 
one thyristor bridge through the Y-connected secondary and the other one 
through the D-connected secondary winding of the power transformers. 

There are three different configurations used in LCC-HVDC transmission 
applications:  
− Monopolar transmission with ground return. 
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− Monopolar transmission with metallic return. 
− Bipolar transmission.  

 

 
Figure 2.2-I – Basic circuit of the six-pulse bridge and  

direct voltages in rectifier and inverter operation 
 
The latter is the most commonly used because it leads to an increased 

capacity of transmission and it transfers energy through the ground only in case 
of failure of one of the poles. 

The single line diagram of the LCC-HVDC link is shown in Figure 2.2-II.  
The main components of the AC side are [18]: 
− Transformers: they have a particular design since the secondary windings 

are stressed by a direct voltage component. Their inductances limit the 
speed of the current change during the commutations from one thyristor to 
another. 

− AC filter: it filters the harmonics generated by the power electronic 
equipment. It prevents the harmonics entering the AC network, leading to 
an increased power quality. 
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− Reactive equipment: it is usually a shunt capacitor needed to compensate 
the consumption of the reactive power of the converter.  

The main components of the DC side are [18]: 
− Smoothing reactor: it reduces the ripple of the DC current flowing through 

the DC link. 
− DC filter: its purpose is to filter the harmonics through the DC link. 
− Converter station discussed above. 
 

 
Figure 2.2-II – Single-line diagram of a LCC-HVDC link 

The operation of an LCC-HVDC is briefly described below [19], under the 
assumption that the direct current which flows through the converter is 
constant and smooth. A two-terminal system consists of a rectifier, an inverter, 
a control system and a transmission line, as it is shown in Figure 2.2-II. The DC 
current, which can flow in only one direction, since the thyristors are 
unidirectional elements, is determined by the equation: 

(2.1)  
The sending end converter is called rectifier. In rectifier mode, the current 

and the voltage have the same sign and the power is transmitted from the AC 
to the DC side. The rectifier controls the DC current in the DC line, adjusting the 
firing angle of the thyristors from 0 to 90 degrees. Normally the rectifier is 
operated with  to minimize the reactive power consumption, the 
amplitude of the harmonics, the stresses and the cost of the valves and the 
transformers. The firing angles α are shown in Figure 2.2-I. They represent the 
switching delay time of the thyristors with reference to the zero-crossing of the 
voltage across the valve.  
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The receiving end is called inverter. In inverter mode, the polarity of the 
voltage is reversed and therefore the power is transmitted from the DC to the 
AC side injecting active power into the ac grid. The inverter operates with a 
firing angle of the thyristors between 90 and 180 degrees. In inverter operation 
the extinction angle  is considered. Normally the inverter is operated with 

 for the same reasons explained before in the rectifier case. It is 
the angle between the current extinction of the valve and the zero crossing of 
the valve voltage. The DC voltage is set as high as possible through the tap 
changers of the converter transformers. 

Both for rectifier and inverter operation, the phase currents lag the phase 
voltages and consequently the converter always consumes reactive power. This 
reactive power is compensated by the reactive equipment which looks 
capacitive at the fundamental frequency on the AC side of the converter. The 
deficit in reactive power is provided by the AC network. For this reason the 
connection of this kind of converters, in weak busses of the grid, is not 
recommended or even possible. 

The control system, which is shown in Figure 2.2-III, provides control of the 
DC voltage in the inverter station and the DC current in the rectifier station.  

 

 
Figure 2.2-III – Control system for a LCC-HVDC link 

The active power which is transmitted through the HVDC link is given by: 

 
The relation between the effective value of the fundamental component of the 
line current  and the current flowing through the DC link , is influenced 
by the windings turn ratio of the converter transformer , and it is given by: 

 
and therefore: 
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By substituting this value in (2.1), the current  is controlled by four variables: 

 and  determined by the tap changers and  and controlled by 
the firing angles of the thyristors: 

 

2.1.2. Voltage Source Converter HVDC - VSC-HVDC 

Voltage Source Converters (VSC) technology was introduced in HVDC 
transmission systems in the late 1990s when Insulated Gate Bipolar Transistors 
(IGBT) have started to be used in high-power applications [5]. The development 
of this technology is still ongoing.  

IGBTs are semiconductor devices with turn-off capability which are 
controllable by a gate voltage from the conducting state to the isolating state. 
The VSC converter can create an AC voltage, which has a desired amplitude and 
phase, from a DC voltage across a capacitor. The AC voltage is synthesized 
using the high switching frequency of the IGBTs through the pulse with 
modulation (PMW). The IGBTs have a blocking capability of , then for 
HVDC applications several semiconductors are series connected, in order to 
achieve sufficient voltage blocking capability and they have to switch 
simultaneously, in order to prevent failures and faults. 

The advantages of VSC over the traditional LCC converters are [5]: 
− They can independently and rapidly control active and reactive power. 
− They can supply weak busses, giving total flexibility to place the power 

converters in any bus of the AC network. There are no restrictions on 
network short-circuit capacity. 

− They permit black start. 
− They improve the voltage stability of the system and increase the transfer 

capability of the lines. 
− They are less sensitive to network disturbances since the commutation 

failures are avoided. 
− Filters have lower ratings and the capacitor banks, for reactive power 

compensation, are not needed. 

The single line diagram of the VSC-HVDC link is shown in Figure 2.2-IV.  
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Figure 2.2-IV – Main components of a VSC-HVDC link 

 
The main components on the AC side are [5]: 
− High power transformer. 
− Phase reactor: it is stressed by an extremely high voltage derivative due to 

the very high DC voltage amplitude and the very fast switching of the IGBTs. 
Its goal is to separate the fundamental frequency of the system ac voltage 
from the train-pulse waveform generated by the converter station. 

− Harmonic filters: it is set on the value of the switching frequency of the 
IGBTs, which is usually . 

The main components on the DC side are [5]: 
− Converter station: where the IGBTs valves are series connected into 

modules and placed in vertical lines. The converters are usually based on 
the 2 or 3-level technology 

− DC capacitors: they acts as a DC filter for smoothing the DC voltage. 
− Cables: are two high-voltage PEX cables to interconnect the two converters 

at the ends of the VSC-HVDC system. One has positive polarity with respect 
to earth, another is with negative polarity. 

The operation of the VSC-HVDC transmission system is based on the 
exchange of power between a VSC and the AC network. The VSC is connected 
to the AC network through the phase inductor, as it is shown in Figure 2.2-V. 
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Figure 2.2-V – VSC connected to an AC node of the power system 

When the voltage  is controlled, in order to accurately reproduce the 
voltage  at the bus, there is no current flow through the phase inductor, and 
therefore there is no power exchange between the VSC and the power system. 
The output current is given by: 

(2.2)  
If the amplitude of  is increased, an output current will start to flow 

through the phase inductor. From equation (2.2) it can be seen that the 

current, which starts to flow, is  phase advanced relative to the bus voltage, 
since the numerator is negative. In this case the VSC produces the reactive 
power  while decreasing the flow of reactive power through the AC lines, 
and as a side effect, the voltage of the AC bus will increase. From equation (2.2) 
it can be also seen that, if the amplitude of  is decreased, the current which 

starts to flow is  phase retarded relative to the bus voltage, since the 
numerator is positive. In this case the VSC consumes the reactive power  
while increasing the flow of reactive power through the AC lines and, as a side 
effect, the voltage of the AC bus will decrease. 

If the phase angle  of  is varied with respect to the phase angle of 
, which is considered to be the reference voltage, an active power will flow 

in or out the VSC.  
The equation (2.3) shows that the current has a component which is in phase 
with the AC bus voltage, which is positive if the  is phase lacking with 
respect to  and negative if it is phase advanced. Then, in the first case the 
active power  flows from the AC network to the VSC, while increasing the 
DC voltage , and in the second case, the power  flows in the opposite 
direction, while decreasing the DC voltage . 
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(2.3) 
 

 
In Figure 2.2-VI the control system of a VSC-HVDC link is shown. 

 

 
Figure 2.2-VI – Control system of a VSC-HVDC link 

As described before, the active power  and the reactive power  can 
be independently controlled by changing the phase angle and the magnitude of 
the . The active power  is controlled on one side of the link. The 
reactive power  can be controlled independently at each converter station, 
within the limitation of the current ratings of the IGBTs. It is possible therefore 
to control the voltage amplitude and the phase angle on both the ends of the 
HVDC link, designing in each converter station one loop controller for active 
and another for reactive power. The active power loop in one station is set to 
control the active power  through the line and in the other station is set to 
control the DC voltage . The reactive power loops are set to control reactive 
powers  and  in both the converter stations. 

2.1.3. Losses Comparison Between LCC and VSC HVDC 

The losses in each LCC-HVDC converter station are 0.7% of the rated 
transmission capacity, when calculated according to the normative IEC 61803 
[5].   The contributions to the losses are: 
− 0.35% localized in the power transformer. 
− 0.21% localized in the thyristor valves. 
− 0.14% localized in the AC and DC filters and in the smoothing reactor. 
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The losses in each VSC-HVDC converter station are 1.6% of the rated 
transmission capacity, when calculated according to the normative IEC 61803 
[5]. The contributions to the losses are: 
− 1.1% localized in the IGBT valves. 
− 0.21% localized in the power transformer. 
− 0.14% localized in the phase reactors. 
− 0.16% localized in the AC filters and the DC capacitor. 

2.3. The Multilevel Converter Approach 

VSC-HVDC converters which have been implemented up to now in HVDC 
transmission systems are based on 2 or 3-level technology. In those converters 
the pulse-pattern-shaped voltage varies between two or three different voltage 
levels. That results in very high and steep voltage steps applied to the AC side 
of the converter, which therefore requires huge filtering measures, to approach 
a sinus waveform. To handle these high voltages and currents, the 
semiconductor devices have to be series and parallel connected, introducing 
great challenges in their simultaneous switching. Moreover, to obtain output 
voltage waveforms with a small amount of harmonic content, a high-switching 
frequency is needed in Pulse Width Modulation strategies. The operation at 
high-frequency introduces some limitations due to switching losses.  

Increasing the number of voltage levels in the converter station, the size of 
the voltage steps is shorten and the voltage gradients are minimized, reducing 
significantly the harmonic content of the output voltage and therefore the size 
of the bulky passive AC filters [17], [20]. Converters with the capability to 
synthesize voltage waveforms with more than three levels, are called Multilevel 
Converters. Usually their energy is stored in a set of series connected 
capacitors with the same voltage. The interest over multilevel converters in 
high-power and high-voltage applications has grown due to the 
aforementioned low voltage distortion on the AC line, introduced by these 
converters. When the number of levels increases, the synthesized output 
voltage is a staircase wave with more steps, which approaches more accurately 
a sinusoidal waveform. As a side effect, the harmonic distortion decreases. The 
switching frequency of each semiconductor decreases, reducing effectively the 
converter losses.  
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Several multilevel topologies have been proposed: Diode-Clamped Multilevel 
Converters (DCMC), Flying-Capacitor Multilevel Converters (FCMC) and 
Modular Multilevel Converters (MMC). The Modular Multilevel Converter 
topology has been suggested in 2004 by A. Marquardt and A. Lesincar [21]. It 
consists in a large number of identical submodules which are series connected 
on each arm of the converter. The AC multilevel voltage and the DC voltage are 
controllable through the switching states of the submodules. The MMC is 
proven to have really high reliability, unlimited scalability, non destructive fault 
behavior, negligible total harmonic distortion and possible efficiencies up to 

. This technology provides enormous benefits for power transmission 
increasing security and sustainability for HVDC transmission systems.  

The main characteristics of modular multilevel converters are [22]: 
− The submodules are two terminal devices. The voltage balancing of the 

submodule capacitors is realized by the converter control system with no 
need of external energy supply. 

− The AC side harmonic content is very low. There is no need for AC filters. 
− The internal arm currents are not chopped and they are flowing 

continuously. 
− No DC capacitors and filters are connected on the DC link side. 
− The switching frequency of each semiconductor is very low, resulting in low 

switching losses . 
− Severe fault conditions and disturbances are handled safely. Even short 

circuits at the DC side are handled, and fast fault recovery is possible since 
the storage capacitors are not discharged in case of fault. 

2.4. Description of a Modular Multilevel Converter 

The heart of a Modular Multilevel Converter is the submodule. Its basic half-
bridge scheme is shown in Figure 2.4-I. Each submodule contains a DC storage 
capacitor , a half-bridge composed of two switching elements  and  with 
the freewheeling diodes  and  , a high-speed bypass switch  and some 
electronic devices used to control the switches, to measure the voltage of the 
capacitor and to communicate with the main control unit.  

The capacitor nominal voltage depends on the number of the submodules 
connected in series and on the converter size. The nominal voltage of the 
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capacitor determines the ratings of the switching devices. The switching 
elements are usually IGBTs (Insulated-Gate Bipolar Transistors) for high power 
applications. The bypass switch is required to detect failures during the 
operation and to short out the defective submodule. In case of an internal 
failure, the current continues to flow through this switch without interrupting 
the converter operation. 

 
Figure 2.4-I – Basic scheme of the submodule 

 
Controlling the switching elements  and , it is possible to operate the 

submodule in three different states, which are illustrated in Figure 2.4-II.  
 

