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Summary 

 

This thesis describes multilevel converters (MLC) designed for use with a repurposed 

electronic vehicle battery (battery 2nd life). MLC is of particular interest due to the low 

harmonic distortion content and reduced voltage stress in the switching devices. A 

detailed study of the MLC topologies and modulation techniques is presented. Space 

vector modulation is analysed and implemented to evaluate the converter. A 

comprehensive assessment of the MLC is presented using wide bandgap (WBG) devices 

highlighting the devices’ thermal and high switching frequency features. 

The converter is designed to be used in construction sites where a reduced output voltage 

is required. For battery management a DC-DC converter is also added to the system. The 

modulation of the converters has been evaluated in simulation and a space vector 

modulation adaptation for single phase converters has been selected to generate the 

switching sequence and capacitor voltage balancing.  

The topology studied in this research is a full bridge 5-Level Neutral Point Clamped 

(NPC). This thesis presents the evaluation of the MLC including the design and system 

validation through simulation and physical implementation, showing the feasibility of the 

use of the converter for the intended application. The control of the converters was 

developed using NI LabVIEW FPGA and validated using Co-simulation. In this thesis, 

the use of the Co-simulation with NI Multisim to evaluate the system provided a design 

environment for a smooth transition into the hardware implementation and it enabled a 

robust and reliable control system.  

This thesis also presents an evaluation of performance using WBG semiconductor devices 

in the MLC based on the temperature rise over a range of frequencies. Therefore, a 

comparison between WBG and silicon devices is assessed and an investigation on the 

power quality of the converter has been examined in terms of the harmonic content and 

overall efficiency. The experimental results using WBG devices show a considerable 

advantage in terms of a reduced temperature rise and an increase in the overall efficiency 

when the MLC was operated using WBG devices. 
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Chapter 1 Introduction  

The impact created by the advancement of electronic systems has had, and is still having, 

an unprecedented impact on society. Electronics has not only created an industry in its 

own right, but has had a major impact on our quality of life.  This impact can be felt 

everywhere and in a variety of market sectors including: i) electric transportation (trains, 

trams and now electric vehicles (EV)); ii) medical and health (MRI scanners to automated 

dosing); iii) information and communications technologies (computing and the internet); 

iv) automation of industry (improved industrial process and manufacturing) and v) 

consumer electronics and entertainment (television, game consoles).  All of these are 

supported by networks of manufacturers and taken together this has led to enormous 

wealth creation. 

Energy management is still a major concern with many actors including governments, 

energy suppliers, equipment manufacturers and users wanting to reduce wastage.  Most 

electronic systems require some form electricity conditioning circuit to generate the 

correct voltage levels for operation.  Power electronic conversion is now widely accepted 

as the best way of achieving this translation at high-efficiency and now is one of the most 

active research areas encompassing circuit topologies, devices and control.   

The increasing concern surrounding the use of fossil fuels has motivated the use of 

electrical alternatives demanding efficiency and reliability. An example of this is the 

growing demand of EVs, in 2015 the UK government reiterated the promise to make sure 

that nearly all cars and vans are zero emission vehicles by 2050 [1-1].  One recent 

publication [1-2] shows that the number of electric vehicles registered during the second 

quarter (Q2) 2016 increased in 49% compared to 2015 and 253% compared to 2014 and 

it also details a plan introduced by the UK government to help to buy an EV with grant 

plans for up to £8,000.  

EVs require a rechargeable battery and it is predicted that these batteries will reach their 

end of life within 5 to 10 years of standard driving as capacity reduction through ageing 

and wear out will make them no longer viable for vehicle applications.  However, the EV 

battery will retain some useful capability and so it is predicted that 2nd life applications 

will emerge for them before their ultimate end-of-life and recycling.  With the predicted 
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increased in the numbers of EVs on the road, the battery second life can help to reduce 

the cost of applications such as residential storage for a solar panel system.  

There is presently a transition occurring in the energy generation industry where countries 

such as the UK are phasing out older fossil fuel power stations and replacing them with 

greener renewable energy supplies including both wind and solar.  This transition presents 

many challenges and opportunities for power electronic energy conversion and energy 

storage systems, which are required to interface the renewable energy generators to the 

grid and provide grid support to maintain correct voltage levels and frequency.  These 

power converters not only have to be efficient but they also have to produce a good power 

quality low distortion waveforms.  

The previously described new and emerging applications are supported by significant 

advances in electronic technologies including semiconductor devices, power electronic 

converter topologies and digital control. High power converters require the use of 

electronic devices capable of withstanding high voltage and current stresses and this has 

led to the development of multilevel converters (MLC) that conveniently divide a high 

voltage into lower voltage levels suitable for power devices.  By their virtue, these 

multiple levels introduce further quantisation steps in the output waveform, which 

significantly lower harmonic distortion and improve power quality when compared to 

conventional 2-level converters. Numerous MLC topologies have been studied with 

different characteristics that make them more appropriate for certain applications.  Some 

MLC use separate DC voltage sources while others split a single DC voltage into several 

levels using capacitor dividers and diodes and require elaborated control algorithms to 

ensure waveform cleanliness by maintaining the capacitor voltage balanced. 

1.1 Application and Motivation 

This thesis describes the development of a 2nd life battery powered single-phase 

multilevel converter based power supply for operating hand tools and lighting on 

construction sites.  A Neutral Point Clamped (NPC) multilevel converter was chosen as 

it represented the best option for this application since, not only it is the most studied 

topology in recent years, but it provides good performance in terms of harmonic 

reduction. A two stage conversion process was used where the multilevel converter 

provided a high power factor AC-DC interface and a buck-boost stage was used for 
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battery voltage conversion.  Considering the application, the main focus of the research 

was: 

• Control – In the MLC the voltage balancing of the DC-link capacitors and the 

output voltage. The DC-DC control to balance the DC-link and operation in both 

modes, charging and discharging. 

• Efficiency – The efficiency improvement as a result of control methods, thermal 

management or new trends in devices.  

• Emerging power device technology – The use of emerging wide band gap 

semiconductor devices in power electronics in MLC and DC-DC. 

• Filtering – With an incremented number of levels on the MLC the reduction of 

harmonics and better voltage waveforms can be achieved which results in a 

reduction of filter size. 

• Co-simulation – The use of modern design tools for system simulation and 

controller design within a single development environment. 

  

A Five Level, Neutral Point Clamped Multilevel converter (5L-NPC-MLC) shown in 

Figure 1.1 was designed, constructed and experimentally validated.  The National 

Instruments Multisim and LabVIEW environment was selected as the co-simulation 

platform and the control was implemented using an FPGA to provide fast and reliable 

control. The use of wide bandgap devices in the MLC proving the effects on thermal and 

efficiency improvements compared to those of the Si counterparts. Moreover the effect 

of WBG on harmonic distortion is also addressed.  
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1.2 Thesis outline 

This section briefly outlines the contents of the thesis chapter by chapter. 

A review of prior research is presented in Chapter 2, which incorporates a literature 

review. This chapter describes formative work by introducing the main multilevel 

converter topologies, circuit operation, typical waveforms and control requirements 

including modulation techniques.  

Modulation techniques are covered in further detail in Chapter 3.  A typical multilevel 

converter consists of multiple switching devices (i.e. MOSFETs or IGBTs) connected to 

multiple voltage sources.  The conduction states of the switching devices are controlled 

by a modulator whose role is to ensure: i) the required output is generated, ii) prevent 

damage occurring via cross-conduction (i.e. shoot-through) and for some specific 

topologies iii) to manage voltage levels on batteries or capacitors.  This chapter reviews 

sinusoidal and space-vector modulation techniques and presents the Nearest 2 Vectors 

(N2V) method implemented in the hardware platform.  

Chapter 4 describes the detailed design of the 5-level NPC multilevel converter (MLC) 

hardware platform used for experimental validation in this study.  Detailed simulation 

 

Figure 1.1: Circuit diagram for the 5-level single-phase converter 
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results of the subsystem in Simulink and then the integration of both sub-systems (DC-

DC and MLC) in LabVIEW Co-simulation with Multisim.   

Chapter 5 describes the design, implementation and experimental validation of the 

prototype hardware.  The basic operating concepts of bidirectional converter are 

discussed alongside experimental results.  The FPGA controller is described and the 

design power electronic converter stages are given.  Throughout this chapter, LabVIEW 

was used as a co-simulation development system to expedite the design by allowing the 

FPGA based control system to be developed within a simulation environment and then 

downloaded onto the hardware platform.  Experimental results demonstrating the 

performance of the system are also given. 

Chapter 6 presents an experimental study on the performance of SiC MOSFETs and SiC 

anti-parallel diodes operating within a 5-level NPC MLC.  The thermal performance of 

the MLC operating with SiC devices is compared with that of Si devices by measuring 

the temperature rise of the devices and the total efficiency of the converter. A description 

of the complete system and converter is presented and the semiconductor devices used in 

the evaluation are described. 

Expanding on the previous section, Chapter 7 investigates the impact of SiC devices on 

the output waveform total harmonic distortion.  This chapter initially review filter design 

and damping circuit through simulation and discusses norms and standards for power 

quality.  A comparison with the THD performance against frequency and dead-time is 

given for the same SiC devices used in the previous chapter.  

Conclusions and Future work are discussed in Chapter 8. 

1.3 References 

[1-1] A. Jones “UK government pledges bold ambition for electric cars” DfT press 

notice, Dec. 2015 [Online]. Available: https://www.gov.uk/government/news/uk-

government-pledges-bold-ambition-for-electric-cars 

[1-2] L. Butcher. “Electric Vehicles and infrastructure” Briefing Paper  number 

CBP07480. House of Commons library. Dec. 2016 [Online]. Available: 

http://researchbriefings.files.parliament.uk/documents/CBP-7480/CBP-7480.pdf  
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Chapter 2 – Background 

2.1 – Introduction 

The principal function of a converter is to transform energy in a form of direct current 

(DC) or alternating current (AC) to either the same form or to the other i.e. DC to DC, 

AC to AC or DC to AC. Converters can also be operated in bidirectional mode, permitting 

the reduction of system components when used in certain applications such as starter-

generator drive systems.  

The use of power electronic semiconductors in such converters, alongside filtering 

components (inductors and capacitors), allows efficient conversion of electrical energy.  

For DC-DC conversion, the input voltage may be stepped up or down both with or without 

the use of a transformer. For the case of the DC to AC, a suitable sequence and ON time 

of the switching components is required to form the required output voltage.  

Figure 2.1 Functional diagram of a DC to AC converter 

As shown in Figure 2.1 the conversion from DC to AC requires the voltage taken from 

the DC-link capacitors (Vc) being switched to the output (Vo) and periodically reversed 

at the output to provide AC and a very rough approximation to a sinusoidal voltage output. 

By using more switching elements, an appropriate switching sequencing, and clamping 

or balancing elements, the approximation to the sinusoidal output signal can be much 

improved and further enhanced by adding more steps (or levels) to the output to form a 

staircase waveform.  The multilevel converter (MLC) was first introduced in [2-1] and 

the different topologies are investigated and explained in the following sections. 

Although the increased number of levels significantly improves the quality of the 

waveform, it has a negative outcome in terms of the control of the voltage on the DC-link 

and the sequencing of the switches. Nowadays the use of Field Programmable Gate Array 

Vc

Vo

Vc
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(FPGA) to control the converters allows a profusion of levels due to: the availability of 

pulse width modulation (PWM) configurable cells; the reduction in cost; and ease of 

programming. An implementation of an algorithm proposed in [2-2], [2-3] is programmed 

and tested for the selected topology of MLC, as will be discussed later.  

2.2  – Multi-Level Converters 

Having an increased number of switching elements compared to the 2-level converter and 

clamping or balancing elements to generate the n-level staircase different topologies of 

multi-level converter are reviewed in [2-4] [2-5] and [2-6].  