 
Figure 2.4-II – Possible states of a submodule 

When the current flows from the DC side in the direction of the AC 
terminals, its route follows the red dotted line. When it flows in the opposite 
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direction, its route follows the blue dotted line. If both the switches are OFF, 
the current charges the capacitor through the freewheeling diode , in the red 
flow. In the blue flow, the current passes through the diode , bypassing the 
capacitor. During the operation this state never occurs. If  is switched ON, 
the voltage of the capacitor is applied across the terminals of the submodule. In 
the red flow the current charges the capacitor through , in the other case it 
discharges the capacitor through . When  is switched ON, the terminals of 
the submodule are short-circuited and the current flows through  or , 
depending on the direction of the current. In the latter situation the capacitor 
maintains its state of charge and its voltage remains unchanged. Using these 
switching states, it is possible to control each of the submodules separately. 

A Modular Multilevel Converter consists of one converter leg per each 
phase. A converter leg is shown in Figure 2.4-III. Each phase-leg comprises an 
upper arm and a lower arm. Each arm is composed of  series connected 
submodules and the inductor .  

The two arms of each leg can be controlled separately in order to obtain a 
sinusoidal voltage at the AC terminals, while the total voltage of the two 
converter arms equals the DC voltage. It can generate  voltage levels at the 
output of each phase referred to the mid-point of the supply. That can be 
achieved adjusting the number of inserted and bypassed voltage sources in 
each arm. The voltage across each capacitor, which is equal to the total DC 
voltage divided by the number of submodules, stresses the switching devices. 

The arm inductor is integrated since in normal operation there is a little 
difference between the three DC leg voltages. It dampens the balancing 
currents between the three phases, by means of the control methods, which 
will be illustrated in paragraph 2.7. It is also used to reduce the effects of the 
external faults, by limiting the current rise. 

The modularity of the M2C design permits to operate the converter even 
when a number of submodules are damaged. For this reason some redundant 
submodules are integrated. When a fault in a submodule occurs, it is bypassed, 
and the operation of the converter continues without interrupting the energy 
transfer, which is an important task of HVDC transmission systems. 
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Figure 2.4-III – Basic structure of a Modular Multilevel Converter 

2.5. Modulation of Modular Multilevel Converters 

In this paragraph an example of the Carrier Based Pulse Width Modulation of 
a Modular Multilevel Converter is given. 

The modulation is a process which aim is to create a signal which matches an 
assigned reference, by averaging the number of inserted submodules between 
a floor and a ceil number in every sampling period. This process determines the 
states of the switches and the exact instants of the switching actions. A 
modulation pattern is shown in Figure 2.5-I.  

The sampling frequency is the frequency of the carrier triangular waveforms, 
which number is equal to the number of submodules. If the sampling frequency 
is high enough, the reference signal can be assumed to be constant within each 
half period of the carriers. The triangular waveforms are compared with the 
reference and when they cross each other, that is the exact switching instant.  



 41 
 

 
Figure 2.5-I – Modulation example 

Usually, when the reference is above the carrier, one more submodule is to 
be connected into the circuit and vice versa. For high-frequency carriers, the 
output of the converter can be assumed to be equal to the reference at every 
instant. 

The capacitor voltages have a ripple caused by the current which passes 
through the submodules. To equalize the capacitor voltages in each arm, a 
balancing strategy must be included in the modulator, in order to ensure that 
the total energy stored in each arm is equally shared among all the submodule 
capacitors. 

An Active Selection Process, which runs simultaneously with the modulator, 
indicates which submodule has to be inserted or bypassed at every switching 
action. The direction of the current in the arm indicates which submodule has 
to be inserted or bypassed.  
When the aim is to insert a submodule: 
− the submodule with the lowest charge stored in its capacitor will be inserted 

when the current flows in the direction that charges the capacitors in the 
arm;  

− the submodule with the highest charge stored in its capacitor will be 
inserted when the current flows in the direction that discharges the 
capacitors in the arm.  

When the aim is to bypass a submodule: 
− the submodule with the highest charge stored in its capacitor will be 

bypassed when the current flows in the direction that charges the 
capacitors in the arm;  
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− the submodule with the lowest charge stored in its capacitor will be 
bypassed when the current flows in the direction that discharges the 
capacitors in the arm.  

It is experimentally proved that this strategy leads to equal energy stored in 
each capacitor of the converter arm. The impact of the modulation on the 
stability of the M2C is described in [22]. 

2.6. Dynamics of Modular Multilevel Converters 

2.6.1. The continuous Model 

To describe the operation of a Modular Multilevel Converter the 
mathematical treatment of the dynamics will be derived from a continuous 
model of such converter. It is an accurate way to study the dynamics of the 
converter. The continuous model is based on the following assumptions: 
− All the capacitors are equally charged. This assumption is equivalent to 

considering an infinite switching frequency. 
− The output voltage is a continuous waveform. This assumption is equivalent 

to considering an infinite number of submodules in each arm. 

Using this continuous model, the capacitors of each arm are represented as 
the variable voltage sources  and , where  stands for upper arm and  
for lower arm. Each arm can be modulated separately but the sum of the 
voltages of the capacitors in each leg must be equal to the DC voltage. The 
schematic of a leg of the converter in the continuous model is shown in Figure 
2.6-I. In this model the submodules are represented as variable voltage sources 
in each arm.  

The voltages  and  has to be greater than zero because in the half-
bridge configuration it is impossible to generate a negative arm voltage, and 

lower than . To control these voltage sources it can be introduced the 
modulation index  which vary continuously between  and . Its value is  
when all the submodules are bypassed and it is equal to  when all the 
submodules are inserted. 

The insertion indices  and  are defined as the number of submodules 
which are inserted divided by the total number of submodules in the upper  
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Figure 2.6-I – Continuous Model 

arm and in the lower arm respectively. These indices are assumed to be 
continuous variable and they are derived by the modulator. Assuming that the 
total voltage stored in the capacitors of each converter arm is equal to , 
then the voltages inserted by the arms are given by: 

 
Defining the polarities of the currents as in Figure 2.6-II, the output phase 

current  is equal to the sum of the currents flowing in the converter arms of 
each leg. The current  is supposed to be equally shared by the two arms. The 
difference of these arm currents  is equal to the circulating current which 
flows through the phase leg and the DC link. The output phase current and the 
circulating current are defined as:  

 
If  and  are the effective capacitances of the inserted submodules in the 

two arms and each submodule capacitor has a capacitance  the following 
relation holds: 
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Figure 2.6-II – Equivalent circuit of a leg of a M2C 

 
The variation of the available voltage of the arms due to the circulation of 

the currents  and  is given by: 
 

 

 
 

Considering the arm inductances  and the losses  across cables and 
switches, the equivalent circuit is shown in Figure 2.6-II and the following 
equations can be written: 

 (2.1)   

 (2.2)   

which yield to: 
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 (2.3)   

 (2.4)   

Subtracting (2.4) from (2.3) the following differential equation is obtained: 

 
which is equal to: 

 (2.5)   

The continuous state model of a phase leg of the modular multilevel 
converter can then be described by the first order differential equations system 
which follows. The input signals are the insertion indices since they are 
supplied by the modulator. 

 

2.6.2. Direct Modulation 

The simplest modulation approach is to apply to the modulator an open-loop 
control with a sinusoidal reference, which is called direct modulation. Assuming 
that the output voltage  and the load current  are 
sinusoidal, the following equations can be derived from Figure 2.6-II :  

 (2.6) 

 

 

 

 
The amplitude  can be expressed as: 

 (2.7)   

By substituting (2.7) in (2.6) the following equations are obtained: 



46  
 

 (2.8) 
 

 

 

Assuming that the voltage stored in the capacitors of each converter arm 
 is equal to the total DC voltage  and that each converter arm consists 

of  submodules, the values of  and  can be calculated as follows: 
 

 (2.9) 

 

 

 
The modulation approach described in equation (2.9), where the insertion 

indices are sinusoidal functions which are independent from the internal state 
of the converter and the output signal, becomes more complicated when 
considering the effects of the arm currents. When a current flows in the 
submodule capacitors it causes voltage variations which in turn cause 
variations in the circulating current. The simulation results of such converter 
for the direct modulation control scheme are illustrated in [22], and show that: 
− the total capacitor voltage in both arms is significantly varying; 
− the circulating current  has significant oscillations around its average 

value. This current contains a second harmonic component which increases 
the losses. 

One way to stabilize the circulating current  is to increase the arm 
inductance. This solution, however, increases the cost of the converter and 
leads to instabilities in transient conditions. Another way is to derive a control 
strategy which goal is to extinguish the second harmonic component of the 
circulating current . Ideally the  becomes a DC current, and the output 
AC current is split into equal parts between the upper and the lower 

arm. 
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2.6.3. Modulation using Voltage References 

This principle of operation is based on continuous measurements of the total 
capacitor voltages. Knowing the capacitor voltages, a proper voltage feedback 
control loop can be implemented in order to eliminate the harmonics in the 
circulating currents and to eliminate the total voltage variations. The insertion 
indices control the inserted voltage in each arm and they are derived as 
follows: 

 

 
Substituting these insertion indices in (2.5), the circulating current is defined 

as: 

(2.10)   

Adding (2.4) to (2.3), and substituting the new insertion indices, the 
differential equation which define the alternating output voltage is obtained: 

(2.11)   

Equation (2.10) shows that the circulating current depends only on the DC 
voltage and on the sum of the arm voltages. Equation (2.11) shows that the 
output voltage  depends on the output current  and on the difference 
between the inserted arm voltages  and . The difference between the 
capacitor voltages which are inserted in each arm acts as an inner controllable 
electromagnetic force in the converter which can be written as: 

 

 
 

Equation (2.11) shows also that the passive internal impedance  
introduces some voltage drops in the output voltage equation. These two 
equation show that  can be controlled independently from the AC 
quantities subtracting the same voltage contribution from the two arms.  

For control purposes, the term  has to be added, which represents the 
voltage drop through the arm resistance and inductance due to the circulating 
current , to the arm voltage references derived in equation (2.8) .The 
expressions for the arm voltages are then given by: 
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(2.12)   

(2.13)   

and substituting them in (2.10) and (2.11), it is proved that the voltage drop 
 can be used to drive . Equation (2.14) also ensures that  and 
 have always the same frequency components. 

 (2.14)  

 
However,  must be kept small because it limits the output voltage as 
shown in (2.12) and (2.13). 

2.6.4. Energy Dynamics 

If the voltage stored in each arm is equally shared among the submodules, 
the same can be said for the stored energy. The energy stored in each arm is 
equal to: 

 

 
Adding  and , the total energy stored in the capacitors of one leg is 
obtained and subtracting them, the unbalance between the arms is obtained.  

 
 

The variations of the stored energies in each arm are given by: 

 
(2.15)  

 

(2.16) 
 

 

The variation of the total energy stored in the capacitor of one leg and its 
unbalance are therefore defined as: 

(2.17) 
 

 

(2.18) 
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From these last equations it can be concluded that the total energy stored in 
the arms of a converter leg and the unbalance energy between the arms of a 
converter leg can be controlled by . The circulating current in its turn is 
controlled by  through equation (2.14). Furthermore it can be observed 
that: 
− The product of  and  represents the power injected in the converter. 

It balances the output power on the AC side and the losses caused by  
itself. It can be noticed form (2.18) that the DC component of  has not 
impact on the energy unbalance. Therefore adding a DC component to  
results in a higher charge stored in the capacitors. It can be used to control 
the total energy stored in the capacitors of a converter leg. 

− The unbalance of the energy stored in the two arms is not influenced by the 
DC component of  as long as the Dc components of  and  are 
equal to zero. This energy unbalance is controlled by creating a component 
in  which has the same angular frequency as  and it is properly 
phase-shifted as it can be noticed in equation (2.18). 

2.7. Control of Modular Multilevel Converters 

To prevent the significant variation of the total capacitor voltage, some 
compensation for the total arm voltage variation has to be ensured. This goal 
can be achieved by continuously measuring the total capacitor voltage  
and  and by calculating the voltage references  and .  The 
modulation indices are calculated as follows: 

 

 
Two controllers have to be designed in order to adjust the total energy 

stored in one converter leg and to balance the energy between two arms of the 
converter leg. Varying the term  in the reference signals  and , 
which are calculated with equations (2.12) and (2.13), the controllers are 
designed in order to approximate the ideal conditions for the arm currents. It is 
desirable that the phase current is equally shared between the two arms, and 
that the circulating current has only a Dc component. 
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In Figure 2.7-I it is shown the block diagram of the closed-loop control 
system for the M2C.  

 
Figure 2.7-I – Block diagram of the controller 

The controller used to regulate the total energy stored in a converter leg is a PI 

controller. The reference  is the energy stored in a converter leg when the 
arms are charged with the DC voltage . The value   represents the total 
energy stored in a converter leg calculated by mean of the total capacitor 
voltage measurement. This controller determines the component of , 
which is equal to: 

 
The controller used to regulate the energy unbalance between the converter 

arms in a converter leg is a PI controller. It acts creating a circulating 
current  in phase with the inner electromotive force  in the converter. 
The circulating current is controlled by mean of , since it cannot be directly 
controlled. The phase difference between  and  is equal to the 

argument of the arm impedance. The reference  is set to zero. The value 

of the energy unbalance , calculated from capacitor voltage 

measurements, is oscillatory. Since only the average value of  is used 
in the control scheme, a low-pass filter is needed. This controller determines 
the  component of , which is equal to: 
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2.8. The importance of Capacitor Voltage Measurements 

As explained in the previous paragraphs, it is fundamental to have a fast and 
accurate measurement of the submodule capacitor voltages in M2Cs when: 
− An Active Selection Process, which indicates which submodule has to be 

inserted or bypassed at every switching action, runs simultaneously with the 
modulator. 

− A closed-loop control structure with voltage feedback is implemented to 
control the total energy stored in a converter leg and the energy balance 
between the two arms of a converter leg. 

The capacitor voltage measurement can be used also to detect submodule 
failures during the operation. The fault state of a submodule is detected when 
the measured capacitor voltage: 
− Rises over the limit which determines the safe operation of the capacitor. If 

the voltage across the capacitor rises too much, the amount of energy 
stored may damage it, or in the worst case it may lead to the explosion of 
the capacitor.  

− Remains stationary when the submodule is switched on by the control unit. 
Since the current flow through the capacitor varies the voltage across its 
terminals, this case is caused by a missing switching action. If this error 
persists for several sampling intervals, the submodule switches are 
damaged or there are communication problems between the submodule 
and the control unit. 

− Remains stationary to zero. 

When a fault is detected, the Bypass Switch shown in Figure 2.4-I receives a 
command to short out the defective submodule. In this way the damaged 
submodule stays bypassed until the scheduled maintenance of the converter, 
which continues to operate without any interruption. 
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Chapter 3 

3.  Description of the Physical 
Implementation of the Prototype 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

3.1. Introduction 

In this chapter a general description of the  down-scaled prototype of 
a M2C is given. The prototype is located in the Laboratory of Electrical 
Machines and Power Electronics, Royal Institute of Technology. The 
development of a down-scaled prototype is important to confirm, validate and 
support by experimental results, all the theoretical treatment about 
modulation, control and operation of M2Cs.   

An overview of the prototype hardware and of the implementation of the 
global control structure is given, for a more comprehensive understanding of 
the experimental setup of the measurement system. 

Finally an experimental result is presented, which confirms the need for a 
faster and more accurate capacitor voltage measurement system. 

This general description is summarized  according to [22] and [23]. 
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3.2. Prototype: Hardware Overview 

The prototype is rated for a 3-phase power equal to . It has 5 
submodules per arm, whose capacitors have nominal voltage  which is equal 
to . The capacitance  of each submodule capacitor is equal to  and 
the arm inductance  is . The rated phase current  is , the 
output frequency is  and the input voltage is . 

In Figure Figure 3.2-I the printed circuit board of a submodule is shown. The 
submodule capacitors are too large to be mounted on the PCB due to their 
design, therefore they are placed outside the PCB. Their voltage rating is , 
and they are connected with cables to the PCB introducing stray inductances in 
the circuit. 

 
Figure 3.2-I – Layout of a submodule PCB 

In the area bounded by the number 1, the isolated dc-dc power suppliers for 
the control, communication and measurement circuits are mounted. They are 
needed because the reference potential referred to ground depends on the 
switching state of the submodule.  

In the area 2 the drivers for optic fiber communication are mounted. Two 
optical fibers provide the digital input signals to command both switches: one 
carries the signal to insert/bypass both the switches and the other one 
provides an enable/disable function. Optic fibers are used in order to provide 
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galvanic isolation and because they do not introduce stray inductances and 
time delays. 

In the area 3 the submodule capacitor measurement system is mounted. The 
measurement is done through the VCO CD4046BE.  

In the area 4 a film capacitor is mounted in order to supply transient currents 
and to filter the oscillations produced by the series-connection of the cable 
inductances and the electrolytic capacitor. 

In the area 5 the switches driver is mounted. It receives the control signals 
from the control unit through optic fibers and it controls the switches by mean 
of two signals. One is to insert and bypass alternatively the two switches, the 
other is to enable or disable the submodule. When it is on “disable” state, then 
both switches are turned off. The driver controls also the dead-time between 
the switching actions. 

In the area 6 the power connections are placed. 
In the area 7 the MOSFETs on a heat-sink are mounted. Since the switching 

frequency is low, switches with a small conducting resistance are chosen in 
order to limit the conducting losses. 

In Figure  Figure 3.2-II the analog interface card  is shown on the left side and 
the digital interface card is shown on the right side . 

 
Figure 3.2-II – Analog and digital interface between the converter and the convtroller 

The analog card is needed to interface  the control unit and the sensors used 
to measure the arm currents and the DC link voltage. It supplies power to the 
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sensors, trasmits the measurement signals to the processor and sends the arm 
current polarity to the FPGA. 

The digital card is needed to interface the electrical and the optical signals, 
because the FPGA reads only electrical signals. Optic connectors receive the 
capacitor voltages from the submodules and transmit the control and enable 
signals from the FPGA. 

3.3. Prototype: Software Overview 

The control system of the prototype consists of a main processor unit and an 
FPGA, as it is shown in Figure 3.3-I. 

 
Figure 3.3-I – Global Control Structure 

The processor performs several tasks, which can be summarized as follows: 
− It communicates with the user interface through a front panel. Using the 

front panel, the user defines the control parameters and has an overview of 
the system operation. 

− It acquires, collects, stores and processes the samples received from the 
analog interface. In case that the analog measurements show values which 
are out of the rated limits of the components, it turns off the converter. 

− It executes the control functions and calculates the reference modulation 
indices for each arm of the converter. Internal control loops as the  
feedback-control-loop discussed in paragraph 2.7, or higher level controllers 
as the DC link voltage controller discussed in 2.1.2, can be included. 
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− It handles the communication with the FPGA which is performed through 
FIFO communication data structure. The processor communicates to the 
FPGA the modulation indices of each arm and reads the measured values of 
the submodule capacitor voltages. 

− It forces the synchronization of all the procedures that are executed 
between and within processors. 

The FPGA performs several tasks, which can be summarized as follows: 
− It counts the periods of the pulse trains which are generated from the VCOs 

integrated in each submodules. 
− It sorts the submodules comparing the content in the counters, and it 

creates a descending order list of the capacitor voltages. 
− It determines which are the two candidate submodules which have to be 

inserted or bypassed at every switching event. This action is called selection 
process, and it depends on the direction of the arm current. 

− It receives the instantaneous modulation indices from the processor and 
runs the modulator, which follows the process discussed in paragraph 2.5.  

− It orchestrates by the carrier triangular wave the sampling intervals. 
− It provides two control signals to the switches of each submodule as 

discussed in paragraph 3.2.  

3.4. Detailed Description of the Measurement System  

The prototype submodule is equipped with CD4046BE VCOs from Texas 
Instruments. The frequency range is set to vary from  to  while 
the voltages are varying respectively from  to . The value of the 
capacitor voltages are scaled using voltage dividers, in order to obtain a VCO 
input range of voltages between 0 and 5 volts.   

The pulses are counted by the FPGA. This goal is achieved comparing 16 
periods of their oscillation with the period of the internal clock of the FPGA. 

A detailed observation on the relation between voltage and frequency shows 
that the characteristic curve is linear in the range from  to , 
corresponding to  and  respectively. Out of that range the 
relation is not linear and the displayed values need higher order polynomial 
scaling. 
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3.5. Experimental Result 

In Figure 3.5-I the steady state submodule capacitor voltages of a converter 
arm are shown.  

The stretch of the characteristic which is marked with the number  and 
which is enlarged on the left of Figure 3.5-II, represents the voltage of a 
capacitor which is bypassed. Therefore, since there is no current flow through 
the capacitor, its voltage is constant. The small steps, which can be seen in the 
enlarged characteristic, depend on counting errors equal to 1 FPGA clock cycle. 
They are caused by the phase shift between the pulse train generated by the 
VCOs and the internal clock of the FPGA. 

 
Figure 3.5-I – Steady state submodule capacitor voltages 

The stretch of the characteristic which is marked with the number  and 
which is enlarged on the right side of Figure 3.5-II, after a careful thought and 
study, has been considered as a measurement error.  

Since the same current flows through all the capacitors, the slopes of the 
voltages must be the same. In Figure 3.5-II it can be seen that the voltage of the 
capacitor  , which is the red curve, has a slope which is significantly different 
from the slopes of all the other capacitors. 

It has been observed that this anomalous behavior of the capacitor voltage 
happens when the switching action of the involved submodule occurs while the 
counting is active. Moreover, it has been observed that this behavior repeats 
for different submodules, every period of the AC current.  

This unusual behavior can be damped by designing a measurement system 
which is faster than the implemented one. In this way the counting time can be 
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significantly reduced and therefore, it is made less probable that the switching 
action happens during the counting action. 

 

 
Figure 3.5-II – Enlarged characteristics, steady state submodule capacitor voltages 
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Chapter 4 

4.  Comparison of Different Methods to 
Measure Submodule Capacitor Voltages 

 
 
 
 
 
 
 
 
 

 

 

4.1. Introduction 

In this chapter the implementation of different methods to measure 
submodule capacitor voltages is discussed. First the configuration of an ADC 
(Analog-to-Digital Converter) is presented and then it is shown how the 
amplitude of the voltage of the storage capacitor is converted and transmitted 
to the central control of the M2C.  At present this method is approved to be the 
most suitable for high power applications, embedding all the benefits of digital 
communication.  

Afterwards an alternative method based on voltage-to-frequency conversion 
will be presented. This approach might be a suitable replacement for the 
former method when the aim is to decrease the complexity of the 
communication system between the submodules and the central control. Two 
different families of components are examined; VCOs (Voltage Controlled 
Oscillators) and VFCs (Voltage-to-Frequency Converters). 
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4.2. Analog-to-Digital Conversion 

An analog-to-digital converter (ADC) is an electronic device that converts a 
continuous analog input voltage into a discrete-time digital number. The 
output digital value is proportional to the magnitude of the input voltage 
following a particular coding scheme. The analog-to-digital conversion is a 
process which turns an analog signal into a discrete signal. The physical 
quantity is measured, and the value of its magnitude is coded as a binary 
number. When the physical quantity is time-varying, it is measured at regular 
intervals, resulting in a sequence of digital strings. 

The analog-to-digital conversion process can be divided into four main parts: 
anti-aliasing signal filtering, signal sampling, quantization of the samples and 
encoding of the quantized samples.  

 

 
Figure 4.2-I – Analog-to-Digital Conversion 

The anti-alias filter is a digital filter, its aim is to narrow the signal bandwidth 
before the sampling. The purpose is to approximately satisfy the Nyquist-
Shannon sampling theorem. The signal sampling is a technique used to convert 
a continuous signal into a discrete one, capturing its amplitude at regular 
intervals of time. The period of time  between two samples is called Sampling 
Interval. The Sampling Rate is the opposite of the Sampling Interval, and 
represents the number of samples obtained in one second. The Nyquist-
Shannon sampling theorem determines the minimum sampling frequency to 
ensure that the analog signal can be reconstructed downstream from the 
discrete input. In order to be representable with a finite number of bits, it is 
necessary that the string assumes a finite number of discrete values of the 
codomain. This is regulated by the process of quantization of the ordinate value 
of the quantity under consideration. To achieve this purpose the value of the 
quantity is limited to a set of discrete values defined in advance. This means 
that the sampled value of the original quantity is reduced to the nearest 
discrete value previously defined through the quantizer decision process. The 
encoding of the quantized samples is the process which defines how to assign, 
uniquely to each element of the set, a string which represents it. 



 61 
 

The resolution of an ADC indicates the number of discrete values which it 
can produce. It is expressed in Bit since the values are stored in binary form. In 
order to simplify the discussion, the example of an ADC with a resolution of  
bits is taken into account.  It can be also expressed in volts and be defined as 
the minimum change in voltage required to guarantee a change in the binary 
output code. It is also defined as LSB (least significant bit). 

It is equal to the ratio between the input voltage range and the number of 
binary output discrete intervals. In Figure 4.2-II it is shown the transfer function 
of an ADC with a resolution of 3 bits and the overall voltage measurement 
range is equal to 1 volt. The least significant bit voltage is calculated as: 

 

. 
 

 
Figure 4.2-II – Transfer Function of 3-bit ADC 

The ADC with a resolution of  bit encodes a signal to one with  
different levels. These  values can represent the range from  to  or, 
following the two’s complement of a binary number, from  to . 

4.3. Voltage-to-Frequency Conversion 

Voltage Controlled Oscillators (VCO) and Voltage-to-Frequency Converters 
(VFC) are electronic devices controlled by a DC voltage input. The output signal 
is a pulse train which frequency of oscillation is proportional to the amplitude 
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of the input voltage. They are designed in order to have a highly linear relation 
between the applied voltage and the output frequency.  They are used to 
convert analog signals to digital signals with varying frequency to make the 
communication with the FPGA possible.  

In order to obtain a reliable estimate of the voltage and a correct interface 
with the FPGA it is fundamental that the relation between the input voltage 
and the output frequency is kept linear. The real behavior is linear only in the 
interval around the central frequency  because the linearity cannot be 
achieved in the whole range of frequencies. Designing external components 
connected to the electronic devices, the values of the central frequency and 
the frequency linear interval are tuned. In Figure 4.3-I and Figure 4.3-II are 
shown the ideal and real characteristics respectively. Out of the linear interval 
the output values can still be used to rate the submodules but it is not possible 
to have an accurate estimate of the values of the measured voltage.  

 
 
 

 
Figure 4.3-I – Ideal relation between input voltage and output frequency  
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Figure 4.3-II – Real relation between input voltage and output frequency 

 
Since the modular multilevel converter is supposed to work more likely at its 

nominal voltage it is important to tune the VCO to produce a pulse train which 
frequency is equal to the central frequency  when the submodule capacitor 
voltage is at its nominal voltage. The width of the linear interval of the output 
frequency depends on the application for which the multilevel converter is 
used.  