In recent years, there has been an increasing amount of literature on MLC. The most 

known and studied are concerned with: 

• Neutral-Point-Clamped Converter (NPC) 

• Flying Capacitor Converter (FCC) 

• H bridge Converter (HBC) 

The first topology of a 3-level converter was introduced in 1980 [2-1], the Neutral-Point-

Clamped (NPC) converter, this converter uses diodes to clamp the voltage to form the 3-

level output. The second topology FCC was introduced in 1992 by Maynard Foch, this 

uses capacitors to divide the voltage to form the n-level output.  These two converters use 

a single DC source so the introduction of new topologies using separate DC sources are 

described in [2-7] mostly derived from the H-bridge topology and a combination with the 

previous basic topologies. 

The conversion from DC to AC using MLCs allows generating a low distortion output 

and the advantages of reduced device ratings (voltage and current) for the components. 

The single-phase converter can be implemented in half-bridge (HB) or full-bridge (FB) 

for both topologies, [2-8] provides an example giving the analysis and design of the single 

phase system as it is implemented. Interfacing with the grid for applications on renewable 

energy sources feeding the network and vehicle to grid (V2G) is studied in [2-9] [2-10].  

In the following subsections the 3 main topologies are introduced, with a description of 

each topology and the typical output waveforms. The waveforms were obtained from an 

open-loop simulation under no-load conditions for illustration. The switching frequency 

used is 5 kHz so the switching events are visible and the input DC voltage is 200V. At 
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the end of this section, a comparison of the topologies introduced will be available in 

terms of number of levels, output voltage and number of clamping elements. 

2.2.1 Neutral-Point Clamped Converter  

The neutral point clamped converter takes its name from the operation principle of 

clamping the voltage of each level using a diode. Taking only one phase from the 

topology proposed in [2-8] the 3-Level Half-Bridge Neutral-Point Clamped (3L-HB-NPC) 

topology is formed, the topology and waveform are shown in Figure 2.2 and Figure 2.3.  

The DC-link is composed of the capacitors C1 and C2 where the voltage is divided in 2 to 

create the level V/2 and -V/2 and the diodes D1 and D2 to clamp the voltage. The 

antiparallel diodes shown in each switch (S1 – S2) and (S1’ – S2’).  The MOSFETs in 

this case allow the converter to work in regeneration mode, enabling the converter to work 

as an AC to DC converter.   

 

Figure 2.2 Neutral-Point Clamped 3-levels single phase 

The output of the converter is taken from nodes A and B, where node B is the neutral 

point between the 2 capacitors, and the switches are controlled in such a way to ensure 

each capacitor is charged at V/2 so the Voltage in AB can be –V/2, 0, and V/2, these 

makes the 3 levels. The states of the switches (S1,S2) and the complementary switches 
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(S1’, S2’) are shown in Table 2.1 where ‘1’ means the switch is ON and ‘0’ indicating the 

switch state is OFF.  

 

 

 

 

 

 

 

Figure 2.3 NPC 3-levels output waveform 

The main advantages of this topology are the lower harmonic content of the output as the 

number of levels increase, reducing the size of the filter components, and also the control 

is easy to implement. The main disadvantage of this topology is the number of clamping 

diodes when the number of levels is high.  

Vout S1 S2 S1’  S2’ 

Vdc/2 1 1 0 0 

0 0 1 1 0 

-Vdc/2 0 0 1 1 

Table 2.1 Switch states 3-level Neutral-Point Clamped 
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There are different implementations of the NPC topology reviewed in [2-11], for a single 

phase system, an additional leg or phase can be added to the topology as shown in Figure 

2.4 making a 5-Levels Full-Bridge NPC (5L-FB-NPC) topology.  

 

The advantage of this topology is the increased number of output levels, and these being 

V, V/2, 0, -V/2 and -V with a single DC source. The switching states are shown in Table 

2.2 

 

 

 

 

 

 

Table 2.2 Switch states 5-level Neutral-Point Clamped Full Bridge 

 

 

Vout S1 S2 S1’  S2’ S3 S4 S3’  S4’ 

Vdc 1 1 0 0 0 0 1 1 

Vdc/2 0 1 1 0 0 0 1 1 

0 0 0 1 1 0 0 1 1 

-Vdc/2 0 0 1 1 0 1 1 0 

-Vdc 0 0 1 1 1 1 0 0 
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Figure 2.4 Neutral-Point Clamped 5-levels full bridge single phase 
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The waveform can be seen in Figure 2.5. The redundant states to generate the output 

voltage levels are detailed in the next section. The drawback of this topology is the 

common mode voltage. 

 

 

Figure 2.5 NPC 5-levels full bridge output voltage waveform 

The 5-Level Half Bridge  (5L-HB-NPC) topology and the output voltage waveform is 

shown in Figure 2.6 and Figure 2.7 respectively, this topology has the same number of 

levels as the 5L-FB-NPC topology explained previously, but the levels are V/2, V/4, 0, -

V/4, -V/2. The number of switching elements in each topology is the same but the number 

of DC-link capacitors is now 4, with 6 clamping diodes.  
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Figure 2.6 Neutral-Point Clamped 5-level Half Bridge Single phase 

The switching states for S1 to S4 and their correspondent complementary states to generate 

each of the levels are shown in Table 2.3.  

The control of the switching sequences can be achieved using PWM or Space Vector 

Modulation (SVM) techniques explained in following sections.  
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Figure 2.7 NPC 5-levels output voltage waveform 

Similar to the adaptation made to form the 5L-FB-NPC, another leg or phase is added to 

the 5L-HB-NPC to form a 9-Levels Full-Bridge Neutral-Point Clamped (9L-FB-NPC) as 

shown in Figure 2.8 the 9-levels can be appreciated in Figure 2.9. 

Vout S1 S2 S3 S4 S1’ S2’ S3’ S4’ 

Vdc/2 1 1 1 1 0 0 0 0 

Vdc/4 0 1 1 1 1 0 0 0 

0 0 0 1 1 1 1 0 0 

-Vdc/4 0 0 0 1 1 1 1 0 

Vdc/2 0 0 0 0 1 1 1 1 

Table 2.3 Switch states 5-level Neutral-Point Clamped 
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Figure 2.8 Neutral-Point Clamped 9-level Full Bridge Single phase 

 

 

Figure 2.9 NPC 9-levels full bridge output voltage waveform 
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The complexity of the control of this topology is greater as there are 16 switches to control, 

along with 4 capacitors to balance in the DC-link.  

The levels can be increased to n-number following the concept presented in this section. 

The literature presented in [2-12] investigates a 5 and 7 levels converter and a comparison 

is made between NPC, FCC and HB converters. A 7-level converter in [2-13] studies 

back-to-back converters focusing on the control and harmonic content of the system. A 

work presented in [2-14] introduces a simulation system for a 13-level converter 

analyzing the Total Harmonic Distortion (THD) and simulation performance.  

2.2.2 Flying capacitor converter 

In Figure 2.10 the 3 levels FCC is presented, this topology uses four switches (S1, S2, 

S1’ and S2’). Two of those switches control the current flow while the other two generate 

the switching to form the output waveform. The converter also has two input capacitors 

(C1 and C2) to split the input voltage in two parts in a similar way to the NPC discussed 

previously. Additionally, a third capacitor (C) is included, denominated as a flying 

capacitor for its position in this topology, this capacitor generates the level zero in the 

output waveform Figure 2.11.  The output is taken as well from nodes A and B and the 

operating principle is similar to that in the NPC but instead of using diodes to block the 

levels, capacitors are used to do it. The switches are controlled in such a way to ensure 

each capacitor is charged at V/2 and –V/2 so the Voltage in AB can be –V/2, 0, and V/2, 

these makes the 3 levels. 
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Figure 2.10 Flying capacitor 3-level single phase 

The switching states of the 3L-HB-FC are shown in Table 2.4. It can be seen that for the 

level 0 there are 2 different states that can be used, known as redundant states. As the 

number of levels increase, the redundant states increase, giving degrees of freedom to 

control different characteristics in the converter, such as the balance in the DC-link 

capacitors.  

 

 

 

 

 

 

Table 2.4. Switching states and output voltage 3L-HB-FC 

Vout S1 S2 S1’  S2’ 

Vdc/2 1 1 0 0 

0 1 0 0 1 

0 0 1 1 0 

-Vdc/2 0 0 1 1 
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Figure 2.11 Flying capacitor 3-levels output voltage waveform 

The main advantages of this topology are the redundant combinations required to generate 

a level that allows the capacitor voltage balancing, the reduction in filtering size when the 

number of levels is high. The main disadvantage is that it requires an excessive amount 

of capacitors as the number of levels increases. The capacitors tend to suffer from large 

volumes, high costs, and lower reliability when compared to semiconductors. 

The 5-Levels Full-Bridge Flying-Capacitor is shown in Figure 2.12 formed by adding an 

additional leg to the 3L-HB-FC. The switching states are shown in Table 2.5. The 

topology employs 2 capacitors (C3 and C4) to balance the voltage in order to form the 

staircase waveform of 5-levels see Figure 2.13  
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Figure 2.12 Flying Capacitor 5-level Full Bridge Single phase 

 

 

 

 

 

 

 

Table 2.5 Switch states 5-level Flying Capacitor Full Bridge 
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Vout S1 S2 S1’  S2’ S3 S4 S3’  S4’ 

Vdc 1 1 0 0 0 0 1 1 

Vdc/2 1 0 0 1 0 0 1 1 

0 0 0 1 1 0 0 1 1 

-Vdc/2 0 0 1 1 1 0 0 1 

-Vdc 0 0 1 1 1 1 0 0 
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Figure 2.13 Flying capacitor 5-levels output voltage waveform 

The number of levels can be incremented in a similar fashion as with the NPC, to increase 

the levels to 5, the topology used in a Half bridge FCC (5L-HB-FCC) is shown in Figure 

2.14. 

 

Figure 2.14 Flying capacitor 5-level half bridge single phase 
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The states applied to the switches to form the output AC voltage is shown in Table 2.6 

and the output waveform is shown in Figure 2.15 

 

 

 

 

 

 

Table 2.6. Switch states 5-level Flying Capacitor  

 

Figure 2.15 Flying capacitor 5-levels half bridge output voltage waveform 

 

The 9-level FCC is formed with 2 legs, each being a 5-level FCC. Figure 2.16 shows the 

topology, and the waveform generated is shown in Figure 2.17. It can be seen that the 

number of capacitors in this topology is large, with each capacitor voltage rating being 

equal to that of the switching devices, in which case the number of capacitors as a function 

of number of levels (n) would be (n-1)*(n-2)/2. As each capacitor voltage requires 

balancing, this introduces a large difficulty in the control and balance of the levels, even 

in open loop. It may be seen that in no-load conditions, Figure 2.17, the some of the levels 

are unbalanced during the switching states to form Vdc/4, 0 and –Vdc/4 where there is a 

voltage step of ±30V instead of the ±50V to form ±Vdc/4  The level unbalance is due to 

Vout S1 S2 S3 S4 S1’ S2’ S3’ S4’ 

Vdc/2 1 1 1 1 0 0 0 0 

Vdc/4 1 1 1 0 1 0 0 0 

0 1 0 1 1 0 0 1 0 

-Vdc/4 1 0 0 0 1 1 1 0 

Vdc/2 0 0 0 0 1 1 1 1 
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the open loop conditions where no balance algorithm has been used Therefore, in order 

to generate the MOSFET gate signals, a modulation technique must be used to achieve 

the desired output voltage while balancing the voltage levels across the various capacitors 

in a similar way to that presented for the NPC topology. 

 

Figure 2.16 Flying capacitor 9-level full bridge single phase 
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Figure 2.17 Flying capacitor 9-levels output voltage waveform 

For both the NPC converter and FCC inverters, the states for each level are detailed in, 

Table 2.1, Table 2.3, Table 2.4 and Table 2.6 respectively. For the FCC, output levels of 

±Vdc/2, 0 and ±Vdc/4 provide redundant switching states that can be utilised for capacitor 

balancing. 

2.2.3 Cascaded H-Bridge. 

This topology is formed by cascading single phase H-bridges, the characteristic of this 

converter is that it requires an independent DC source, for each level. The topology is 

shown in Figure 2.18, where it can be seen that it doesn’t have clamping diodes or ‘flying’ 

capacitors. To increase the levels with this topology, an addition of voltages generated 

from other cells or bridges, is implemented.  