The controlled frequency linearity  is the most important characteristic 
of a voltage-to-frequency converter. In figure Figure 4.3-III it is shown how to 
calculate the frequency linearity. 

 
Figure 4.3-III – VCO frequency linearity 
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In Figure 4.3-IV it is shown the basic functional diagram used for voltage to 

frequency conversion. The input voltage drives an inverting integrator. The 
input voltage generates a current which is forced to flow through the capacitor. 
Charging the capacitor, the current generates a negative voltage ramp at the 
output which follows the rule: 

 

 
 

The slope of the output ramp varies with the current circulating in the circuit. 
The comparator output is the higher voltage between  and . When  
exceeds  it turns the switch on, triggering the monostable multivibrator, also 
called one-shot. In this way the capacitor discharges itself in order to be ready 
to start the cycle again. Different improvements of this basic circuit can be 
designed to obtain optimal linearity and stability. 

 
Figure 4.3-IV – Basic ramp-comparator used for amplitude to frequency conversion 

4.4. Tested Integrated Circuits 

An ADC, four different VCOs and a VFC have been tested. The ADC has been 
configured in order to measure the input voltage of one of its channels. The 
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comparison of the four VCOs and of the VFC has been carried on. These circuits 
were designed to obtain the most linear relation between frequency and 
voltage. The goal was to set the input voltage range from  to  and a 
frequency range which fits the relations given in 5.6. 

4.4.1. MAX1312 

The MAX1312 is a 12-bit analog-to-digital converter with eight independent 
input channels. It has  input range with  fault-tolerant inputs with a 
bandwidth of . It operates from  to  analog supply and  to 

 digital supply consuming  when fully operative. The device operates 
over the extended temperature range between  to  In 4.4.1 it is 
shown the functional diagram of the MAX1312.  

 
Figure 4.4-I – Functional Diagram of the MAX1312 

Every input channel has a dedicated track-and-hold circuitry to sample the 
voltage and hold its value at a constant level for a determined period of time. 
Its aim is to maintain the input to the ADC at a constant value during the 
conversion, because changes of the input signal amplitude could corrupt this 
process. The track and hold circuit is shown in Figure 4.4-II. The capacitor 

is required to store electric charge. In the track-mode the voltage on the 
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capacitor  follows the input signal and in the hold-mode the capacitor 
holds the voltage of the input before the switch is disconnected. The input of 
the T/H circuit is controlled by the input signal called Conversion Start 
(CONVST) shown in Figure 4.4-I. When CONVST is low the T/H tracks the analog 
input and when it is high the T/H holds the analog input. The sampling instant 
of the analog input is therefore the rising edge of CONVST. 

 
Figure 4.4-II – Track and hold circuit, single channel 

Channels from D0 to D7 are bidirectional, setting them high during the 
configuration register activates the corresponding analog channels, selecting 
the active channels before beginning the conversion. The configuration register 
is set through the signals write (WR) and chip select (CS) as it is shown in Figure 
4.4-III. 

 
Figure 4.4-III – Configuration register 

Channels from D8 to D11 are output only. Channels from D0 to D11 are the 
digital outputs of the 12-bit parallel data bus. The signals Conversion Start 
(CONVST) and Read (RD) need to be sent to the ADC in order to start the 
conversion and to initiate a read operation during the conversion. As it is 
shown in Figure 4.4-IV the signal CONVST has to be low during the acquisition 
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time  (  when the T/H acquires the signal. The conversion 
begins on the rising edge of CONVST.  

 
Figure 4.4-IV – Read During Conversion (external clock mode) 

The signal End-of-Conversion (EOC) is sent from the ADC to indicate when a 
conversion result is available for being read. The signal EOC pulses low once for 
each channel selected in the configuration register in ascending order. The  
pulse corresponds to the  active channel. While EOC is low the signal RD has 
to be driven low in order to latch data in the parallel digital output bus. Driving 
high the signal RD, the digital bus is released, and the system waits for the next 
EOC falling edge. The signal End-of-Last-Conversion (EOLC) pulses low when the 
last conversion result is available and then the acquisition of the signal can start 
again. CONVST signal needs to be high until the last conversion result is read. 
The signal chip select (CS) is set to be low all times since the information is read 
only by one ADC. 

The transfer function is set to be centered about the analog ground so the 
input is symmetrical around the zero. The last significant bit LSB size and the 
input voltage are calculated using the equations  (6.1)  and (6.2) respectively. 

(6.1)   

(6.2)   
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Where LSB stands for last significant bit and  for the decimal value of 
the two’s complement binary output code. Some explanatory values are shown 
in Table 1. 
 

 
 
 

Figure 4.4-V – Transfer Function of the MAX1312 

Two’s Complement 
Digital Output Code 

Decimal Equivalent 
Digital Output Code 

Input Voltage (V) when 
 and  Midscale 

Voltage  
0111 1111 1111 = 7FF +2047 +9.9976±0.5LSB 
0111 1111 1110 = 7FE +2046 +9.9927±0.5LSB 
0000 0000 0001 = 001 +1 +0.0073±0.5LSB 
0000 0000 0000 = 000 0 +0.0024±0.5LSB 
1111 1111 1111 = FFF -1 -0.0024±0.5LSB 
1000 0000 0001 = 801 -2047 -9.9927±0.5LSB 
1000 0000 0000 = 800 -2048 -9.9976±0.5LSB 

Table 1 

4.4.2. 74HC4046A 
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Figure 4.4-VI – 74HC4046A 

The 74HC/HCT4046A are high-speed Si-gate CMOS phase-locked-loops 
circuits that comprise a linear voltage controlled oscillator and three different 
phase comparators. The VCO requires two external resistors  and  and one 
external capacitor  to determine the frequency range and the frequency 
offset when required. The VCO output frequency has a duty-cycle of  
when the input voltage is held at a constant level. The operating power supply 
voltage range is from  to  and the central frequency is up to . 

In Figure 4.4-VII is shown the variation of the VCO frequency as a function of 
the VCO input voltage for two different values of the external capacitor . 

 
Figure 4.4-VII – VCO frequency as a function of the VCO input voltage 

The VCO frequency characteristic used for the approximation of values of 
external components is shown in Figure 4.4-VIII. To determine the values of R1 
and C1, given the desired central frequency , Figure 4.4-IX and Figure 4.4-X 
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are provided. To determine the value of the frequency lock range Figure 4.4-XI, 
is provided.  

 
Figure 4.4-VIII – Frequency characteristic of 74HC4046A 

 
Figure 4.4-IX – Typical value of VCO central frequency (f0) as a function of C1(pF) 
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Figure 4.4-X – Typical value of frequency offset (fOFF) as function of C1(pF) 

 
Figure 4.4-XI – Typical frequency lock range (2fL) versus the product R1C1 
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The values of the selected components should be within the following 
ranges: 

 
 

 
 

 
 
 

4.4.3. SN74LS628 

 
Figure 4.4-XII – SN74LS628 

 
 
The SN74LS628 is a voltage-controlled oscillator with high voltage-to-

frequency linearity. The device is designed in order to obtain a fixed duty cycle 
of the square-wave output at . The isolation of the internal system is 
accomplished with two separate sets of supply voltages and ground pins. One 
set is provided for the enable, synchronization-gating and output sections and 
the other set is provided for the oscillator and its frequency control circuits. 
The output frequency range is controlled by an external capacitor  and a 
voltage signal . An external resistor with improved temperature coefficient 
is connected to achieve better temperature compensation. In Figure 4.4-XIII are 
shown the typical characteristics of an SN74LS628, on the left it is shown the 
output frequency as function of the frequency-control input voltage. It is 
shown that the range of the output frequency varies for different values of the 
voltage signal . On the right it is shown the output frequency as function of 
the external capacitance . 
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Figure 4.4-XIII – Typical characteristics of an SN74LS628.  

4.4.4. CD4046B 

 
Figure 4.4-XIV – CD4046B 

The CD4046B is a Phase-Locked Loop which consists of a linear VCO and two 
different phase comparators. The VCO is characterized by a DC supply voltage 
range between 0 and 20 V, an operation frequency range up to 1.4 MHz and a 
declared linearity which is less than 1%. The VCO requires an external capacitor 
C1 and an external resistor R1 to determine the frequency range of the output, 
and an additional external resistor R2 to have a frequency offset. This is done 
to center an operating band of the VCO around the desired frequency. 

Different combinations of R1, R2 and C1 have been implemented on a 
project board to obtain the best linearity in the desired frequency ratio.  

4.4.5. MC14046 

The MC14046B is a Phase-Locked Loop which consists of a voltage controlled 
oscillator, two phase comparators, a source follower and a zener diode. The 
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linear VCO is designed to produce an output signal, the frequency of which is 
determined by the input voltage.  The supply voltage  range is from 3V to 
18V, the input voltage range is from  to . The operation 
frequency range is up to . The VCO requires an external capacitor C1 and 
two external resistors R1 and R2 to determine the frequency range of the 
output. The following method is proposed to calculate the VCO output 
frequency: 

 

 
Where: 

 
 

 
 
 

4.4.6. VFC110 

 
Figure 4.4-XV – VFC110 

The VFC110 is a third-generation voltage-to-frequency converter. The output 
is a pulse train at a frequency precisely proportional to the applied input 
voltage. The main features of this IC are:  frequency operation, good 
linearity (  at ) and low jitter. It has an internal resistor and a 
capacitor trimmed for a full-scale output frequency. 
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Figure 4.4-XVI – Connections required for operation at full-scale output 

In Figure 4.4-XVI are shown the connections for the operation at full-scale 
frequency. Since the resistor and the capacitor are integrated, only the power 
supply, a pull-up resistor and bypass capacitors are to be connected.  

It is necessary to offset the transfer function so that an input of  causes 
the desired minimum frequency output, otherwise the conversion time would 
approach infinity for low inputs. 

The typical characteristics of this device are shown in Figure 4.4-XVII 

 
Figure 4.4-XVII – Typical Characteristics of a VFC110 
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Chapter 5 

5. Interfacing the Sumbodule Voltage to the 
Control Unit 

 
 
 
 
 
 
 
 
 
 

 

5.1. Introduction 

In this chapter the description of the digital interface between the 
submodule and the converter control system for a Modular Multilevel 
Converter is given. The modular multilevel converter control system consists of 
a Main Processor and a Field Programmable Gate Array (FPGA). The FPGAs are 
devices which allow designers to realize sophisticated digital circuits on a 
prototyping device. Each submodule communicates with the FPGA. The FPGA 
receives information about the submodule capacitor voltages, processes the 
modulation data, performs the sorting algorithms and sends switching signals 
back to the submodule. The whole process is programmed using VHDL which 
stands for “VHSIC (very high-speed integrated circuit) Hardware Description 
Language” [24].  

For a more comprehensive understanding of the experimental setup and the 
global measurement structure, the  VHDL codes are given in appendices A and 
B.   
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5.2. Communication between the Submodules and the 
Control Unit. 

A general overview on the communication system and on the control unit of 
one arm of a Modular Multilevel Converter, which use ADCs to measure the 
capacitor voltages, is given in Figure 5.2-I . The control unit consists of a main 
processor, which basic operation is discussed in paragraph 2.5, and the main 
FPGA.  Each submodule is equipped with its own FPGA board, which is 
interfaced to the main FPGA. The FPGA of the submodule sends the digital 
value of the capacitor voltage and internal status of the switches and receives 
switching orders. The communication between the submodules and the main 
FPGA is performed through optical fibers. They are preferred to cables because 
they provide the required isolation. 

 
Figure 5.2-I – Structure of the communication using ADCs 

The ADC converts the voltage amplitude in a 12-bit string which is read by 
the FPGA. A detailed description of the digital interface between an ADC and 
the FPGA is given in paragraph 5.3. A detailed study of the design of the Digital 
Interface is not the scope of this Thesis, but a principle of operation is given. 
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The Digital Interface provides an internal multiplexer, which selects one digital 
string per time and forwards it to a single digital line from the ADC to the FPGA. 
The effectiveness and the speed of operation of this method depend on the 
number of the submodules per each arm of the converter. Converters with a 
high number of submodules per arm have long waiting lines in the data queue 
processing. This feature slows down the performance of the measurement 
system. 

A general overview on the communication system and on the control unit of 
one arm of a Modular Multilevel Converter, which use VCOs to measure the 
capacitor voltages, is given in Figure 5.2-II. This measurement system is 
implemented on the lab prototype described in chapter 3. A detailed 
description of the digital interface between a VCO and the FPGA is given in 
paragraphs from 5.4 and 5.8. The FPGA is programmed to read all the output 
signals from the VCOs simultaneously. The reading of each pulse train 
frequency runs continuously and the FPGA stores the last acquired value for 
each submodule. Since the frequencies of the submodules are generally 
different, the results of the measurements appear at different times. The 
sorting algorithm has the last stored values for each submodule as inputs. 
Some brief notes about the main processor are given in chapter 3. 

 
Figure 5.2-II – Structure of the communication using VCOs 
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5.3. ADC Configuration 

To configure the ADC and to interface it with the FPGA a Finite State 
Machine with Data path (FSMD) has been designed using VHDL. It combines 
Finite State Machines (FSM) and sequential circuits [24]. FSMs are used to 
model systems which transit among a finite number of internal states. The 
transitions depend on the current state and external inputs. The ASM 
(Algorithmic State Machine) chart is the graphical representation of the inputs, 
outputs, states and transitions. It shows how the current state and the internal 
inputs affect the transitions. 