 

Figure 2.18 Cascaded H-bridge 3-levels topology.   
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The converter shown in Figure 2.18, has four switching devices, two of the switches are 

located in one leg of the H-bridge and the other two to the other side. The switching states 

of the Cascaded H-Bridge (CHB) are presented in Table 2.7, the switches operate in a 

complementary form. This topology doesn’t divide the input voltage in two as the 

previous topologies presented. Due to this, the switching devices have to block all the 

input voltage. However, the voltage of each level is lower than the DC input in the NPC 

and FCC. 

 

 

 

 

Table 2.7 CHB switching states and output voltage  

The output voltage from terminals A and B is of three levels as shown in Figure 2.19. 

 

Figure 2.19 H-bridge 3-levels output voltage waveform 

The topology in Figure 2.20 corresponds to the 5-level H-bridge converter, this topology 

requires separate DC sources and the output is taken from nodes A and B. This topology 

shows how the cascading of the converters to increase the levels. The output voltage is 

shown in Figure 2.21, the levels are 5 with the maximum voltage as 2*VDC. 

 

Vout S1 S2 S1’  S2’ 

Vdc 1 1 0 0 

0 0 1 1 0 

-Vdc 0 0 1 1 
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Figure 2.20 Cascaded H-bridge 5-levels topology 

 

Figure 2.21 5-levels cascaded H-bridge output voltage waveform  
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The main advantages in comparison with NPC and FCC is that it doesn’t need external 

clamping diodes or capacitors to generate the level zero. The main disadvantage is the 

need of individual voltage sources for real power applications.  A modification of this 

topology is the modular multilevel converter (MMC) where a capacitor is used as the DC 

source and this topology is beginning to find favour in power systems applications by 

virtue of its ability to handle high voltages. A study in [2-15] presents a MMC as a motor 

drive focusing on the balance of the losses controlled with an algorithm proposed for the 

1MW drive. An MMC for a renewable energy application presented in [2-16] analyses 

the efficiency and thermal loading on the converter used in a wind power generator at 

2MW and 10MW. 

2.2.4 Comparison  

For an m-leg converter formed with n-level converters, the characteristics in terms of 

number of components are detailed in Table 2.8, m=1 for a HB and m=2 for FB converter 

topologies.  

Topology 
Max. 

Vout 
Legs 

Output 

Voltage 

Levels 

 

DC-link 

Capacitors 

 

Switching 

Devices 

 

Clamping 

Diodes or 

Capacitors 

Neutral-

Point 

Clamped 

𝑉𝐷𝐶

2
 1 3 2 4 2 

𝑉𝐷𝐶 2 5 2 8 4 

𝑉𝐷𝐶

2
 1 5 4 8 6 

𝑉𝐷𝐶 2 9 4 16 12 

Flying 

Capacitor 

𝑉𝐷𝐶

2
 1 3 2 4 1 

𝑉𝐷𝐶 2 5 2 8 2 

𝑉𝐷𝐶

2
 1 5 4 8 6 

𝑉𝐷𝐶 2 9 4 16 12 

Cascaded 

H-Bridge 
𝑉𝐷𝐶 2 

3 

0 

4  

0 

 

5 8 

9 16 

Table 2.8. Comparison of components and levels of the NPC and FC topologies.  

A converter with an output voltage of VDC will be used to maximize the use of the power 

source and to reduce the size of a DC-DC converter. Having reviewed the characteristics 
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for each MLC with output voltage level of VDC, it can be seen from Table 2.8 that the 

Cascaded H-Bridge can generate the required voltage level with no clamping elements 

and no DC-link capacitors with the same number of switching devices compared to NPC 

and FCC. However, the main characteristic of CHB topology is the requirement of 

individual DC sources per level, making this topology not viable for use with a single 

battery pack.  

FCC with 2 legs and 5 levels only uses 2 flying capacitors and 2 DC-link capacitors but 

the size and reliability was felt to be too restrictive and so that topology was not chosen. 

The NPC with 2-legs and 5-levels (5L-FB-NPC) was chosen due to the reduced number 

of clamping elements (diodes) and DC-link capacitors.  

2.3 – Modulation in MLC 

The complexity of the PWM modulation in MLC increases with the number of levels. 

The greater the number of levels, the greater the number of integrated circuits (IC) that 

have to be used when implementing the modulator. This means an increased modulator 

size and a reduced reliability of the system.  

There are extensive literature reviews analyzing and studying PWM in [2-4], [2-5], [2-

17], [2-18] and [2-19]. From these papers it may be found that the modulation techniques 

for MLC most frequently utilized are: selective harmonic elimination, space vector and 

sinusoidal. 

2.3.1 Selective harmonic elimination 

This is a modulation at a fundamental frequency or staircase [2-20]. The main 

characteristic of this technique is the elimination of the output voltage with low frequency 

content. The modulation index in this technique doesn’t allow a wide voltage control.  

The complexity of the calculations makes this technique very difficult to implement in 

levels greater than three. In [2-21] a method to implement the modulation in unbalanced 

DC inputs is proposed as well as an evaluation at a wider range of index modulation.  

2.3.2 Space Vector Modulation 

The advantage of this modulation technique is the maximum use of the DC link allowing 

the modulator to operate in an over modulation region. Moreover, SVM enables the 
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switching devices to operate more effectively as the control algorithm is fast and simple 

to compute.  

The main characteristic of this technique is the reduction of switching losses by selecting 

the vectors appropriately. In three phase systems the modulation can be solved using Park 

transformation by using rotating frame references of an AC signal. However, the vector 

selection becomes more difficult as the redundant or number of levels increase.  

There has been an increasingly interest on this modulation technique making it an active 

research topic in power electronics, however the implementation can become very 

complex in 3-phase converters and with higher number of levels. There is a variation of 

this method introduced in Chapter 3 for a single phase MLC that has produced very good 

results in this investigation. 

2.3.3  Sinusoidal PWM 

This technique has been widely studied and applied to MLCs. Its simplicity and ease of 

implementation even in the over modulation region makes it a very popular object of 

study.  

The implementation consists of a comparison of sinusoidal signal and a triangular carrier 

signal within the hardware modulator. Depending on the number of levels an (n-1) 

number of carrier signals are required, where n is the number of levels.  

PWM can be divided in two major categories: disposition and shifting of the carrier 

signals. In Chapter 3, the modulation involving the disposition of the carrier signals is 

presented.   

2.4 – Applications 

The first implementations of MLCs used Gate Turn-Off devices (GTOs) as the switching 

device [2-1] [2-22]. Recent applications have employed IGBTs at higher power and 

frequencies. Lately, the tendency is to use Silicon Carbide (SiC) and Gallium Nitride 

(GaN) devices in MLC. Chapter 6 presents an evaluation of SiC devices as switches in 

MLC NPC.  

Some of the MLC applications are presented in this section. There is a large range of 

applications but most of them are in the middle to high power.  

I. AC motor drives.  



28 

 

There are several advantages to use a multilevel converter as a motor drive 

over the conventional drives [2-23] [2-24]. The converter topology being 

used is dependent on the characteristics of the DC voltage source, and 

whether or not the regenerative braking energy will be stored. For systems 

connected to the mains (AC) a rectifier is necessary (passive or active), and 

if the power returns to the source then a back-to-back bidirectional converter 

will be required.   

II. Static-Synchronous Compensation (STATCOM) 

In order to compensate the reactive power in the grid, capacitor banks are 

connected through a MLC topology. A compensator presented in [2-25] is 

an example of a reactive power compensation using an 11-level, full bridge 

cascaded topology. There are also some other examples of this particular 

application in [2-26] and [2-27].  

III. Flexible AC Transmission Systems (FACTS) 

In this application the aim is to regulate the active and reactive power in the 

grid to improve the performance and use of the power network [2-28]. 

FACTS is based on the principle of distributed feeds, where a series of 

systems are connected to the network and depending on what is required the 

systems will store or feed power in a flexible manner.  

IV. Renewable energy sources interfaced with the grid 

Nowadays, an increase in studies on renewable energy (wind and solar) 

interfacing with the grid using MLC have been reported [2-29] [2-30]. There 

are many advantages to using MLC for this application, for example, reduced 

size, improved efficiency, higher power operation and signal quality. A 

particular application on this category is the V2G interface [2-31] this 

represents an application of a future power system as an aid to fuel from 

fossil resources, where a vehicle’s battery can be used to generate and feed 

the grid at peak times.  

To investigate the benefits of using the topology and control described above, the first 

approach to the use of MLC is an application system on construction sites power supplies. 

The characteristic of such power supplies is the use of low voltage (110 VAC) and single-
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phase to operate hand tools and lighting in construction sites in the UK. Working with 

low voltage is required to reduce the accidents caused by electric faults. Moreover, a 

repurposed EV battery can supply the MLC. In the following subsection, a review of 

MLC connected to batteries is presented and the stage to interconnect the battery and the 

MLC is also introduced. 

2.4.1 – Battery connected MLCs 

The efficiency improvement in power converters is a common subject of study throughout 

the power electronics industry, more specific in electric vehicle (EV) applications. There 

are many different approaches to achieving efficiency improvements by utilizing novel 

techniques and topologies. In Chapter 4, the description of the system studied in this work 

is presented in detail. In general, the main parts of the system are, the DC source, 

converters (DC-DC and MLC) and controller, in this case an FPGA. The DC source 

considered for this system is a ‘second-life’ battery from a HEV, to be re-purposed as a 

battery for construction site stand-alone power supplies. In this section a review of 

previous work done where a MLC is sourced with a battery is presented.  

References [2-32] and [2-33] highlighted the importance of energy storage dynamics by 

combining different forms of storing and supplying the energy, it is possible to enhance 

the performance. Combining the use of fast and slow dynamics but with different 

capacities results in a better power system. Batteries, with the aid of ultra-capacitors 

provide a great improvement of the systems performance and battery life can be achieved. 

Batteries connected in parallel with ultra-capacitors are presented in reference [2-33]. In 

this setup the voltage is constant across both devices and a buck-boost converter provides 

the energy stored in the ultra-capacitors. The disadvantage of this setup is that the demand 

of energy from the capacitors is directly from the batteries. 

To minimise the problem mentioned previously, an additional buck-boost converter can 

be placed between the batteries and the capacitors to control the power supplied by the 

battery when the capacitors require extra power.  

A study presented in [2-34] of a conversion of an internal combustion engine vehicle to 

an electric vehicle (EV). A battery bank and an inverter was used to power the vehicle. 

An auxiliary power source consisting of ultra-capacitors and a DC-DC converter was 
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introduced to adjust the voltage levels from the battery required for acceleration. The 

control of the system used a PI controller. 

A continuation of the study mentioned in the previous paragraph [2-34] presenting an 

optimized algorithm, improvements in the efficiency using neural networks. An auxiliary 

storage system such as battery banks, capacitors and fuel cells were implemented to aid 

the setting off the vehicle.  

An alternative study uses DC-DC converters in cascade [2-35] along with main and 

auxiliary power sources. This configuration enables the use of reduced size devices and 

an increase in efficiency with the use of a hybrid topology presented and evaluated in 

simulation. 

A battery can vary from a maximum to a minimum voltage level as it discharges, for this 

reason it cannot be connected directly to the MLC. In order to keep the voltage constant 

a bi-directional buck-boost converter is employed.  

The control strategy for this converter is based on a reference voltage and an output 

voltage sensor. Using PWM to control the switching device, a PI controller is added in 

the feedback loop that will be varying the PWM signal according to the battery and output 

voltages. 

In EV applications, a bidirectional converter is key to allow both motoring and 

regenerative power flow. A comparison of two bi-directional converters in [2-36] present 

the design and test of a bidirectional buck-boost converter and a bidirectional buck-boost 

cascade converter shown in Figure 2.22. 

 

Figure 2.22 Bidirectional buck boost cascade converter 

VDC C2

L

Q2

Q3Q1

C1 Load

Q4



31 

 

The converter in Figure 2.23 is a simplified version of the topology studied in [2-36], this 

topology will be used throughout this study and is presented in detail in Chapter 4.  

 

Figure 2.23 Simplified bidirectional buck boost cascade conveter 

The simplified topology of the converter can work in boost mode by activating switch Q1. 

For a buck mode the switch Q1 should be turned off. Q2 and Q2’ operate in a 

complementary form. In this way, when Q1 is conducting, the power flow is in the 

direction to the load, and when Q1 is not conducting, the power flows in the direction to 

the VDC side. The design of this converter and the integration with the MLC is presented 

in Chapter 4 and the experimental evaluation in Chapter 5.  

2.5– Conclusion 

This chapter presents the background on the converters used in this project. Presenting 

the different configuration of the existing ML and after evaluating the number of 

components and the main advantages and disadvantages, the 5L-FB-NPC was selected as 

the MLC topology to study and evaluate. The background on DC-DC converters used in 

EV has been presented and the converter for the application construction site power 

supplies was selected.  

A discussion of the MLC and DC-DC converters is presented as a motivation of research, 

highlighting the areas of interest and introducing the approach of addressing them in this 

study.  

All the studies reviewed on multilevel converters topologies aim at the reduction of 

harmonics and improvement of efficiency. The Cascaded H-bridge topology has a main 

drawback considering that the power source in this application is a two terminal battery 

pack from an EV. The flying capacitor has the advantage of redundant states that makes 
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Q2

Q2'Q1

C1

D

Load



32 

 

the system more flexible and easy to control. However, the capacitor required to generate 

the level zero can be a problem when it comes to the size, cost and reliability of the 

converter.  

The following chapter introduces the MLC modulation techniques for the topologies 

presented in this chapter. Simulations of the techniques and evaluation of the selected 

method to control the converter are also covered.    
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Chapter 3 – Modulation Techniques  

3.1 – Introduction 

In the previous chapter (2), the literature review on modulation in MLC was presented. 

In this chapter, the modulation strategy is examined in more detail, as in order to turn on 

and off the switching devices in the converter to obtain the desired output voltage 

waveform, the gate signals for the MOSFETs are generated and controlled with a 

microprocessor [3-1] or FPGA. The method by which the switching signals are generated 

is discussed here. 

One of the simplest and most common modulation techniques used for a two level inverter 

is PWM with a sinusoidal reference. For a two level inverter, only a single carrier signal 

is required as there are 2 switching devices per phase. Considering a PWM signal applied 

to one switching device as HIGH or ‘1’ for the switch to conduct and LOW or ‘0’ for a 

non-conducting state, the signal applied to the second switch is simply the complement 

of the original PWM generated as the switches always operate in a complementary form.  

A typical multilevel converter consists of multiple switching devices (i.e. MOSFETs or 

IGBTs) connected to multiple voltage sources.  The conduction states of the switching 

devices are controlled by a modulator whose role is to ensure: i) the required output is 

generated, ii) prevent damage occurring via cross-conduction (i.e. shoot-through) and for 

some specific topologies iii) to manage voltage levels on batteries or capacitors.  

Typically this type of control is achieved using PWM techniques and the many ways 

generate to generate PWM signals has been studied in the literature, with Sinusoidal 

PWM (SPWM) being the most commonly studied [3-2] .  An overview of some of these 

techniques is provided here. 

Modulation techniques to control the voltage in the DC-link have been studied in [3-3] 

[3-4], [3-5], [3-6], and [3-7]. A comprehensive classification of MLC modulation is 

shown in Figure 3.1 was presented in [3-5]. The classification is divided in space vector 

and voltage reference. The first major classification on the left covers all the vector based 

algorithms from the control to the modulation in 2-D and 3-D for inverters with 3 and 4 

legs. The second group on the right includes the reference level algorithms from 

sinusoidal based to the hybrid modulations. 
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Figure 3.1  MLC modulation classification  
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The three most frequently studied techniques are space vector, selective harmonic 

elimination and multicarrier PWM. The most versatile technique is Space Vector 

Modulation, a technique based on the selection of the states to control the converter. The 

modulation techniques described in most of the published work are described for 3-phase 

systems, however, as we are considering single phase, the nearest two vectors (N2V), 

which is described in [3-8] represents a good approach for the control of a single phase 

system. A further comparison of the introduced techniques is presented in [3-9].  

In general, the output of a MLC should generate a low-distortion sinusoidal voltage in 

order to reduce the filter size and stress caused in the switching devices, the aim of the 

modulation technique is to reduce the output distortion by selecting the best algorithm 

according to the application. The algorithm is then used to apply the pulses generated to 

control the switching devices. For this work, the algorithm to control the switching 

sequence and capacitor balancing is presented in the rest of the chapter. N2V represents 

a simple algorithm in terms of the calculations used and as a result the FPGA 

implementation is convenient. 

3.2 – Sinusoidal PWM  

The formation of the pulses is made by making a comparison between a carrier signal 

(triangle waveform) and the reference signal (sinusoidal) are made to generate the 

switching states by comparing if the reference is greater than the carrier, it will have an 

output of 1 or 0 for the opposite condition.  The frequency of the carrier signals should 

be greater than the reference signal and the reference signal is the same as the output 

signal to be generated.  

In Sinusoidal PWM, the sinusoidal reference signal is compared to a high-frequency 

carrier signal (usually a triangle waveform).  For an n-level multilevel converter (n-1) 

carrier signals are compared to the reference to generate the MOSFET gate drive signals.  

Each carrier signal has a normalise peak-to-peak amplitude of 1/(n-1) and is subject to a 

DC offset such that the entire modulation space is divided into discrete regions.  This way 

only a single level is being subjected to PWM at a given time.  For the 5 level converter 

considered here, 4 carrier signals are required and all 4 are compared to one reference 

signal to obtain the control pulses for the switches.  
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The four triangular signals to generate the pulses can be supplied in 3 basic different 

forms: 

• Phase Disposition (PD disposition). All the signals with the same phase. Figure 

3.4 

• Phase Opposition (POD disposition). Both of the carriers in the positive plane (0 

to 1) in phase with each other and the carriers in the negative plane (0 to -1) in 

opposite phase (180°) respect to the positive signals. Figure 3.6 

• Alternately in Opposition (APOD disposition).  Carriers in the positive plane are 

shifted in phase by 180° with respect to each other and the same for the signals in 

the negative plane Figure 3.8 

 

The following section presents the results of simulations in Simulink for the 3 forms 

presented above. The MLC, an NPC in Figure 3.2 generates 5-levels, therefore 4 carrier 

signals are needed to generate the appropriate PWM signals. In the inverter leg, the 

switches are labelled from S1 to S4 and their complements from S1’ to S4’. 

 

Figure 3.2 5-level Neutral Point Clamped Converter 

To generate the PWM signal for this 5-level converter, the model shown in Figure 3.3 

was used in Simulink and by changing the phase in the triangular signals the waveforms 

for each of the phase dispositions explained above, the modulation could be achieved, 
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where the output 1 corresponds to S1 and the complement output 5 to S1’ and so on for 

S2, S3 and S4.  

 

Figure 3.3. PWM generator for 5-level converter.  

For each PWM technique implemented in Simulink, the output of the comparison 

between the carrier and the reference signal is shown. Four pulses are shown and that will 

control the upper switches in the converter (S1 to S4) shown in Figure 3.2, the lower 

switches are controlled by the complement of the signal used in the upper switch because 

the switches work in a complementary function as (S1 and S1’) is S1 is on, S1’ has to be 

off and vice versa. Pulses applied to the converter switches (S1 to S4) are shown in Figure 

3.5, Figure 3.7, and Figure 3.9  
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Figure 3.4 Sinusoidal reference and carrier signals for Phase Disposition PWM 

 

Figure 3.5 Switching pulses Phase Disposition 
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Figure 3.6 Sinusoidal reference and carrier signals for Phase Opposition PWM. 

 

Figure 3.7 Switching pulses Phase Opposition Disposition  
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Figure 3.8 . PWM sinusoidal reference and carrier signals for Alternately in 

Opposition PWM. 

 

Figure 3.9 Switching pulses Alternately in Opposition Disposition  

The techniques presented in this section are most commonly used in NPC MLC. In the 

next section, a simulation of the techniques presented is performed for a 5-levels NPC 

and FCC.  

3.2.1 Sinusoidal PWM simulation  

According to the different forms of triangular PWM techniques described in this chapter, 

the simulation for the 5L-HB-NPC and the 5L-HB-FCC with the 3 forms of carrier based 

PWM modulations (PD, POD, and APOD) are implemented.  
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The output voltage and the FFT for each case are presented. The THD in percentage is 

also calculated using (3.1) 

  𝑇𝐻𝐷 =
√𝑉𝑡𝑟𝑚𝑠

2−𝑉1
2

𝑉1
∗ 100  (3.1) 

Where Vt rms is the RMS voltage at the output and V1 is the fundamental. 

A comparison based on the THD is then presented at the end of this section and the 

modulation with the lowest THD is selected and used to simulate the 9L-HB-NPC and 

9L-HB-FCC to evaluate the performance of the different topologies and confirm the 

topology to use based on the THD of the output voltage. The frequencies of the carrier 

signals in the PWM modulator are 20 kHz and the reference signal is 50 Hz, which is the 

output frequency for the power supply. The simulation was carried out in open loop with 

a large load resistor of 10 k with a VDC of 200V. 

3.2.1.1 Diode Clamped Half Bridge Simulation 

The simulation of the 5L-HB-NPC using each of the PWM techniques explained 

previously and a comparison of the THD will be discussed at the end of this section.  

Figure 3.10 shows the circuit used in Simulink for the 5L converter.  The output signal 

for each of the aforementioned PWM techniques is shown in Figure 3.11, Figure 3.12 and 

Figure 3.13 - the figures also show the FFT of the output voltage waveform and THD.  
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Figure 3.10.  5-level Diode Clamped Single Phase Half Bridge MLC 

 

Phase Disposition (PD) PWM 

The 5 level MLC depicted in Figure 3.10 is simulated with PD PWM.  Figure 3.11 shows 

the output voltage and the frequency content of the signal at 50Hz and switching 

frequency of 20 kHz and its respective harmonics.  THD was found to be 27.97%. 
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Figure 3.11.  Diode Clamped 1 leg 5-level converter  - Phase Disposition. 

Phase Opposition Disposition (POD) PWM 

The results of the simulation of the POD PWM is shown in Figure 3.12 the THD is 29.06%  
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Figure 3.12.  Diode Clamped 1 leg 5-level converter - Phase Opposition Disposition. 

 

APOD PWM 

Simulation results for the APOD PWM is shown in Figure 3.13, indicating further 

improvements in THD with 24.92%. 
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Figure 3.13.  Diode Clamped 1 leg 5-level converter - Alternatively Opposition 

Disposition. 

The results of the simulation for the 5-levels NPC converter in half bridge configuration 

using the three modulations introduced in the previous section show a slight improve in 

the THD when using APOD. The next section presents the results for FCC 5-levels in 

half bridge topology.  

3.2.1.2 Flying Capacitor Half Bridge Simulation  

The simulation results of the 5L-HB-FCC using the 3 forms of carrier based PWM are 

shown in this section. The model used is shown in Figure 3.14. The input DC voltage is 



49 

 

200V and a resistive load of 10 k. The frequency of the triangular carrier signal is 20 

kHz and the reference signal is sinusoidal of 50 Hz.  

 

 

Figure 3.14. Flying Capacitor 5-level Single Phase Half Bridge. 

The output voltage waveform is shown in Figure 3.15 for a PWM in PD, it can be seen 

the 5 levels balanced and the FFT analysis shows the frequency content accentuated in 

20 kHz which is the switching frequency.  
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Figure 3.15. Flying Capacitor 1 leg 5-level converter  - Phase Disposition. 