 

 
Figure 5.3-I – ASM chart of the Write Block 

The ASM Chart of the Write Block shows the graphical representation of the 
configuration register of the ADC designed in VHDL. That is shown in Figure 
5.3-I. At the initialization state, the FSMD waits for the start command. It 
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moves to write_1 when start changes to ‘1’. At the states write_1, write_2, 
write_3, write_4 and write_5 the FSMD command the signals WR, CONVST and 
d011 in order to follow the behaviors shown in Figure 4.4-III. Since only one 
channel of the ADC is used to perform the measurement in the states write_3 
and write_4 only the first digit of the vector d011 is set equal to ‘1’. The 
ADC’s datasheets provide the timing scheme of the configuration register. The 
waiting times are introduced to fulfill these requirements. The time durations 

,  and  are arbitrary. The time durations  and  are given in the 
datasheets of the ADC. The integer values , , ,  and  are 
calculated dividing the values in seconds with the period of a clock cycle of the 
FPGA. When the write_5 state ends, the active channels are selected and the 
FSMD passes to the Read Block. The configuration register updates at the 
falling edge of the signal CONVST. 

The ASM Chart of the Read Block shows the graphical representation of the 
reading during conversion process of the ADC designed in VHDL. That is shown 
in Figure 5.3-II. It sends and reads the signals shown in Figure 4.4-IV in VHDL. It 
runs after the selection of the active channels in the configuration register. At 
the read_1 state the signal CONVST is set low for the time , while the T/H 
acquires the signal. The time duration  is given in the datasheets of the 
ADC. The conversion begins at the rising edge of CONVST.  At the Read_2 state 
the FPGA waits the rising edge of the signal EOC. The first conversion result is 
available after the 13th external clock cycle when the rising edge of the signal 
EOC occurs. States read_3 and read_4 are designed in order to follow the 
behaviors shown in Figure 4.4-IV. At state read_4 the string with the two’s 
complement binary value code is stored in the vector Output. At state read_4 
the second decision box evaluates the state of the signal EOLC. If its value is 
low the next state is read_2 and the FPGA waits for the next rising edge of the 
signal EOC. The next EOC falling edge occurs in three external clock cycles. If 
the value of EOLC is low that means the last conversion result is available and 
the next state is state_6. At state_6 the FSMD waits  specified in the 
datasheets of the ADC, which is a period of bus inactivity. After that the FSMD 
starts again from the state read_1 in order to store the values of the two’s 
complement binary code continuously. 

Afterwards, the value of the two’s complement binary code is shown in 
hexadecimal digits on the time-multiplexed seven-segment LED display 



 81 
 

integrated in the Nexys2 board. It is converted to a decimal number using a 
Matlab code. 

 

 
Figure 5.3-II – ASM chart of the Read Block 

5.4. Voltage-to-Frequency Configuration: Measuring the 
output frequency 

To complete the voltage-to-frequency conversion the number of the pulses 
of the internal clock has to be counted. The frequency measurement is 



82  
 

implemented by timing the period of more cycles of the voltage-to-frequency 
converter’s output. This process is accomplished comparing the number of 
clock cycles and the number of the pulses generated by the voltage-to-
frequency converter. Afterwards the frequency is calculated inverting the 
measured period. This is the method used in most frequency counters in a 
huge range of applications since it provides the higher measurement resolution 
in short conversion times. 

5.5. Voltage-to-Frequency Configuration: Interfacing the 
Submodule to the FPGA 

As it has been described in chapter 4, the capacitor voltage is converted in a 
pulse train which frequency of oscillation is proportional to the amplitude of 
the input voltage. The following considerations assume that the voltage-to-
frequency conversion is highly linear.  

The FPGA includes an internal oscillator which produces clock signals with a 
frequency  in the range of tens of . The frequency and the period of the 
internal clock are given in the datasheets of the FPGAs. 

To measure the capacitor voltages and to sort them in order to determine 
the candidate submodules to be inserted or bypassed, a period counter is used. 
The period counter is a circuit which measures the period of a periodic input 
waveform. That is implemented by a finite state machine with data path 
(FSMD). The designed FSMD is shown in Figure 5.5-I by an abstract state 
diagram called Algorithmic State Machine with Data path (ASMD) chart [24].  

The way to implement such circuit is to count the number N of clock cycles 
between two rising edges of the input signal. The period of the input signal 
is derived according to: 

 
The period counter starts to be operative when a start signal is triggered.  

After the start signal, the state machine moves to the wait state where it waits 
for the first rising edge of the input signal. The rising edge detection is used to 
generate a tick, which length is one FPGA clock cycle, which indicates that a 
rising edge has occurred.  After the first rising edge the state machine moves to 
the count state where two registers, P (primary) and S (secondary), are used to 
keep track of the time and one register N (number of periods) is used to keep 
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track of the number of input periods. The P register counts the clock cycles, the 
S register counts in terms of microseconds. It increments by  when the P 
register reaches the number of clock cycles equivalent to . When that 
happens, the P register restarts from . The reason why the N register is 
important to be used is explained in paragraph 5.6. The FSDM exits the count 
state when the whished number   is reached.  After that the period of the 
input waveform is stored and the process starts to count again. 

 

 
Figure 5.5-I – ASMD chart of the periodic counter 

5.6. Voltage-to-Frequency Configuration: Number of 
Counted Periods Ndes 

To have a rough estimate of the value of the capacitor voltage it would be 
enough to measure one period of the output pulse train. To achieve better 
sensitivity, which is the smallest change in the signal that can be observed, it is 
more desirable to measure a number  of periods of the pulse train. In this 
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paragraph it is shown a method to evaluate the optimal number  of counted 
periods. 

It has been explained that, to scale the values of the input voltages in a range 
which is compatible with the VCO specifications, a voltage divider is needed. 
The voltage across the voltage divider varies between  and  
while the voltage across the capacitor varies between and . The 
nominal voltage is set to be  in the middle of the domain, and corresponds 
to . 

The voltage ratio  is the number of Volt across the capacitor per Volt across 
the voltage divider. 

 
 
The inverse of the voltage ratio is the indicator of the variation of the voltage 

across the voltage divider for  difference of the capacitor voltage. It is 
related to the values of the resistances  and  of the voltage divider. 

The frequency of the pulse train varies from  and  corresponding 
respectively to and . Assuming that the relation between voltages 
and frequencies is linear in that range, it is possible to define the frequency 
ratio . The value of the frequency ratio indicates the frequency variation for 
the variation of one Volt across the voltage divider. 
 

 
 
When the desired sensitivity  of the measurement system in terms of 

capacitor voltages is assigned, it is possible to calculate the smallest frequency 
variation  which is needed to be evaluated. The value of  is calculated as 
follows: 

(5.1)   

 
Once it is known the value of  it has to be defined how many FPGA clock 

cycles are needed to identify a difference equal to  in the oscillator.  This task 
is important to be evaluated for the higher frequencies where the periods of 
the waveforms are lower. It is possible to calculate the periods  and 
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 as the inverse of  and  respectively. Dividing the period 
with the period of the FPGA’s internal clock, the numbers of FPGA clock cycles 
per each period of the measured waveform is obtained as follows: 

 

 
Since usually it is not possible to have good sensitivity in one period of the 

measured waveform, a number  of cycles are considered.  

 

 
 is the number of cycles to be measured in order to have different integer 

parts of  and  ( ). In this way it is possible to 
estimate a difference of 1 FPGA clock cycle when the frequency varies of  
according to the desired sensitivity.   

5.7. Voltage-to-Frequency Configuration: Theoretical and 
technical Limits 

As it is shown in (5.1) the smallest frequency change  which is evaluated 
depends on the desired sensitivity and on the frequency range. The voltage 
ranges depend on the physical realization of the converter.  The execution time 
instead depends on the minimum frequency of the oscillator. 

Therefore to obtain the desired performances of the measurement system it 
is necessary to ensure a huge frequency range of the pulse train and to set the 
minimum frequency high enough to have the desired execution time at the 
lower frequencies. 

Theoretically the highest frequency that can be evaluated is a half of the 
sampling frequency, as it is proved in the Nyquist-Shannon sampling theorem. 
The theorem states: “If a function  contains no frequencies higher than B 
hertz, it is completely determined by giving its ordinates at a series of points 
spaced 1/2B seconds apart”[25]. 
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By laboratory tests it has been shown that the frequency which can be 
measured reliably is considerably lower than the theoretical one. The test 
bench has an FPGA board with internal clock, so theoretically the 
maximum frequency which can be measured is .  

In Figure 5.7-I and Figure 5.7-II the measured voltages for an input  
pulse train are shown. The yellow waveform represents the pulse train and the 
green waveform represents the internal clock of the FPGA. The purple 
waveform is generated by the FPGA to show when it starts and ends to count. 
It gives a logic value of 1 when the counting ends, and zero when it starts again.  

In this application the FPGA is programmed in order to count how many 
clock cycles passes while the input signal oscillates two times. In Figure 5.7-I it 
is shown how often the FPGA misses a rising edge of the pulse train. That 
results in a completely wrong measured value of the capacitor voltage, which 
would lead to a falsified sorting of the capacitors. In Figure 5.7-II two different 
cases of error are shown. In number 1 the FPGA misses two rising edges of the 
input signal, measuring a frequency which is two times the real one. In number 
2 it misses one rising edge of the input signal delaying the counting by one 
input cycle. 

Improving the VHDL code it is possible to improve this behavior pushing up 
the value of the frequency that can be reliably measured up to . The 
improvement is discussed in paragraph 5.7.  
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Figure 5.7-I – Input and output voltages: time base . 

 

Figure 5.7-II – Input and output voltages: time base . 

5.8. Voltage-to-Frequency Configuration: VHDL 
Improvement (Reading Edge Delay) 

When the frequency is high at the rising edge of the input signal to the FPGA, 
which is the yellow waveform in Figure 5.8-I and Figure 5.8-II, there is a voltage 
spike. It has been hypothesized that this fast electrical transient in voltage 
could impair the acquisition of the signal. Therefore it is assumed to be the 
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reason why the FPGA misses some rising edges of the input signal as 
mentioned in paragraph 5.7 and shown in Figure 5.7-I. 

To avoid the disturbance caused by the voltage spike the reading of the input 
signal has been delayed by one clock cycle. The behavior of the FPGA after the 
introduction of the delay is shown in Figure 5.8-I. After the rising edge of the 
input signal the FPGA waits one clock cycle, equal to 20 ns, before ending the 
counting. The purpose of the delay is to filter out the voltage spike associated 
to the rising edge. The same delay is introduced purposely at the falling edge of 
the input signal in order to not affect the count. 

To achieve wider frequency range the described improvement of the VHDL 
code is implemented. It results in a higher frequency range. Without the 
mentioned delay in the reading of the signal the maximum frequency which 
can be reliably measured  is around .  When the delay is set to be one 

 

 

Figure 5.8-I– Input and output voltages: time base  

clock cycle the maximum frequency which can be reliably measured is higher 
than  In Figure 5.8-II an input signal which frequency is  and 
the behavior of the FPGA is shown. It shows that all the rising edges are read 
properly without introducing systematic counting errors.  
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Figure 5.8-II – Input and output voltages: time base  

5.9. Execution Time 

In this paragraph a comparison between the execution times of the two 
methods is given.  

The measurement system based on the analog-to-digital conversion has two 
parameters which affect the measurement duration and performances. The 
first is the acquisition time , while the T/H circuit tracks the analog input. It 
can vary from  to . Longer acquisition times allow the analog input to 
settle to its final value with better accuracy, but it is limited by internal 
capacitor drop. The second degree of freedom is given by the external clock 
frequency, which sets the duration of the conversion. 

Assuming that an ADC is integrated on every submodule, digital values of the 
capacitor voltages are sent to the main processor one per time with the use of 
a multiplexer. Therefore, the duration of the conversion is directly proportional 
to the number of channels. A deeper look at the performance of the mentioned 
system is given in paragraph 6.3. 

The measurement system based on the voltage-to-frequency conversion has 
a technical limit which is explained in the paragraph 5.8. The technical 
maximum frequency that can be measured with the available setup is 

. For this reason the components has been designed in order to 
operate at a central frequency of , in the range between  and 

. 
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To calculate the execution time of this measurement system, the submodule 
capacitor nominal voltage of the prototype has been used. The aim of this 
study is to significantly reduce the duration of the counting of the pulses 
coming from the VCO and to extend its linear range from  to 

 of the capacitor voltage, when compared to the current 
performances. A sensitivity of  is considered adequate to obtain a 
satisfactory dynamic response of the converter. Applying the method 
developed in paragraph 5.6 the following results has been obtained. 

 

 

 

 
The value of  has been rounded to 64 because, in order to have the 

estimation of a capacitor voltage, the period  has to be divided by  The 
division in digital designs follows slow algorithms, producing one (or few in fast 
division methods) digit of the final quotient every iteration. Dividing by 
numbers which are equal to , where , it is really fast instead, 
because it is enough to eliminate the first   digits from the divisor string. 