 

Compared with the phase disposition, the phase opposition disposition modulation 

applied to the 5L-HB-FCC, the output voltage wave form and FFT analysis shown in 

Figure 3.16 the THD shows an improvement from 32.75% to 29.19% using POD and PD 

modulations respectively.  
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Figure 3.16. Flying Capacitor 1 leg 5-level converter  - Phase Opposition Disposition. 

As with the diode clamped model, the APOD modulation, Figure 3.17 shows the main 

component in 20 kHz reduced in amplitude but 2 components added at the side of the 

switching frequency component. The THD is 28.17% which is the lowest of the 3 tested 

in this section. 
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Figure 3.17. Flying Capacitor 1 leg 5-level converter  - Phase Alternatively 

Opposition. 

The results obtained in this section evaluating the three PWM techniques in the FCC 

topology in terms of THD are higher by approximately 1.5% to 3% compared with the 

results for the NPC converter in the previous section.  

The THD for the different PWM techniques with half bridge converters in Table 3.1 

shows that the PWM technique generating the less THD is the APOD in the NPC topology.  

Topology PD POD APOD 

Diode Clamped 27.97% 29.06% 24.92% 

Flying Capacitor 29.19% 32.75% 28.17% 

Table 3.1. THD comparison for Different PWM techniques and topologies. 
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Therefore, considering that the THD didn’t vary significantly, the evaluation of the full 

bridge topologies NPC and FCC as this will increase the number of levels and potentially 

reduce the THD. The following section presents the simulation results using APOD then 

an evaluation of the feasibility of the implementation of either topology is discussed. 

3.2.1.3 9-level Full Bridge Diode Clamped Simulation 

The 9L-FB-NPC was simulated using the APOD PWM to switch each leg as explained 

above and for the second leg using a reference signal shifted 180 degrees with respect to 

the other leg. The topology used for this simulation is shown in Figure 3.18. The 

simulation conditions are the same as the described at the beginning of this section.  

 

Figure 3.18. Diode Clamped 9-level Single Phase, Full Bridge. 

 

The result of the simulation shows in Figure 3.19 an attenuated frequency content in 20 

kHz, the component corresponding to the switching frequency is now in 40 kHz and 100 

Hz due to the operation in full bridge. The 9-levels generated are balanced for a resistive 

load with the peak voltage level at the same level of the input voltage in DC. 
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Figure 3.19. Diode Clamped Full Bridge 9-level converter. 

The THD obtained in this configuration is 17.59% 

3.2.1.4 9-level Full Bridge Flying Capacitor Simulation 

The 9L-FB-FCC model used to simulate the performance of the topology with the APOD 

modulation is shown in Figure 3.20. The conditions are the same to the one in the previous 

section.  
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Figure 3.20. Flying Capacitor Full Bridge 5-level converter. 

 

The output voltage waveform and FFT analysis presented in Figure 3.21 shows an 

unbalance of the levels due to the unbalance in the capacitors even with a resistive load, 

the maximum voltage level is also of the value of the DC input. The unbalance is present 

due to the open loop operation condition where no balancing algorithm is used. The FFT 

shows a similar frequency content to the results presented for the 9L-FB-NPC.  
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Figure 3.21. Flying Capacitor Full Bridge 9-level converter 

 

The THD for the FB topology is 17.59% and 34.38% for the NPC and FCC topologies 

respectively. This is because the number of levels in full bridge are increased, generating 

a 9 level output waveform but it requires more components and more complex control.  

Based on the simulation results, the topology selected is the 5 levels full bridge which 

produces the output voltage with a reduced THD, this will allow to minimise the filtering 

size and reduce the DC to DC conversion as the output voltage is of the same level as the 

DC input not halved as the level obtained if using the half bridge topology. NPC topology 

in full bridge is selected to further study. The number of levels selected is 5 and this can 

be achieved using two legs of a 3-level NPC. In the next sub section a simulation of the 

selected topology is presented highlighting the voltage level and the THD obtained.  
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3.2.1.5 Simulation SPWM 5 levels full bridge.  

The topology presented in Figure 3.22 is the topology selected for further study in this 

thesis. The reasons to select this topology are the reduced THD achieved with full bridge 

topologies and the reduced number of switching devices and capacitors compared to the 

9-leveles and FCC topologies respectively.  

 

 

Figure 3.22 Diode Clamped Full Bridge 5-level converter 

The waveform shown in Figure 3.23 corresponds to the simulation of the selected 

topology with APOD modulation with the same conditions as the series of simulations 

presented in the previous sections. It can be seen that the peak output voltage is of the 

same level value as the DC input instead of the Vdc/2 normally obtained with a half bridge 

topology and the 5-levels are achieved.  
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Figure 3.23 NPC Full Bridge 5-level converter waveform and FFT 

The THD obtained is 26.87% which is slightly higher than that obtained with the 5-level 

half bridge topology presented in section 3.2.1.1, however the output peak voltage level 

will allow a reduced size of the DC-DC converter compared to the requirements if a half 

bridge topology is used for the application presented in the following chapters.  

3.3 – 1-D Space vector modulation 

Another approach to the control of the output of the converter is through the use of the 

Space Vector Modulation (SVM) technique. However, conventionally, the 

implementation of this modulator is more appropriate for converters of 3 levels or more 

and for 3-phase converters. In [3-10] a general form to implement SVM for a 3-phase 
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converter is presented. For single phase systems it can be implemented as a 1-Dimension 

(1D) form as explained in [3-11] where the topology, 5L-FB-NPC selected is explained 

using this modulation.  

Using the redundant states in the diode clamped topology to generate the levels this 

technique can be implemented.  

Steps to design a modulator.  

1. Output vectors definition. 

2. Separation plane identification. 

3. Boundary plane identification.  

4. Define switching sequence.  

The last step represents a challenge in the implementation of this modulation strategy, 

and due to this and the advantages of this modulator is of great research interest in the 

MLC for the control and balancing. 

3.3.1 Nearest 2 vectors modulation for 5-L-FB-NPC  

A 5-level converter using the Nearest 2 Vectors (N2V) technique for the FB NPC 

topology is introduced in this subsection, it generates the output as a differential between 

the phase-A and phase-B, each of the leg or phase outputs as seen in Figure 3.22 are 

labelled A and B, this correspond to phase-A and phase-B. The vector selection is made 

based on a reference signal (sinusoidal), in this case a sine wave with an amplitude and 

frequency desired at the output, the amplitude will determine the modulation index. Once 

the reference is found the 2 vectors to generate one level and the duty cycles for each state 

is calculated.  

Vout= Va-Vb 

For convenience a switching-state table is used as a reference for the modulator, Table 

3.2.  Considering just one phase (or leg) of the full-bridge, the phase voltage can exist in 

just one of three states (-V/2, 0, +V/2) and this is represented by the number 0, 1, 2 

respectively.  Since there are two phases in the full-bridge converter, there are a total 9 

switching-states (32).  The first column (vector) indicates conduction states of both bridge 

legs AB such that the value 02 translates to phase A being in state 0 (VA=-V/2) and phase 

B being in state 2 (VB=+V/2) Vout=VA-VB=-V.  Columns S1, S2, …, S41 explicitly 

shows conduction states of the individual switches where a value 0=off and 1=on. 



60 

 

 

Vector S1 S2 S11 S21 S3 S4 S31 S41 Phase-A Phase-B Vout 

02 0 0 1 1 1 1 0 0 -V/2 V/2 -V 

01 0 0 1 1 0 1 1 0 -V/2 0 -V/2 

12 0 1 1 0 1 1 0 0 0 V/2 -V/2 

00 0 0 1 1 0 0 1 1 -V/2 -V/2 0 

11 0 1 1 0 0 1 1 0 0 0 0 

22 1 1 0 0 1 1 0 0 V/2 V/2 0 

10 0 1 0 1 0 0 1 1 0 -V/2 V/2 

21 1 1 0 0 0 1 1 0 V/2 0 V/2 

20 1 1 0 0 0 0 1 1 V/2 -V/2 V 

Table 3.2. Switching states for the 5-level full bridge NPC (5L-FB-NPC) converter in Figure 

3.22. 

The control region for the five-level converter is shown in Figure 3.24, this shows the 

voltage levels achieved with the vectors presented above. The control regions are 

numbered from 1 to 3 where the regions 2 and 3 correspond to redundant vectors.  

 

 

 

 

 

 

As it can be seen, there are redundant vectors for the levels –V/2, 0 and V/2, regions 2 

and 3, these vectors can be used to balance the DC-link capacitors or to optimise the 

switching sequence for switching loss reduction. The following sub-section presents the 

modulation algorithm without DC voltage balancing.  

Modulation algorithm without capacitor voltage balancing  

Under the assumption that the capacitors have infinite capacity then they will not lose any 

charge and therefore not require any replenishment and so capacitor voltage balancing is 

unnecessary.  Under these conditions the gate signals for the converter switches are 

chosen from the vectors defined in Table 3.2 based on the nearest 2 vectors algorithm 

(N2V).  With N2V the desire output is realised by the PWM of the two closest vectors to 

the desired output value.  Here, a sinusoidal output at a specific frequency is desired and 

so a reference signal with the normalized magnitude of the reference signal (“a”), the 

nearest 2 vectors (A1B1 and A2B2) are selected to generate the levels at the output and the 

Figure 3.24. Control region for 5-level inverter. 
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duty cycle is defined by the same normalized magnitude of the reference signal to operate 

a PWM in the regions defined and detailed in Table 3.3. 

a Duty Cycle A1B1 A2B2 

0 → 0.5 2*a-1 00 10 

0.5   → 1 2*(a-0.5)-1 10 20 

0 → -0.5 2*a+1 00 01 

-0.5 → -1 2*(a+0.5)+1 01 02 

Table 3.3. States Sequence based on reference signal “a” 

The duty cycle generated using the table presented above ranges from 0 to 1 or 0% to 

100% respectively. The states corresponding to the low level are A1B1 and the high level 

A2B2 this will generate the pulses to the switches to generate the output level desired as 

shown in Figure 3.25 depending on the normalised reference signal “a”, to the left of the 

figure is are the vectors divided in the control regions 1 to 3 as presented above.  

Figure 3.25 1-D Nearest 2 vectors control regions 

For example for “a” in the range of 0 to 0.5, the vectors selected for the low state is 00 

that generates voltage level 0 and the high state is 10 which generates the level V/2. This 

table is for generating the 5-level output without voltage balancing, in section 3.3.2 the 

algorithm with the redundant vectors is presented for DC-link capacitors voltage 

balancing.  

3.3.2 Capacitor Voltage Balancing N2V. 

Capacitor balancing is a great subject of study, depending on the number of levels in the 

converter, the complexity of the control varies. A great number of levels results in the use 

of more capacitors to split the voltage and create the levels. Self-balancing converters as 

a form to balance the voltage, a topology is introduced in [3-12], which proposes capacitor 

paths to balance the DC-link. SVM has been studied in the last years as a method to solve 

  3   2    1 
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this problem. Most of the studies carried out are for 3-phase systems diode clamped 

converters [3-13] [3-14]. A method to adapt the nearest three vectors to a single or 

multiphase system was introduced in [3-15] for a full bridge topology. Then the study of 

the effect of the states in the DC-link capacitors was presented in [3-16]. Considering the 

space vector technique for single phase, the method presented in [3-11] was implemented 

for the 5-levels converter, the results of the simulation is presented in this section.  

3.3.2.1 Capacitor Voltage Balancing Method N2V 5-level single phase 

The vectors using the capacitors C1 and C2 to generate the output and that charges or 

discharges them are the ones for Vout= -V/2 and V/2 shown in Figure 3.24, control 

regions 2, and 3. These are the redundant states that can be used to balance the voltage in 

the DC-link capacitors.  

As described in [3-11], the states, charging the capacitors represented with an arrow up 

or discharging with an arrow down, and the effect on the voltage in the capacitors related 

to the output current in the load are shown in Table 3.4.  

Vout Vector VC1 VC2 

Iout<0 Iout>0 Iout<0 Iout>0 

-V/2 01 ⇣ ⇡ ⇡ ⇣ 

12 ⇡ ⇣ ⇣ ⇡ 

V/2 10 ⇡ ⇣ ⇣ ⇡ 

21 ⇣ ⇡ ⇡ ⇣ 

Table 3.4. Voltage effect in the DC link capacitors for the 5-level converter. 

As described in the previous section, the control regions 2 and 3 are used to balance the 

DC-link capacitors. Depending on the output current for the levels V/2 and -V/2 the 

redundant states are selected. Using the condition (Vc1-Vc2) to determine which of the 

capacitors has the voltage increased and therefore it needs to be balanced, the states are 

selected. The level 0 has 2 redundant states but it does not contribute to discharge or 

charge the capacitors, therefore the vector 00 is assumed for the level 0.  

In the following section the results of the simulation performed are presented for both 

algorithms, with and without capacitor balancing.  
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3.3.3 – Simulation space vector modulation 

The model in Simulink in Figure 3.26 was implemented for the cases having the DC link 

capacitors unbalanced and balanced with an RL load of R=17 Ohm and L=20mH. Battery 

Voltage= 100V.  

 

 

Figure 3.26. Simulink model of the 5-level converter. 

The output voltage and voltage in the capacitors with no balancing algorithm is shown in 

Figure 3.27 and Figure 3.28 respectively. It can be seen that the levels are not even and 

as the time increases, the unbalance becomes larger.  The capacitor voltage show the start 

of the voltage balanced and unbalancing with the time. This unbalance is due to the 

modulation employed selecting a sequence that unbalance the capacitors. With a feedback 

and the use of the redundant vectors this can be solved. In the next section the simulation 

with the balancing algorithm is presented. 
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Figure 3.27 Output voltage with no balance algorithm implemented.  

 

 

Figure 3.28 Voltage in the DC-link capacitors  with no balance algorithm 

implemented. 

The optimization using the redundant vectors to generate the output waveform to balance 

the DC link capacitors was implemented as explained in section 3.3.2.1 and the output 

voltage and voltage in the capacitors is shown in Figure 3.29 and Figure 3.30 respectively.  
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Figure 3.29 Output voltage with balance algorithm implemented. 

In this case the capacitors C1 and C2 are initially pre-charged at 25V and 75V respectively 

to observe the balancing of the voltage in the capacitors using the previously described 

method. 

 

Figure 3.30 Voltage in the DC-link capacitors with balance algorithm implemented. 

The results of the simulation presented in this section correspond to the modulation and 

topology selected. The control is implemented in an FPGA which gives a fast control 

response and once it has been proved that the algorithm works, the algorithm is coded in 

LabVIEW FPGA.  
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3.4 Chapter conclusion 

In this chapter the modulation techniques for multilevel converters are discussed. 

Sinusoidal PWM is introduced and evaluated in simulation for different MLC topologies 

and the output voltage and FFT are presented for the different PWM techniques. After 

evaluating the sinusoidal PWM in the NPC and FCC for 5 and 9 levels, the topology to 

be used for the rest of these thesis is chosen based on the number of switching elements, 

voltage level and THD. The topology selected is NPC in full bridge to generate 5 levels.  

Once the topology is chosen, an algorithm to balance the DC-link capacitors is studied. 

Due to the ease of implementation for a single phase converter a space vector modulation 

is introduced and chosen as the modulation to control the MLC capacitor balancing and 

control of the switching sequence. In order to evaluate the performance of the N2V 

modulation, a simulation with and without the voltage balancing algorithm is presented. 

The results show a good performance on balancing the capacitor voltage as well as 

producing the correct vector sequence to generate the 5-level voltage waveform. 

The next chapter (4) presents the converter design followed by the implementation in 

chapter 5. Then in chapter 7 the introduction of an output filter to this converter is 

presented.  
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Chapter 4 – Converter design 

4.1 Introduction  

This chapter describes in detail the 5-level NPC multilevel converter (MLC) hardware 

platform used in this study.  To provide a focus to the work, a bidirectional battery to 

110VAC 50Hz converter is to be built, to act as a replacement for a petrol generator used 

as a construction site power supply. The battery is from a Hybrid Electric Vehicle (HEV) 

battery pack demonstrating the second life usage of EV, HEV and Plug-in Hybrid Electric 

Vehicle (PHEV) batteries. Although any battery with the appropriate rating or other DC 

source can be used, using repurposed batteries from EV can extend the usable time of a 

battery, contributing to a significant reduction in the environmental impact. 

As mentioned in the previous chapters, there are three basic converter topologies: Neutral 

Point Clamped (NPC), Flying Capacitor Converter (FCC) and H-Bridge Converter 

(HBC). The cascaded H-bridge converter and full-bridge (FB) converters, as presented in 

previous chapters, are topologies of particularly interest as their maximum output voltage 

can reach the level of the DC input, as compared to the maximum output of VDC/2 that 

the NPC and FC half bridge converters can achieve.  A 5-level converter is studied here 

for the reduced THD compared to a 3 level converter and the reduced number of switching 

and clamping elements compared to those required in a 9-level converter with a single 

DC source. For this reason, the topology to be studied more in detail is the 5-level full 

bridge neutral point clamped 5L-FB-NPC similar to the system described previously in 

[4-1].  

In this chapter the specification and design of the hardware platform is presented. Detailed 

simulation results of the subsystem in Simulink and then the integration of both sub-

systems (DC-DC and MLC) in LabVIEW Co-simulation with Multisim.  
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4.2 Platform system description and specification 

The platform system is a bi-directional DC-AC converter based on a 5-level NPC full-

bridge topology.  A requirement of the system is that it operates from a 108V to 144V 

DC battery pack (Nickel metal hydride, NiMH, as found in a Honda insight HEV).  Since 

the system is designed to operate with a 110VAC output, to operate in construction sites, 

a 2:1 step-down transformer is used to interface the unit the 220V AC mains for testing. 

The transformer is a typical 240:110V isolating transformer typically used on 

construction sites. The voltage and power specifications are detailed in Table 4.1. The 

block diagram of the system used to test the MLC topology selected and the modulation 

technique for the construction site power supply is shown in Figure 4.1.  

Construction Site Power Supply  Electrical Specifications 

Output power  1500 W 

Input voltage  108 -170 VDC 

Output voltage (rms) 110 VAC  

Maximum output peak voltage  171.1 VAC 

Table 4.1 System specification 

1. Battery 

The DC source used for the presented circuit is a battery pack taken from a Honda Insight, 

rated at 144V DC, its characteristics are described in detail in Chapter 5. For the initial 

testing this voltage is simulated as a DC source considering 2 voltages, the minimum and 

nominal voltage, 108V and 144V respectively as the battery will not retain the maximum 

1. Battery 

144V DC 

4. DSP/FPGA 

2. DC/DC 

Converter 

3. DC/AC 

5-level 

Converter 

Mains 

220V AC 

Load 

110V AC 

Figure 4.1 Block Diagram of the system. 
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voltage of 170V for a prolonged time. However, the converter is designed to work within 

the minimum and maximum voltages.  

2. DC-DC converter 

A DC-DC converter is required to carefully manage the battery charge and discharge 

process and to provide the DC-AC converter with a relatively stable DC voltage.  When 

the system is acting like a conventional building site generator and so the battery is being 

discharged, the voltage of the battery pack has to be increased (stepped-up) in order to 

meet the output voltage requirements.  During charging mode the higher grid voltage is 

stepped-down to meet the battery voltage levels. Therefore, to meet these requirements a 

bidirectional buck-and-boost DC-DC converter is used.  

3. DC-AC converter 

The DC-AC converter is a bidirectional 5L-FB-NPC topology.  Its peak voltage DC 

voltage is the output voltage from the battery DC-DC converters.  During battery 

discharge mode the load is taken to be a resistor for testing.  During charging mode it is 

connected to the grid via a 220-110VAC step-down construction site transformer. 

4. DSP-FPGA 

The control for the entire system including the DC-DC converter output voltage control, 

DC-link capacitor balance, MLC switching pulses to generate the output AC waveform 

and voltage level control are implemented in LabVIEW and runs on the single board RIO 

sbRIO-9607 with National Instruments NI 9683 mezzanine card platform. The controller 

board was selected as it provides a high speed and bandwidth processing of the signals to 

measure and control the system robustly and reliably. It also has a real-time processor and 

the parallel processing capabilities of the FPGA. Additionally, the mezzanine card has 16 

analog inputs, 14 digital outputs, and other input and output ports.  

The control system monitors the input and output voltages of the DC-DC converter and 

the AC grid voltage and current.  A separate safety monitoring system implemented on 

an Arduino is used to protect the battery against overcharging and over discharging, and 

disconnects the battery using a relay should limits be reached, a signal is also sent to the 

LabVIEW controller to permit a controlled shut down.    
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4.3 Converter Design 

This section describes the operation and design of the DC-DC and DC-AC converters 

used within the platform. 

As mentioned earlier, the basic concept is to use a bidirectional DC-DC converter to 

interface the battery to the DC-AC converter.  The approach to integrating the DC-DC 

and MLC topology was proposed in [4-2] and [4-3], and this topology can operate in buck 

or boost mode in either direction (battery charging or discharging). For the purpose of the 

system designed here, a cascaded DC-DC converter stepping up the voltage from the 

battery, and stepping down the voltage from the mains to charge the battery, is introduced. 

The topology was first described in [4-4] and then a simplified version [4-5] to operate in 

the described form is used. In the following section, the design of the DC-DC converter 

is presented based on the simplified version of the converter. 

4.3.1 DC-DC converter design 

Figure 4.2 shows the bi-directional buck and boost converter battery interfacing converter.  

It is formed with 3 controlled switches Q1, Q2 and Q2’. The purpose of the Q1 is to select 

the direction and the mode of the converter. If a ‘1’ is applied to the gate, the converter 

works as a boost converter to discharge the battery. In the case of ‘0’ applied to the gate, 

the converter mode is buck to charge the battery. Switches Q2 and Q2’ are used for the 

conversion in a complementary mode using a PWM signal to control the output of the 

converter.  

Figure 4.2 DC-DC bidirectional converter 

The specification for the power supply is a single phase AC supply 110 VAC (155 V 

peak). According to the UK specification the tolerances are +10% and – 6% for a building 

site power supply following the standard BS7671 [4-6]. Thus the minimum and maximum 

output voltages the converter should supply are given by (4.1) and (4.2) respectively, the 
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peak voltage is used as this will define the output specification range for the DC-DC 

converter.  

 𝑉𝑔𝑟𝑖𝑑 (𝑚𝑖𝑛) =  √2 ∗ 𝑉𝑟𝑚𝑠 ∗ 0.94 = 146.22 V (4.1) 

 𝑉𝑔𝑟𝑖𝑑 (max) =  √2 ∗ 𝑉𝑟𝑚𝑠 ∗ 1.10 = 171.11V (4.2) 

 

Taking the battery voltage Vbatt as 144V and the maximum output peak voltage permitted 

as 170V. The maximum voltage is considered in the design of the converter as the output 

voltage Vgrid in boost mode and for an output power of 1.5kW the current I is 10A. Using 

the maximum voltage will give the minimum requirements of the components, therefore 

the devices to use can go above that minimum.  

The output of the converter in boost mode is given by (4.3) where the duty cycle D is 

applied to the switch Q2 and the input voltage Vbatt can vary from 170V and 108V which 

correspond to the maximum and minimum voltages respectively. 

 𝑉𝑜𝑢𝑡 =
𝑉𝑏𝑎𝑡𝑡

1−𝐷𝑏𝑜𝑜𝑠𝑡
  (4.3) 

The values of duty cycle obtained evaluating for minimum battery voltage is 0.30 and for 

the maximum battery voltage, the duty cycle is approximately zero. The maximum duty 

cycle during the discharge operating mode used for the design is taken to be Dboost=0.30. 

During charging the DC-DC converter operates in buck and the battery voltage to charge 

the battery is assumed to be 120V then the Dbuck is found using (4.4) 

 𝐷𝑏𝑢𝑐𝑘 =
155 𝑉−120 𝑉

155 𝑉
= 0.22 (4.4) 

The value of the inductor L can be found using the expression described in (4.5) where 

∆iL is the current ripple considered to be 5% of the output current I (10A) and fsw is the 

switching frequency of the converter. 