With this setup the measurement system is capable to measure the 
capacitor voltage in  when it is at its nominal value, in  in the worst 
situation, when the voltage is  and in  when it is . The selected 
setup would significantly increase the performance of the measurement 
system, resulting in a tripled measurement speed and in a much wider linear 
range. In the worst case, when all the submodules are working with a voltage 
of , the measure of the voltages are updated every . However, when 
the converter is working at its nominal voltage, the measures of all the 
capacitor voltages are updated approximately every , since the FPGA is 
reading their values in parallel continuously. 
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Chapter 6 

6. Experimental Results 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.1. Introduction 

In this chapter the results of the different measuremement techniques are 
presented. First, the test bench which was used to make the measurements is 
described. Then the response of the ADC is shown. Then different VCOs are 
compared in order to define which fits better to the examined application. At 
the end the conclusions of the comparison are drawn. 
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6.2. Test bench 

 
The test bench used to build the circuits, to carry out the measurements and 

to verify the response of the devices under test is composed of: 
− The mixed signal oscilloscope MSO6034A by Agilent Technologies. The 

bandwidth of this device is , it has 4 analog and 16 digital channels, 

the sampling speed is . 
− The  triple output DC power supply EST 150 by Delta Elektronika. It has 

low output ripple and spikes and an excellent dynamic response to load 
changes,  an internal protection from overloads and short circuits, three 
independent floating controllable outputs (two are in the range  and 

 and the third is in the range  and ). 
− The function generator PM 5132 by Philips. It produces different output 

signals (sinewaves, squarewaves, triangular waves, pulses) which 
frequencies are adjustable from  to . The output voltage is 
controllable in amplitude from  to  and the duty cycle is 
adjustable between  to .  

− The multimeter Model 177 by Fluke. 
− The soldering station W1 by Weller. 

To control and read the data from the ADC and to read the frequency of the 
output of the VCOs it has been used the Nexys2 circuit board by Digilent, which 
is a circuit development platform based on a Xilinx Spartan 3E FPGA. It is 
compatible with Xilinx ISE Design Suite 13.3, which is the software used to 
synthesize and analyze the designed VHDL codes. The Spartan-3E FPGA device 
integrated on the used board was the XC3S1200E. 

All the measurements have been carried out at average room temperature 
of 23°C. 

 

6.3. ADC 

The ADC used to perform the measurements is the MAX1312. In Figure 6.3-I 
the schematic of the measurement system is shown. The capacitor voltage is 
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scaled with a resistive voltage divider which is designed in order to obtain  
when the capacitor voltage is at its nominal value .  

 

 
Figure 6.3-I - Structure of the measurement system with the ADC 

 
Different values of the acquisition time  and of the external clock period 

has been sent to the ADC in order to obtain the fastest conversion time 
possible. The best performance was obtained with the values below. The 
response of the ADC with these values is shown in Figure 6.3-II 

 
 

 

 
Figure 6.3-II – MAX1312: Measured voltage 
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This configuration leads to a total conversion time of . However, since 

the data are sent to the FPGA by mean of a multiplexer, the duration of the 
voltage measurement of all the submodules depends on the performance of 
the multiplexer. The following assumption is made assuming that the 
multiplexer has enough pins to communicate with the ADCs of all the 
submodules. The multiplexer forwards the data through a single digital line. If 
the FPGA has an internal clock of 50MHz, it reads 100 submodule capacitor 
voltages every  from the multiplexer. 

6.4. VCO 

In Figure 6.4-I the layout of the circuit board designed to perform the 
measurements with the VCOs is shown. The schematics of the designed 
measurement systems are shown in Figure 6.4-II and Figure 6.4-VII. The 
capacitor voltage is scaled with a resistive voltage divider. The divider is 
designed in order to obtain  when the capacitor voltage is at its nominal 
value . 

 
 

 
Figure 6.4-I – Circuit board with VCOs 

In Figure 6.4-II the schematic of the measurement systems made with 
SN74LS628 and 74HC4046A is shown. Several combinations of external 
components has been tested in order to achieve the best linearity over the 
desired frequency range.  
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Figure 6.4-II – Structure of the measurement system with VCOs supplied with 5V 

 
The 74HC4046A is proven to be the component with the best performance in 

terms of output frequency regulation accuracy over the desired range of 
frequencies.  In Figure 6.4-III the output frequency as function of the voltage is 
shown. Curves  and  represent the range of variation of the 
frequency for a given voltage value measured with the oscilloscope.  The curve 

 represents the mean of the values found in the range between  
and . The curve  represents the values measured with the 
FPGA, displayed on the 7-segment-display as hexadecimal value and converted 
to the corresponding decimal value. The figure proves that the method takes 
out a reliable result with a negligible error. 

In Table 2 some values of the external components used to test the VCO are 
shown. The response of the VCOs in these setups is shown in Figure 6.4-IV. It 
proves that increasing the value of the external capacitance, the VCO has worse 
linearity. It also shows that if the external capacitance is too large it is more 
complicated to finely regulate the range of operating frequencies. 

 
 

 R1 R2 C 
Freq1 12kΩ 15kΩ 68pF 
Freq2 8kΩ 10kΩ 101pF 
Freq3 4.7kΩ 6.8kΩ 221pF 
Freq4 3.2kΩ 5.6kΩ 331pF 

Table 2 
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Figure 6.4-III –74HC4046A: Frequency as function of input Voltage 

 
Figure 6.4-IV - 74HC4046A: Comparison of different setups 

The SN74LS628N is proven to be the component with the best performance 
in terms of stability of the frequency for a constant input voltage. In Figure 
6.4-V the output frequency as function of the voltage is shown. The difference 
between  and  is negligible. The frequency  measured 
with the FPGA accurately follows the one measured with the oscilloscope. 
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Figure 6.4-V - SN74LS628N: Frequency as function of input Voltage 

 
In Table 3 some values of the external components used to test the 

SN74LS628N are shown. The response of the VCOs for these setups is shown in 
Figure 6.4-VI. It shows that this component has good linearity. However a fine 
regulation of the output frequency range with this component is really difficult. 
The figure shows different designs tested in order to reach the desired 
frequency range. Increasing the value of the output frequency for an input 
voltage of , the VCO loses its linearity completely.  

 
 

 Rext Cext VRNG 
Freq1 1.2Ω 101pF 1V 
Freq2 150Ω 101pF 1V 
Freq3 330Ω 101pF 1V 
Freq4 330Ω 101pF 0V 
Freq5 678Ω 47pF 1V 
Freq6 720Ω 101pF 1V 
Freq7 380Ω 68pF 1V 

Table 3 
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Figure 6.4-VI – SN74LS628N: Comparison of different setups 

 
In Figure 6.4-VII the schematic of the measurement systems made with 

CD4046B and MC14046B is shown. In Figure 6.4-VIII the frequency output as 
function of the input voltages of these components is shown. These 
components has frequency ranges which are below the desired frequency. 
When they are pushed to work at the highest range possible, in order to 
achieve a faster measurement, the linearity is lost. 

 
Figure 6.4-VII – Structure of the measurement system with VCOs suplied with 15V 
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6.4-VIII CD4046B and MC14046B : Frequency as function of input Voltage 

 
The buffer used to drive the outputs of the VCOs is the SN54ABT244 from 

Texas Instruments. In the real implementation of this measurement system on 
the prototype, it has to be replaced with the high-speed logic buffer 
SN75451BP driving an optic-fiber transmitter. 

The Traco Power TEN 3WI Series DC/DC converters are used to supply the 
ICs. They are supplied with an input DC voltage of  and the output voltages 
are  for the TEN 3-2411WI and  for the TEN 3-2423WI.  The internal 
isolation which they provide is . Therefore they cannot be used in those 
applications where the floating point reaches potentials higher than . 
This is one of the reasons because self-powered measurement systems are 
needed. 

6.5. VFC 

In Figure 6.5-I the schematic of the measurement system made with the 
VFC110 is shown. It has an internal resistor and a capacitor trimmed for a full-
scale output frequency up to , therefore there is not a need for additional 
external components. 

However, a special design has to be implemented to offset the transfer 
function so that an input of  causes a frequency output of . This goal is 
achieved connecting the negative input pin to . 
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6.5-I - Structure of the measurement system with VFC 

 
Figure 6.5-II shows the frequency as function of the input voltage. It can be 

seen that in this operating range the response is very stable, but the transfer 
function is appreciably not linear. It presents two straight lines with linear 
operation which meet in the middle of the characteristic. 

 

 
6.5-II -  VFC110: Frequency as function of input Voltage 
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6.6. Comparison 

The comparison of the performances of the tested measurement systems is 
shown in Table 4. 
Component Resolution tACQ Tclk Ttot 

MAX1312 0.0976V 120ns 160ns 2.25μs 
- Sensitivity [V] Np T0 [μs] Tmax [μs] Tmin [μs] 

74HC4046A 0.5 64 6.4 8 5.3 
SN74LS628 0.5 64 8.2 16 5.56 
MC14046B 0.5 32 12.3 26.67 8 
CD4046B 0.5 32 16 20 13.33 
VFC110 0.5 32 8 16 10.67 

Table 4 

From the study which has been carried out, emerges that the ADC has the 
best performance embedding all the benefits of digital communication. The 
execution time of the MAX1312 is   and the resolution is almost  when 
the submodule capacitor nominal voltage is . However the measurement 
system has a more complex interface with the control unit, which is a 
disadvantage when a huge number of submodules are connected in high-
voltage DC links. 

The measurement system based on voltage-to-frequency conversion 
provides good results. The best performance of linearity, controllability and 
velocity are achieved with the 74HC4046A. The execution time of the 
74HC4046A  is   when the submodule capacitor voltage is at its nominal 
value. The sensitivity is  when the submodule capacitor nominal voltage is 

. The advantages of this measurement system over the ADC measurement 
system are: 
− The digital interface with the control unit is really simple 
− The communication with the FPGA is carried out through only one optic 

fiber, instead of the 18 needed in the ADC case 
− Really high reliability could be achieved when the voltage-to-frequency 

conversion is realized by mean of transistors which are oscillating in a self-
powered measurement system 

− The communication based on frequency signals is often considered less 
affected by communication failures. 
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Chapter 7 

7. Conclusions and future work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7.1. Introduction 

In this chapter the conclusions are drawn regarding different submodule 
capacitor voltage measurement techniques, studied in the present Master’s 
Thesis. Several integrated circuits are analyzed, implemented and verified 
experimentally.  

Afterwards, it is described the future work and investigations, in the field of 
Modular Multilevel Converters. 
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7.2. Conclusions 

In the present Thesis, several measurement techniques of Submodule 
capacitor voltages of M2Cs are analyzed, implemented and verified 
experimentally. The aim of the experiments is the comparison of the 
effectiveness, advantages and disadvantages of these measurement systems. 
Afterwards, a faster and more accurate measurement system is proposed in 
order to achieve better performance on a 10 kVA prototype, when compared 
with the existing one. 

The operation principle, the modulation concepts, a mathematical model 
and a control system based on a closed-loop control structure have been 
presented, describing the need for a fast and accurate measurement system of 
submodule capacitor voltages of an M2C. The need of a more advanced, 
efficient and reliable measurement system is derived, which has to provide 
exact measures in the whole operation range. 

The implementation of different methods to measure submodule capacitor 
voltages is discussed. First the configuration of an ADC (Analog-to-Digital 
Converter) has been presented, afterwards an alternative method based on 
voltage-to-frequency conversion has been presented. Two different families of 
components are examined: VCOs (Voltage Controlled Oscillators) and VFCs 
(Voltage-to-Frequency Converters). 

The detailed description of the digital interface between the submodule and 
the converter control system for a M2C is given. The FPGA, which is in charge 
of capacitor voltage measurements, is programmed in VHDL language in such a 
way that: 
− The fastest and most accurate measurement is achieved, using the provided 

components. 
− The structures are easily expandable, if a higher number of submodule 

capacitor voltages has to be measured. 
− The measurement values are converted in binary strings in such a way that 

sorting algorithms are easy to design. 

Finally, some experimental results have been presented and compared in 
order to determine the advantages and disadvantages of the investigated 
methods. 
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7.3. Future work 

Future work and investigations, regarding the measurement system of 
submodule capacitor voltages include: 
− Self-powering of the measurement system: Having a measurement system, 

which is self-powered, is a very important step. The main reason which 
makes it a crucial requirement is the need for a capacitor voltage 
measurement, even when all the other electronic components in the 
submodule are in fault state. This is dictated by safety and reliability 
reasons.  
However this goal cannot be achieved with VCOs, ADCs and VFCs. It is 
possible by designing Voltage-to-Frequency converters based on electronic 
transistors. The circuit is to be designed in such way that the converter is 
supplied directly from the submodule capacitor. Further investigation is to 
be made in this field. 

− Implementation of algorithms when ADCs and VFCs work together: The 
structure of a measurement and communication system which combines 
ADC and a voltage-to-frequency converter is shown in Figure 7.3-I. 

 
7.3-I - Structure of the measurement and communication combining  ADCs and VFCs 

In such measurement system the ADC is designed to perform a fine measure 
( ) of the capacitor voltage. The Voltage-to-Frequency converter, 
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which is self-powered, is set to provide a rough measure ( ) of the 
capacitor voltage, with a lower execution time in order to prevent fault 
states, damages on the capacitors or their explosions. 
Another field which requires further investigations is the communication 
between the FPGAs placed within the submodules, which is shown in 7.3-I 
with green arrows. Several algorithms can be implemented to provide a fast 
sorting of the submodules. 

Since a complete understanding of the main tasks, challenges and problems 
inherent to the operation of M2Cs has been achieved, the future work is 
extended to a wide range of research tasks in the field of M2Cs, which include: 
− HVDC Transmission from the System Point of View: The operation of a 

M2C, as part of a larger transmission network, is an interesting field of 
study. This study could include different aspects of the M2C operation, such 
as: stability, reliability, losses, protection, control systems etc.  

− Feasibility Study: A technical and economical evaluation in the feasibility 
study of HVDC transmission systems, based on M2Cs, could be carried out 
and compared with traditional HVAC and LCC-HVDC and SVC-HVDC (2-level, 
3-level and multilevel) transmission systems. 

− Power Losses: A study of the power losses inherent in a M2C for high-power 
applications could be carried out. The considerable attention, which is given 
to M2Cs, is based in part on the theoretical possibility to reach efficiencies 
over 99.5% in the converter stations. 

− Failure Management: A study of how to reach a higher fail-safe 
functionality could be carried out from both the converter and the system 
point of view. Protective relaying systems and innovative high-voltage 
circuit breakers on the AC side and high-speed by-pass switches, included in 
the submodules, could be investigated. 

− Control Systems: A study of advanced control algorithms in order to get 
faster response and higher performance in a M2C.  

− Power Electronics Components: The heart of a M2C are the semiconductor 
switches. Further investigation and development of the power electronic 
technology for high-power applications could be carried out in order to 
achieve less switching and conducting losses, higher switching frequencies 
and higher temperature ratings. 
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Appendices 

Appendix A: VHDL code ADC 
 
 

library ieee; 
use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
entity hex_mux_test is 
   port( 
      clk: in std_logic:='0'; 
      reset: in std_logic:='0'; 
      eoc,eolc: in std_logic:='0'; 
      convst,cs,rd,wr:out std_logic:='0'; 
      d011 : inout  STD_LOGIC_VECTOR (11 downto 0):=(others=>'0'); 
      adcclk: out std_logic:='0'; 
      an: out std_logic_vector(3 downto 0):=(others=>'0'); 
      sseg: out std_logic_vector(7 downto 0):=(others=>'0')); 

 
end hex_mux_test; 
 
architecture arch of hex_mux_test is 
  signal d0,d1,d2 : std_logic_vector(3 downto 0):=(others=>'0'); 
  signal clk_out: std_logic:='0'; 
  signal start: std_logic:='1'; 
  signal uscitap : STD_LOGIC_VECTOR (11 downto 0):=(others=>'0'); 
   
   
begin 
   disp_unit: entity work.disp_hex_mux 
      port map( 
         clk=>clk, reset=>reset, 
         hex3=>"0000", hex2=>d2, 
         hex1=>d1, hex0=>d0, 
         dp_in=>"1011", an=>an, sseg=>sseg); 
 
 
clk_unit: entity work.frequency_divider 
      port map( 
         clk=>clk,  
         clk_out=>clk_out); 
    
state_unit: entity work.statedef 
      port map( 
   clk=>clk, 
   start=>start, 
   adcclk=>clk_out, 
   reset=>'0',  
   EOC=>eoc,  
   EOLC=>eolc,  
   CONVST=>convst,  
   CS=>cs, RD=>rd,  
   WR=>wr, D011=>d011,  
   uscita=>uscitap); 
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adcclk<=clk_out; 
 
process (uscitap,d0,d1,d2)   
begin 
d0<= uscitap(3 downto 0); 
d1<= uscitap(7 downto 4); 
d2<= uscitap(11 downto 8); 
 
end process; 
  
end arch; 

 
 

library ieee; 
use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
entity disp_hex_mux is 
   port( 
      clk, reset: in std_logic:='0'; 
      hex3, hex2, hex1, hex0: in std_logic_vector(3 downto 0); 
      dp_in: in std_logic_vector(3 downto 0):="0000"; 
      an: out std_logic_vector(3 downto 0):="0000"; 
      sseg: out std_logic_vector(7 downto 0) 
   ); 
end disp_hex_mux ; 
 
architecture arch of disp_hex_mux is 
   constant N: integer:=18; 
   signal q_reg, q_next: unsigned(N-1 downto 0):="000000000000000000"; 
   signal sel: std_logic_vector(1 downto 0):="00"; 
   signal hex: std_logic_vector(3 downto 0); 
   signal dp: std_logic:='0'; 
begin 
      process(clk,reset, q_reg, q_next) 
   begin 
      if reset='1' then 
         q_reg <= (others=>'0'); 
      elsif (clk'event and clk='1') then 
         q_reg <= q_next; 
      end if; 
   end process; 
 
   q_next <= q_reg + 1; 
 
   sel <= std_logic_vector(q_reg(N-1 downto N-2)); 
   process(sel,hex0,hex1,hex2,hex3,dp_in) 
   begin 
      case sel is 
         when "00" => 
            an <= "1110"; 
            hex <= hex0; 
            dp <= dp_in(0); 
         when "01" => 
            an <= "1101"; 
            hex <= hex1; 
            dp <= dp_in(1); 
         when "10" => 
            an <= "1011"; 
            hex <= hex2; 
            dp <= dp_in(2); 
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         when others => 
            an <= "0111"; 
            hex <= hex3; 
            dp <= dp_in(3); 
      end case; 
   end process; 
    
   with hex select 
      sseg(6 downto 0) <= 
         "1000000" when x"0", 
         "1111001" when x"1", 
         "0100100" when x"2", 
         "0110000" when x"3", 
         "0011001" when x"4", 
         "0010010" when x"5", 
         "0000010" when x"6", 
         "1111000" when x"7", 
         "0000000" when x"8", 
         "0010000" when x"9", 
         "0001000" when x"a",  
         "0000011" when x"b",  
         "1000110" when x"c",  
         "0100001" when x"d",  
         "0000110" when x"e",  
         "0001110" when others;      
 

sseg(7) <= dp; 
end arch; 

 
 

use ieee.std_logic_1164.all; 
use ieee.std_logic_arith.all; 
use ieee.std_logic_unsigned.all; 
 
entity frequency_divider is 
port (clk : in std_logic; 
      clk_out: out std_logic); 
 
end frequency_divider; 
 
architecture Behavioral of frequency_divider is 
signal count : std_logic_vector(7 downto 0) := "00000000"; 
signal clk_out2 : std_logic:='0'; 
begin 
 
 
 
process(clk,clk_out2) 
begin 
if(clk'event and clk='1') then 
count <=count+"00000001"; 
if(count = "00000011") then 
clk_out2 <= not clk_out2; 
count <="00000000"; 
end if; 
end if; 
clk_out<= clk_out2; 
end process; 
 
end; 
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use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
 
entity statedef is 
    Port ( clk, adcclk : in  STD_LOGIC:='0'; 
           start: in STD_LOGIC;  
    reset: in STD_LOGIC:='0'; 
    EOC : in  STD_LOGIC; 
           EOLC : in  STD_LOGIC; 
    CONVST: out STD_LOGIC:='0'; 
    CS : out STD_LOGIC:='0'; 
    RD : out STD_LOGIC:='0'; 
    WR : out STD_LOGIC:='0'; 
           d011 : inout  STD_LOGIC_VECTOR (11 downto 0):=(others=>'0'); 
   uscita: out STD_LOGIC_VECTOR (11 downto 0):=(others=>'0')); 
end statedef; 
 
architecture Behavioral of statedef is 
 
type state_type is (idle,W1, W2, W3,W4,W5, R1, R2,R3,R5,R7);--, W2, W3, 

W4, R1, R2, R3,R4, R5); 
 
signal state_reg, state_next: state_type; 

  signal b: std_logic :='0'; 
signal q_reg_b, q_next_b : unsigned(22 downto 0):=(others=>'0'); 
signal sel_b : std_logic_vector(22 downto 0) := (others=>'0'); 
signal uscita_reg, uscita_next : STD_LOGIC_VECTOR (11 downto 0); 
signal CONVST_reg, CONVST_next : STD_LOGIC :='0'; 
signal RD_reg, WR_next : STD_LOGIC :='0'; 
signal WR_reg, RD_next : STD_LOGIC :='0'; 
signal CS_reg, CS_next : STD_LOGIC :='0'; 
signal d011_reg, d011_next : STD_LOGIC_VECTOR (11 downto 0); 
signal t_reg,t_next : unsigned(15 downto 0); 
 
constant t_w1: integer := 10000; 
constant t_w2: integer := 5000; 
constant t_w3: integer := 300; 
constant t_w4: integer := 500; 
constant t_w5: integer := 5000; 
constant t_r1: integer := 6; 
constant t_r3: integer := 4; 
constant t_r4: integer := 2; 
constant t_r5: integer := 5; 
constant t_r7: integer := 10000; 
 
begin 

 
 process(clk,reset) 
   begin 
      if reset='1' then 
         state_reg <= idle; 
   t_reg <= (others=>'0'); 
   uscita_reg <= (others=>'0'); 
   d011_reg <= (others=>'0'); 
   CONVST_reg <=  '0'; 
   WR_reg <=  '0'; 
   RD_reg <=  '0'; 
   CS_reg <=  '0'; 
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   d011_reg<= (others=>'0'); 
      elsif (clk'event and clk='1') then 
         state_reg <= state_next; 
   t_reg <= t_next; 
   uscita_reg <=uscita_next; 
   CONVST_reg <= CONVST_next; 
   WR_reg <= WR_next; 
   RD_reg <= RD_next; 
   CS_reg <= CS_next; 
   d011_reg <= d011_next; 
      end if; 
   end process; 
 
process(state_reg, state_next, t_reg, t_next, start, EOC, d011_reg, 

d011_next, d011, EOLC, b, sel_b, uscita_reg, uscita_next, CONVST_next, 
CONVST_reg, WR_reg, WR_next,CS_reg, CS_next ,RD_reg, RD_next ) 

begin 
 
 state_next <= state_reg; 
    
   t_next <= t_reg; 
   CONVST_next <= CONVST_reg; 
   WR_next <= WR_reg; 
   RD_next <= RD_reg; 
   CS_next <= CS_reg; 
   d011_next <= d011_reg; 
 
 case state_reg is 
         when idle => 
            if (start='1') then 
               state_next <= W1; 
     
            end if; 
    

when W1 => 
    CS_next<='1'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '1'; 
    d011_next <= "111111111111"; 
  if t_reg = t_w1 then  
      

   t_next <= (others=>'0'); 
   state_next <= W2; 
  else 
   t_next <= t_reg + 1; 
   state_next <= W1; 
  end if; 
 
 
 when W2 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '0'; 
    d011_next <= (others=>'0'); 
  if t_reg = t_w2 then  
   t_next <= (others=>'0'); 
   state_next <= W3; 
  else 



114  
 

      
   t_next <= t_reg + 1; 

   state_next <= W2; 
  end if; 
 
 
 when W3 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '0'; 
    d011_next <= "000000000010"; 
  if t_reg = t_w3 then  
    t_next <= (others=>'0'); 
    state_next <= W4; 
  else 
    t_next <= t_reg + 1; 
    state_next <= W3; 
  end if; 
     
 when W4 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '1'; 
  if t_reg = t_w4 then  
    t_next <= (others=>'0'); 
    state_next <= W5; 
  else 
    t_next <= t_reg + 1; 
    state_next <= W4; 
  end if; 
 
 when W5 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '1'; 
    d011_next <= (others=>'0'); 
  if t_reg = t_w5 then  
    t_next <= (others=>'0'); 
    state_next <= R1; 
  else 
    t_next <= t_reg + 1; 
    state_next <= W5; 
  end if; 
     

when R1 => 
    CS_next<='0'; 
    CONVST_next <='0'; 
    RD_next <='1'; 
    WR_next <= '1'; 
  if t_reg = t_r1 then  
    t_next <= (others=>'0'); 
    state_next <= R2; 
  else 
    t_next <= t_reg + 1; 
    state_next <= R1; 
  end if;  
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when R2 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '1'; 
  if EOC='1' then  
    state_next <= R2; 
  else 
    state_next <= R3; 
  end if;  
     
when R3 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '1'; 
  if t_reg = t_r3 then  
    t_next <= (others=>'0'); 
    state_next <= R5; 
  else 
    t_next <= t_reg + 1; 
    state_next <= R3; 
  end if;  
       
when R5 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='0'; 
    WR_next <= '1'; 
  if EOC = '0' then  
    state_next <= R5; 
  else 
  if EOLC = '0' then 
    state_next <= R7; 
  else 
    state_next <= R2; 
  end if;  
  end if; 
     
when R7 => 
    CS_next<='0'; 
    CONVST_next <='1'; 
    RD_next <='1'; 
    WR_next <= '1'; 
  if b='1' then  
    state_next <= R1; 
  else 
    state_next <= R7; 
  end if;  
     
end case; 
 
end process;    
 
  
process(clk , reset, q_reg_b, q_next_b) 
 
begin 
      if reset='1' then 
         q_reg_b <= (others=>'0'); 
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      elsif (clk'event and clk='1') then 
         q_reg_b <= q_next_b; 
      end if; 
 
end process; 
 
   q_next_b <=  q_reg_b + 1; 
 
   sel_b <= std_logic_vector (q_reg_b(22 downto 0)); 
  
process(sel_b) 
   begin 
      case sel_b is 
         when "10011000100101101000000" => 
            b <='1'; 
          
         when others => 
            b <= '0'; 
             
      end case; 
end process; 
 
process(uscita_next, CONVST_next, CS_next, RD_next, WR_next) 
begin 
 
uscita<=uscita_next; 
CONVST<=CONVST_next; 
CS<=CS_next; 
WR<=WR_next; 
RD<=RD_next; 
end process; 
 