 𝐿 =
1

2∗∆𝑖𝐿
∗

𝑉𝑏𝑎𝑡𝑡
2

𝐼∗𝑉𝑜𝑢𝑡∗𝑓𝑠𝑤
∗ (1 −

𝑉𝑏𝑎𝑡𝑡

𝑉𝑜𝑢𝑡
)  (4.5) 

The switching frequency of the DC-DC converter was selected to be 50 kHz as it is above 

the audible frequency range of 20 Hz to 20 kHz, and  to reduce the inductor size.  Using 

the battery nominal voltage and a switching frequency of 50 kHz for the initial design an 
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inductor of 406µH will be employed. This value of inductance will be used for the 

converter operating in boost and buck modes.  

The RMS current in the inductor can be found using the equation (4.6), this current 

corresponds to the inductor operating in boost mode. The maximum current is given by 

the equation (4.6) and can be found with the maximum duty cycle. 

 𝐼𝐿 = (
I𝑜𝑢𝑡

1−D𝑏𝑜𝑜𝑠𝑡
)

2

+
1

3
∗ (

∆𝑖𝐿

2
)

2

 (4.6) 

The current in the inductor for the boost mode is 14.08A. 

The input and output capacitors will be used of the same value and it’s given by the 

equation (4.7) where ∆Vc is the output voltage ripple. 

 𝐶 =
1

2∗∆𝑉𝐶
∗

𝐼

𝑉𝑜𝑢𝑡∗𝑓𝑠𝑤
∗ (1 −

𝑉𝑏𝑎𝑡𝑡

𝑉𝑜𝑢𝑡
)  (4.7) 

For a voltage ripple of 1% the capacitance obtained is 100.38µF this represent the 

minimum capacitance required, a larger value of capacitor C=470µF is used to reduce the 

voltage ripple and to match the capacitance in the MLC.  

The electrical ratings for the MOSFETs were chosen based on the maximum operating 

voltages and currents.  The drain to source voltage VDS is considered to be a maximum 

of 200V for both operation modes, and the current RMS current Isw can be obtained for 

boost and buck modes with (4.8) and (4.9) respectively. 

 𝐼𝑠𝑤 𝑏𝑜𝑜𝑠𝑡 = 𝐼𝐿 ∗ √𝐷𝑏𝑜𝑜𝑠𝑡 (4.8) 

 𝐼𝑠𝑤 𝑏𝑢𝑐𝑘 = 𝐼𝐿 ∗ √𝐷𝑏𝑢𝑐𝑘 (4.9) 

The current obtained is 6.56A and 7.66A. Therefore the rating for the MOSFETs in the 

DC-DC converter will be 200V VDS  and 7.66A minimum. To ensure the voltage doesn’t 

exceed the limits the MOSFET used is FDH44N50 rated at 500V and 44A. 

The current in the diode D can be found using (4.10) and (4.11) for each of the modes 

described. 

 𝐼𝑠𝑤 𝑏𝑜𝑜𝑠𝑡 = 𝐼𝐿 ∗ √(1 − 𝐷𝑏𝑜𝑜𝑠𝑡) (4.10) 

 𝐼𝑠𝑤 𝑏𝑢𝑐𝑘 = 𝐼𝐿 ∗ √(1 − 𝐷𝑏𝑢𝑐𝑘) (4.11) 
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The current values are 11.78 A and 12.43 for boost and buck modes respectively. As with 

the MOSFET, the higher value of current to ensure it works safely. The diode used is 

FES16JT rated at 600V and 16A.  

4.3.1.1 Bi-directional DC-DC converter simulation validation   

In order to validate the circuit design the circuit in Figure 4.3 is implemented in Simulink 

using the model shown in Figure 4.4. The maximum voltage, Vbatt, is 170VDC and 

120VDC for discharging and charging modes respectively. In charging mode the battery 

becomes the load on the circuit. For the purpose of simulating this operating mode the 

load, is replaced by a DC source and the source is replaced with a resistor. 

 

Figure 4.3 DC-DC bidirectional converter 

 

Figure 4.4 Simulink Model Boost Buck Converter 

The converter was tested in discharging and charging modes, Figure 4.5 show the 

converter in boost mode and the output of the converter for both modes are shown in 

Figure 4.6.  
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Figure 4.5 Boost Mode test circuit 

 

 

Figure 4.6 Boost (Discharge)Mode Output voltage 

In Figure 4.7 the buck mode test circuit is shown and the output voltage measured in C0 

is shown in Figure 4.8. 

 

Figure 4.7 Buck Mode test circuit 
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Figure 4.8 Buck (Charge) Mode Output 

The output voltages for both modes operating in open loop show the converter working 

within the designed limits in open loop showing settling times of 15ms in buck mode and 

25ms in boost mode. These simulation results were taken without limiting circuits and 

for the charge mode, a load resistor is used to represent the battery.  

4.3.2 Multilevel converter design 

Although there are different implementations of the NPC topology reviewed in [4-7], for 

a single phase system, a topology with second leg or phase (leg B in Figure 4.9) [4-8] can 

be used where the output is taken from nodes A and B making the 5-level Full-Bridge 

NPC (5L-FB-NPC) topology with output voltage levels defined as V, V/2, 0, -V/2 and –

V.  The bi-directional DC-AC is formed by a 5-level MLC which is based on a full-bridge 

topology where each leg consists of a 3-level Half-Bridge Neutral Point Clamped (3L-

HB-NPC), see Figure 4.9. 
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Figure 4.9 5-level NPC converter in full bridge topology. 

The DC-link is smoothed by two capacitors C1 and C2 where the dc voltage (VDC) is 

divided in 2 discrete levels (V/2 and -V/2). Considering leg A, the output is taken from 

node A and 0, where 0 is the neutral point between the 2 capacitors. The leg output voltage 

VA0 can take on one of three levels  -V/2, 0, or V/2. 

The output voltage of phase A, phase B, and AB is shown in Figure 4.10. The phase 

voltages A and B are referenced to 0V and the output voltage with 5 levels is taken from 

nodes A and B for an input voltage of 155V. 

 

Figure 4.10 Output voltage per phase and total  
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As described previously the topology chosen can generate an output peak voltage at the 

level of the DC-link voltage when the output voltage is supplied by the two legs. The 

capacitor voltages are balanced using the algorithm presented in Chapter 3.   

The advantage of MLC is the reduced semiconductor size compared to conventional two-

level inverters. The topology used is formed of 2 legs of a 3-level NPC. The voltage rating 

of the MOSFETs in a MLC can be found using (4.12) for an m-level converter, for this 

design m=3. 

 𝑉𝐷𝑆 𝑀𝐿𝐶 =
𝑉𝑏𝑎𝑡𝑡

𝑚−1
 (4.12) 

The voltage rating of the MOSFET is half the DC-link considered for this design as 170V 

maximum. The current rating is also halved, then the voltage and current rating of the 

MOSFETs are 85V and 5A respectively. The closest device available through the 

university suppliers with low RDS on at the time of the design was an FDP04N10A rated 

at 100V and 164A, a margin has been left for safety reasons and this MOSFET also 

features a low RDS on of 4.5m to reduce conduction losses, increasing overall system 

efficiency.  

The clamping diodes block the voltage of one of the capacitors at a time, for the topology 

presented, the voltage on a capacitor is 85V considering the maximum voltage of 170V 

in the DC-link and half the output current of 10A. Therefore, the same diode used in the 

DC-DC converter is used for the DC-AC converter.  

The value of the capacitors forming the DC-link, CDC (4.13), can be found as described 

in [4-9] considering the voltage ripple in the capacitor VC expressed in percentage, the 

output current Iout, the maximum voltage in each capacitor VC  and the frequency f at which 

the MLC is generating the output voltage, for this design is 50Hz. 

 𝐶𝐷𝐶 =
∆𝑉𝑐

𝑉𝐶
∗

𝐼𝑜𝑢𝑡

𝑓
 (4.13) 

The capacitor value found using the expression above is 2,000µF, the next capacitor 

available is 2,200µF at 250V was used.  

4.3.2.1 Multilevel converter simulation   

The DC-DC and MLC converters integrated are shown in Figure 4.11. The programming 

of the FPGA in LabVIEW with the same algorithm described in Chapter 3 was 
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implemented. The reference signal generation, vector selection and PWM generation 

functions are used. First, in open loop, without considering the voltages of the DC link 

capacitors, to generate the switching pulses using the Half-Bridge Digital Output in the 

FPGA mezzanine board, once the pulses were generated, the capacitor balancing 

algorithm was added to the program adding analogue input reading for the capacitor 

voltages and output voltage and current.   

 

 

LabVIEW and Multisim provides a convenient environment for co-simulating control 

systems with power electronic circuits, and so can be used to accelerate the design process 

by using LabVIEW to simulate the FPGA program and Multisim to simulate MLC design 

in Multisim where the MLC is placed as an external model in LabVIEW to test the 

model’s response to the FPGA program. The Co-simulation requires adaptations of the 

actual FPGA program and in the Multisim model as well, some of these adaptations are 

the use of SubVIs and the adaptation to the limitation to use functions as flat sequences, 

timed loops and numeric representations. Then, the simulation was done for both, 

charging and discharging modes with the DC-DC converter integrated.  

The MLC Multisim model used in the simulation is shown in Figure 4.12. With the Co-

Simulation model in discharging mode, the Power Spectrum and the Harmonic Distortion 

Analyser functions were used to calculate the FFT and THD respectively. Modifications 

and collection of the data to be used by the mentioned blocks was also necessary to obtain 

the desired result.  
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Figure 4.11 DC-DC and MLC converter integrated. 
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Figure 4.12  5-level NPC single phase full bridge converter Multisim model. 

The front panel used for this simulation is shown in Figure 4.13, as explained above, co-

simulation allows an interaction between the LabVIEW program and the model to 

visualise the output in the model as the parameters are changed in the program. This 

feature is useful to evaluate the effect of different loads connected to the system in a 

graphical interface.  

 

 

Figure 4.13 Co-Simulation Front Panel Output Voltage and phase voltages. 

The block diagram of the co-simulation system is shown in Figure 4.14, it can be seen 

that a simulation loop is used instead of the while loop used normally in a LabVIEW 
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program. The simulation loop allows the use of external models to communicate with the 

LabVIEW code.  

 

Figure 4.14 CoSimulation block diagram. 
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4.4 System Simulation Results 

This section presents simulation results of the integrated converters in Figure 4.15 

operating in charge and discharge modes.   

 

Figure 4.15 DC-DC and MLC integrated 

The operating conditions simulated are the minimum and nominal battery voltages and 

the maximum and minimum tolerances on the AC side, the switching frequency of the 

MLC is 30kHz and the sinusoidal reference signal is 50 Hz. The switching frequency is 

30 kHz for the DC-DC converter, operating in open loop with a fixed duty cycle for both 

battery voltage levels. In the discharging mode the load tested is R=100 Ω, L= 10µH and 

in charging mode the load used to simulate the battery as a load is 100Ω.  

The THD is calculated for the discharging simulations using using equation 4.14 

  

 𝑇𝐻𝐷 =
√𝑉𝑡𝑟𝑚𝑠

2−𝑉1
2

𝑉1
∗ 100 (4.14) 

Where Vt rms is the output RMS voltage, and V1 is the voltage of the fundamental 

component. 
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4.4.1 Discharging mode with nominal battery voltage 

The results of the system’s simulation in discharging mode with the nominal battery 

voltage are presented in this section. In Figure 4.16 the DC side, battery voltage and the 

output of the DC converter is shown and the capacitor voltages forming the DC-link to 

the MLC. The voltages are balanced and the output of the DC-DC converter presents a 

ripple within the specified design.  

Figure 4.17 Output Voltage and Current waveforms with Vbatt=144V 

The output voltage and currents on the AC side of the converter are shown in Figure 4.17, 

the MLC provides a maximum output of Vgrid(max)= 185VAC. 