 
PROCESS (d011, d011_next, EOC, uscita_next, uscita_reg)          -- 
Behavioral representation  
        BEGIN                    
    uscita_next<=uscita_reg; 
        IF( EOC = '0') THEN 
            d011 <= "ZZZZZZZZZZZZ"; 
            uscita_next <= d011; 
        ELSE 
            d011 <= d011_next;  
        END IF; 
    END PROCESS; 
end Behavioral; 

 
 

ET "sseg<0>" LOC = "L18";  
NET "sseg<1>" LOC = "F18";  
NET "sseg<2>" LOC = "D17";  
NET "sseg<3>" LOC = "D16";  
NET "sseg<4>" LOC = "G14";  
NET "sseg<5>" LOC = "J17";  
NET "sseg<6>" LOC = "H14";  
NET "sseg<7>" LOC = "C17";  
 
NET "clk"  LOC = "B8";   
NET "reset" LOC = "B18"; 
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NET "an<0>"  LOC = "F17";  
NET "an<1>"  LOC = "H17";  
NET "an<2>"  LOC = "C18";  
NET "an<3>"  LOC = "F15";  
 
 
NET "d011<0>" LOC = "B4";   
NET "d011<1>" LOC = "A4";   
NET "d011<2>" LOC = "C3";    
NET "d011<3>" LOC = "C4";   
NET "d011<4>" LOC = "B6";   
NET "d011<5>" LOC = "D5";   
NET "d011<6>" LOC = "C5";   
NET "d011<7>" LOC = "F7";   
NET "d011<8>" LOC = "E7";   
NET "d011<9>" LOC = "A6";   
NET "d011<10>" LOC = "C7";     
NET "d011<11>" LOC = "F8";     
 
NET "EOLC" LOC = "D7" | PULLUP;  
NET "EOC" LOC = "E8"  | PULLUP;   
NET "adcCLK" LOC = "E9";     
NET "CONVST" LOC = "C9";     
NET "RD" LOC = "A8";     
NET "WR" LOC = "G9";  
NET "CS" LOC = "D10";    

   
NET "clk" TNM_NET = clk; 
TIMESPEC TS_clk = PERIOD "clk" 1000 ns HIGH 50%; 
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Appendix B: VHDL code VFC 
 
 

 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
entity struttura_principale is 
   port( 
       clk: in std_logic:='0'; 

reset: in std_logic:='0'; 
       anodes: out std_logic_vector(3 downto 0); 
       seven_seg: out std_logic_vector(7 downto 0); 

 start, input: in std_logic; 
       ready, done_tick: out std_logic; 
       uscita, ground, m : out std_logic 
   ); 
end struttura_principale 
 
architecture arch of hex_mux_test is 
  signal d0,d1,d2,d3 : std_logic_vector(3 downto 0); 
  signal prd : STD_LOGIC_VECTOR (9 downto 0); 
  signal prd2 : STD_LOGIC_VECTOR (15 downto 0); 
  signal db, mimmo : std_logic; 
   
begin 
   disp_unit: entity work.disp_hex_mux 
   port map( 

clk=>clk, reset=>reset, 
 hexadecimal3=>d3, hexadecimal2=>d2, 

hexadecimal1=>d1, hexadecimal0=>d0, 
 dp_in=>"1111", anodes=>anodes,  
 seven_seg=>seven_seg); 
 
clk_unit: entity work.frequency_divider 
      port map( 
        clk=>clk, 
 reset=>reset, 
        start=>start, 
 si=>db, 
 ready=>ready, 
 done_tick=>done_tick, 

prd=>prd, 
 prd2=>prd2); 
 
debouncing: entity work.db_FSM 
      port map( 
        clk=>clk, reset=>reset, 
 sw=>mimmo, 
 db=>db, 
 m=>m); 
    
process (prd,prd2,d0,d1,d2,d3)   
begin 
 d0<= prd2(3 downto 0); 
 d1<= prd2(7 downto 4); 
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 d2<= prd2(11 downto 8) ; 
 d3<= prd2(15 downto 12); 
end process; 
 
 mimmo<=input; 
 clk_out4<=clk; 
 ground<='0'; 
 uscita<=input; 
  
end arch; 

 
 

 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
entity disp_hex_mux is 
   port( 
      clk, reset: in std_logic:='0'; 
      hexadecimal3, hexadecimal2, hexadecimal1, hexadecimal0: in 

std_logic_vector(3 downto 0); 
      dp_in: in std_logic_vector(3 downto 0):="0000"; 
      anodes: out std_logic_vector(3 downto 0):="0000"; 
      seven_seg: out std_logic_vector(7 downto 0) 
   ); 
end disp_hex_mux ; 
 
architecture arch of disp_hex_mux is 
   constant N: integer:=18; 
   signal q_reg, q_next: unsigned(N-1 downto 0):="000000000000000000"; 
   signal sel: std_logic_vector(1 downto 0):="00"; 
   signal hexadecimal: std_logic_vector(3 downto 0); 
   signal dp: std_logic:='0'; 
  
begin 
 
   process(clk,reset, q_reg, q_next) 
   begin 
      if reset='1' then 
         q_reg <= (others=>'0'); 
      elsif (clk'event and clk='1') then 
         q_reg <= q_next; 
      end if; 
   end process; 
  
   q_next <= q_reg + 1; 
 
   sel <= std_logic_vector(q_reg(N-1 downto N-2)); 
  
   

process(sel,hexadecimal0,hexadecimal1,hexadecimal2,hexadecimal3,dp_in) 
   begin 
      case sel is 
         when "00" => 
            anodes <= "1110"; 
            hexadecimal <= hexadecimal0; 
            dp <= dp_in(0); 
         when "01" => 
            anodes <= "1101"; 
            hexadecimal <= hexadecimal1; 
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            dp <= dp_in(1); 
         when "10" => 
            anodes <= "1011"; 
            hexadecimal <= hexadecimal2; 
            dp <= dp_in(2); 
         when others => 
            anodes <= "0111"; 
            hexadecimal <= hexadecimal3; 
            dp <= dp_in(3); 
      end case; 
   end process; 
 
   with hexadecimal select 
      seven_seg(6 downto 0) <= 
         "1000000" when x"0", 
         "1111001" when x"1", 
         "0100100" when x"2", 
         "0110000" when x"3", 
         "0011001" when x"4", 
         "0010010" when x"5", 
         "0000010" when x"6", 
         "1111000" when x"7", 
         "0000000" when x"8", 
         "0010000" when x"9", 
         "0001000" when x"a", --a 
         "0000011" when x"b", --b 
         "1000110" when x"c", --c 
         "0100001" when x"d", --d 
         "0000110" when x"e", --e 
         "0001110" when others; --f 
 
   seven_seg(7) <= dp; 
  
end arch; 

 
 

 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
entity frequency_divider is 
   port( 
      clk, reset: in std_logic; 
      start, si: in std_logic; 
      ready, done_tick: out std_logic; 
      prd: out std_logic_vector(9 downto 0); 
      prd2: out std_logic_vector(15 downto 0) 
   ); 
end frequency_divider; 
 
architecture arch of frequency_divider is 
   constant CLK_MS_COUNT: integer := 50000; 
   type state_type is (idle, waite, count, done,done2); 
   signal state_reg, state_next: state_type; 
   signal t_reg, t_next: unsigned(15 downto 0); 
   signal p_reg, p_next: unsigned(9 downto 0);  
   signal N_reg, N_next: unsigned(6 downto 0); 
   signal delay_reg: std_logic; 
   signal edge: std_logic; 
   signal q_reg_b, q_next_b : unsigned(23 downto 0):= (others=>'0'); 
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 signal b: std_logic :='0'; 
 signal sel_b : std_logic_vector(23 downto 0) := (others=>'0'); 
 
begin 
 
process(clk , reset, q_reg_b, q_next_b,b) 
begin 
      if reset='1' then 
         q_reg_b <= (others=>'0'); 
      elsif (clk'event and clk='1') then 
         q_reg_b <= q_next_b; 
      end if; 
 
end process; 
 
q_next_b <=  q_reg_b + 1; 
 
sel_b <= std_logic_vector (q_reg_b(23 downto 0)); 
  
process(sel_b) 
   begin 
      case sel_b is 
         when "111111111111111111111111" => 
            b <='1'; 
         when others => 
            b <= '0';       
      end case; 
end process; 

   
process(clk,reset) 
   begin 
      if reset='1' then 
         state_reg <= idle; 
         t_reg <= (others=>'0'); 
         p_reg <= (others=>'0'); 
  N_reg <= (others=>'0'); 
         delay_reg <= '0'; 
      elsif (clk'event and clk='1') then 
         state_reg <= state_next; 
         t_reg <= t_next; 
         p_reg <= p_next; 
  N_reg <= N_next; 
         delay_reg <= si; 
      end if; 
   end process; 
 
   edge <= (not delay_reg) and si; 
 
   process(start,edge,state_reg,t_reg,t_next,p_reg,b,N_reg, N_next) 
   begin 
      ready <= '0'; 
      done_tick <= '0'; 
      state_next <= state_reg; 
      p_next <= p_reg; 
      t_next <= t_reg; 
      N_next<= N_reg; 
      case state_reg is 
         when idle => 
          ready <= '1'; 
             if (start='1') then 
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                 state_next <= waite; 
            end if; 
         when waite => 
  done_tick <= '1'; 
           if (edge='1') then 
                 state_next <= count; 
   N_next <= (others=>'0'); 
                t_next <= (others=>'0'); 
                 p_next <= (others=>'0'); 
            end if; 
     
         when count => 
             if (edge='1') then    

             if t_reg = CLK_MS_COUNT-1 then 
    t_next <= (others=>'0'); 
    p_next <= p_reg + 1; 
   else 
    t_next <= t_reg + 1; 
   end if; 
   state_next <= done; 
   N_next<=N_reg+1; 
  else 
   if t_reg = CLK_MS_COUNT-1 then -- 1ms tick 
    t_next <= (others=>'0'); 
    p_next <= p_reg + 1; 
  else 
    t_next <= t_reg + 1; 
   end if; 
  end if;   
     
   
 when done => 
  if N_next="100000" then 
   state_next <= done2; 
   done_tick <= '1'; 
   if t_reg = CLK_MS_COUNT-1 then  
    t_next <= (others=>'0'); 
    p_next <= p_reg + 1; 
   else 
    t_next <= t_reg + 1; 
   end if; 
  else 
               state_next <= count; 
   if t_reg = CLK_MS_COUNT-1 then -- 1ms tick 
    t_next <= (others=>'0'); 
    p_next <= p_reg + 1; 
   else 
    t_next <= t_reg + 1; 
   end if; 
  end if; 
   
         when done2 => 
  if b='0' then 
   state_next <= done2; 
  elsif b = '1' then 
              done_tick <= '1'; 
            state_next <= waite; 
 end if; 
       
end case; 
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end process; 
 
prd <= std_logic_vector(p_reg); 
prd2 <= std_logic_vector(t_reg); 
 
end arch; 

 
 

library ieee; 
use ieee.std_logic_1164.all; 
use ieee.numeric_std.all; 
entity db_fsm is 
   port( 
      clk, reset: in std_logic; 
      sw: in std_logic; 
      db, m: out std_logic 
   ); 
end db_fsm; 
 
architecture arch of db_fsm is 
   constant N: integer:=1;  -- 2^N * 20ns = 10ms tick 
   signal q_reg, q_next: unsigned(N-1 downto 0); 
   signal m_tick: std_logic; 
   type eg_state_type is (zero,wait1_1, 
                          wait0_1); 
   signal state_reg, state_next: eg_state_type; 
begin 
    
   process(clk,reset) 
   begin 
      if (clk'event and clk='1') then 
         q_reg <= q_next; 
      end if; 
   end process; 
   -- next-state logic 
   q_next <= q_reg + 1; 
   --output tick 
   m_tick <= '1' when q_reg=0 else 
             '0'; 
      
 m<=m_tick; 
    
   process(clk,reset) 
   begin 
      if (reset='1') then 
         state_reg <= zero; 
      elsif (clk'event and clk='1') then 
         state_reg <= state_next; 
      end if; 
   end process; 
   -- next-state/output logic 
   process(state_reg,sw,m_tick, clk) 
   begin 
      state_next <= state_reg; --default: back to same state 
      db <= '0';   -- default 0 
      case state_reg is 
         when zero => 
            if sw='1' then 
               state_next <= wait1_1; 
            end if; 
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         when wait1_1 => 
            if sw='0' then 
               state_next <= zero; 
            else 
               state_next <= wait0_1; 
        db <='1'; 
            end if;   

when wait0_1 => 
            db <='1'; 
            if sw='1' then 
               state_next <= wait0_1; 
            else 
               state_next <= zero; 
            end if; 
             
      end case; 
   end process; 
end arch; 

 
 

NET "clk"  LOC = "B8";   
NET "reset" LOC = "B18"; 
NET "anodes<0>"  LOC = "F17";  
NET "anodes<1>"  LOC = "H17";  
NET "anodes<2>"  LOC = "C18";  
NET "anodes<3>"  LOC = "F15"; 
NET "done_tick" LOC = "F12"; 
NET "start" LOC = "G18"; 
NET "seven_seg<0>" LOC = "L18";  
NET "seven_seg<1>" LOC = "F18";  
NET "seven_seg<2>" LOC = "D17";  
NET "seven_seg<3>" LOC = "D16";  
NET "seven_seg<4>" LOC = "G14";  
NET "seven_seg<5>" LOC = "J17";  
NET "seven_seg<6>" LOC = "H14";  
NET "seven_seg<7>" LOC = "C17"; 
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