The THD of the output voltage and current is obtained from the the FFT analysis shows 

the following result, THD= 26.91%, the FFT power spectrum is shown in Figure 4.18 

Figure 4.16 DC-DC converter input and output waveforms. On the right 

graph the DC link capacitor voltages 
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The frequency components represent the frequency of 50 Hz in the AC side and the 

switching frequency of the converters.  

4.4.2 Discharging mode with minimum battery voltage 

The simulation result of the converter at the minimum battery voltage in the DC side 

conversion are shown in Figure 4.19, the voltage in the capacitors show an increased time 

to balance compared to the response obtained in the previous battery voltage tested.  

Figure 4.18 Current and Voltage FFT in discharging mode with Vbatt=144V 
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The AC output of the converter is shown in Figure 4.20 the peak-voltage is 148V, and 

this voltage is within the limits established in the regulations on building sites power 

supplies.  

Figure 4.20 Output Voltage and Current waveforms with Vbatt=108V 

The harmonic distortion obtained for the conditions in this simulation, the FFT is shown 

in Figure 4.21  the THD of the current and voltage outputs is THD= 26.83%  

 

 

 

Figure 4.19 Generator Mode DC-DC converter input and output 

waveforms. On the right graph the DC link capacitor. 
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The frequency components under these conditions on the output current show an 

increased amplitude of the 50Hz component and showing the same high frequency 

components described for the previous simulation conditions.  

 

Figure 4.21 Current and voltage FFT 
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4.4.3 Charging mode with maximum grid voltage 

As described in Section 3.4, the converter is designed to work in bidirectional mode, the 

converter can convert the AC current coupled with a transformer to charge the battery. 

The first test condition with the AC side as the input is 171.1 VAC, representing the 

maximum voltage in the AC side expected and a load in the DC side to represent the 

battery. The output voltage on the DC side of the converter is shown in Figure 4.22, it can 

be seen that the output voltage is 144V, the maximum voltage to charge the battery. The 

capacitor balance is achieved following the same voltage levels on both capacitors from 

the start. 

4.4.4 Charging mode with minimum grid voltage 

In this section, the simulation of the charging mode of the converter with the minimum 

voltage expected in the AC side. The output in the DC side and the voltage in the 

capacitors is shown in Figure 4.23. It can be seen that the overshoot goes to the same 

Figure 4.23 Charging Mode DC-DC converter input and output waveforms. On 

the right graph the DC link capacitor voltage. 

Figure 4.22 Charging Mode DC-DC converter input and output waveforms. On the 

right graph the DC link capacitor voltage. 
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levels as in the previous test but it stabilises in the same period of time. This is because 

the same duty cycle is used for both and the operating mode is in open loop. The 

simulation of the different battery voltages and the grid proved to be working without 

exceeding or going below the maximum and minimum voltages for the charging mode, 

in discharging mode with nominal battery voltage the output maximum voltage is 

exceeded when operating at fixed duty cycle. The next stage is to evaluate the system in 

closed loop of the DC-DC converter to regulate the output voltage in discharging mode.  

4.4.5 Closed loop evaluation 

The results obtained after the evaluation in open loop of the integration of the DC-DC 

and MLC for the two cases, minimum battery voltage give an output within the permitted 

limits, however for the nominal battery voltage, the limit is exceeded then, the 

implementation of a PI controller in simulation results are presented in this section. In 

Figure 4.24 a block diagram of the system show the interconnection of the subsystems 

and the measurement of the voltage and current for the closed loop. For the DC-DC, the 

battery voltage and the DC- link voltage is measured to control the DC output and AC 

voltage level. In the MLC, the voltage of the capacitors, output voltage and current is 

measured to balance the capacitors and for the AC waveform generation. All the control 

and signal measurements are done in the FPGA, then the PWM signals are sent to the 

gate drivers in the converters.  

 

Figure 4.24 Control loop block diagram  

The controller is used to regulate the output voltage at the DC-link assuming that there 

are minimal losses in the MLC it can set the voltage to regulate at the output of the DC-

DC converter to be at 155V which corresponds to the peak voltage of the 110VAC. The 

A/D

Mezzanine board
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Sensors
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controller was manually tuned for this stage to prove that by regulating the DC-link 

voltage the output of the MLC can be controlled accordingly.  

The results of the simulation are presented in Figure 4.25 and Figure 4.26 for an input 

voltage of 108V that corresponds to the minimum battery voltage DC-link and MLC 

output voltage respectively. 

Figure 4.25 DC-link voltage in closed loop with Vbatt=108V 

These figures show the voltage regulation to a set voltage of 155V, Figure 4.25 shows the 

regulation on the DC link voltage, and this is the output of the DC-DC converter and the 

MLC input.  

Figure 4.26 MLC output voltage in closed loop with input voltage Vbatt=108V 
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The evaluation results at nominal battery voltage, 144V are presented in Figure 

4.27showing the DC-link voltage and Figure 4.28 the MLC output voltage. 

Figure 4.27 DC-link voltage in closed loop with Vbatt=144V 

Figure 4.27 show the DC-link voltage, as in the previous case for the minimum battery 

voltage, this is the output of the DC-DC converter and the input of the MLC, the voltage 

reaches the set-point faster than the previous case due to the higher input voltage from 

the battery. Figure 4.28 presents the AC output of the MLC following the level of the DC-

link voltage.  

Figure 4.28 MLC output voltage in closed loop with input voltage Vbatt=108V 

It can be seen from the results presented in this section that the controller implemented 

for the DC-DC converter can regulate the voltage at the output of the MLC at the specified 

set point. The settling time for both input voltages is between 25 ms and 35 ms, less than 
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one cycle of a 50 Hz MLC output voltage. The MLC can handle these transients but for 

the experimental evaluation an MLC turn on delay should be considered in order to 

protect the semiconductors from large dV/dt. The converter has been evaluated without 

output filter in this chapter, the output filtering is presented in Chapter 7 where the THD 

in MLC is studied.  

4.5 Chapter conclusion 

This chapter presented the system’s description detailing the applications of the MLC and 

battery as a battery charger, building site power supply and EV’s battery second life. The 

description and design of the DC-DC converter and MLC is presented and the simulation 

results in isolation of the DC-DC and MLC. The integration of the converters is evaluated 

through simulation and the feasibility to use the proposed topologies in the intended 

application is evaluated. The following chapter will cover the experimental evaluation 

describing the technical requirements for the hardware construction including driving 

requirements and converter’s characterisation. 

4.6 References 

[4-1] J. Lai and F. Z. Peng, “Multilevel Converters-A New Breed of Power Converters,” 

IEEE Trans. Ind. Appl., volume 32, no. 3, pp. 509–517, (1996). 

[4-2]  D. C. Erb, O. C. Onar, and A. Khaligh, “An integrated bi-directional power 

electronic converter with multi-level AC-DC/DC-AC converter and non-inverted 

buck-boost converter for PHEVs with minimal grid level disruptions,” in 2010 

IEEE Vehicle Power and Propulsion Conference, 2010, pp. 1–6. 

[4-3] I. Patrao, E. Figueres, F. González-Espín, and G. Garcerá, “Transformerless 

topologies for grid-connected single-phase photovoltaic inverters,” Renew. 

Sustain. Energy Rev., vol. 15, no. 7, pp. 3423–3431, Sep. 2011. 

[4-4] F. Caricchi, F. Crescimbini, F. G. Capponi, and L. Solero, “Bi-Directional Buck-

Boost Converter Topologies for Application in Electrical Vehicle Motor Drives 

17.,” in APEC ’98. Conference Proceedings 1998, 1998, pp. 287–293.  

[4-5] M. Gonzalez Valencia and A. Alzate Gomez, “Diseño estático de un convertidor 

DC / DC reductor-elevador bidireccional,” Rev. Tecnura, vol. 4, no. 26, pp. 7–14, 

2009. 

[4-6] BS7671, British Standard. Requirements for Electrical Installations. IEE Wiring 

Regulations, 2008. 



92 

 

[4-7]  J. Rodriguez, S. Bernet, P. K. Steimer, and I. E. Lizama, “A Survey on Neutral-

Point-Clamped Inverters,” IEEE Transactions on Industrial Electronics,  volume 

57, no. 7, pp. 2219–2230, (2010). 

[4-8] J. I. Leon, R. Portillo, L. G. Franquelo, S. Vazquez, J. M. Carrasco, and E. 

Dominguez, “New Space Vector Modulation Technique for Single-Phase 

Multilevel Converters”, IEEE Int. Symp. Ind. Electron., pp. 617–622,  (2007). 

[4-9] S. Burusteta, J. Pou, S. Ceballos, I. Marino and J. Á Alzola, "Capacitor voltage 

balance limits in a multilevel-converter-based energy storage system," Power 

Electronics and Applications (EPE 2011), Proceedings of the 2011-14th European 

Conference on, Birmingham, 2011, pp. 1-9.



93 

 

Chapter 5 – System experimental evaluation 

5.1 – Introduction 

Following on from the simulation presented in Chapter 4, this chapter describes prototype 

converter used during the course of the research and its control platform including the 

grid synchronisation using a phase-locked loop (PLL).  The basic operating concepts of 

bidirectional converter are described alongside experimental results.  Throughout the 

work, LabVIEW was used as a co-simulation development system to expedite the design 

by allowing the FPGA based control system to be developed within a simulation 

environment before hardware testing, and then downloaded onto the hardware platform 

once it performed satisfactorily. 

The control of the DC-DC and MLC converters can be implemented by using a 

microcontroller, Digital Signal Processor (DSP), Field Programmable Gate Array (FPGA) 

or a combination of them. The FPGA option enables the parallel execution of methods by 

assigning dedicated hardware in an integrated circuit, the paralleling facilitates the control 

response to be faster. Nowadays, graphical programming languages such as LabVIEW 

greatly simplify the programming of an FPGA, which is usually programmed in VHSIC 

Hardware Description Language (VHDL), by creating a seamless translation of 

LabVIEW code directly to the FPGA. Moreover, it allows the use of FPGA to implement 

more elaborated and time critical calculations, and so enhances its usage.  

The system hardware platform is introduced in this chapter, it will be used as a base 

system to test different control schemes and execution methods in the FPGA. Then based 

on the obtained results, the advantages and disadvantages are evaluated. Furthermore, the 

platform is sufficiently versatile to permit the evaluation of different power switches 

using emerging technologies for the fabrication of the MOSFETs, such as SiC and GaN. 

Once the results of the tests are obtained, comparisons can be made with Si components 

highlighting the adaptations required and possible novel modulation techniques for the 

control and the advantages or disadvantages of using emerging semiconductor 

technologies.  

An extended work to the base test platform introduced here is the interconnection with 

the grid, to aid with demand side management of power on the grid. A description of the 

characteristics benefits and future trends is presented in [5-1] [5-2]. A review of on board 
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chargers used in EVs [5-3] presents an evaluation of the different topologies, such as full 

bridge, half bridge in diode clamped, capacitor clamped and the integration with the DC-

DC converter.  

Finally, an integration with other systems, for example energy billing and state of charge 

of the battery is more easily enabled through the LabVIEW interface. 

5.2 – FPGA control platform 

An FPGA is a reconfigurable integrated circuit, where the hardware configuration is 

defined after the fabrication of the device. This gives a unique characteristic over the 

Application Specific Integrated Circuits (ASICs) of being able to configure the hardware 

according to the application, while the ASIC is limited to the resources and functions 

determined by the designer during fabrication. The FPGA can be adapted to the specific 

task in hardware by assigning and configuring the internal gates, this gives the real 

parallelism when executing a function as the resources are configured and not divided as 

it happens in ASIC [5-4]. 

An FPGA is composed of Logic Blocks (LBs) positioned in a matrix, programmable 

routing to interconnect the different blocks, and an Input / Output interface. The use of 

the LBs can be to form a simple logic gate, or an elaborated arithmetic function. Flip-

flops and Look-Up Tables (LUTs) along with LBs make for a truly versatile computing 

engine and as a result they can be found in a wide variety of applications ranging from 

set-top boxes to power electronic converters.  

Depending on the manufacturer the characteristics vary, but for this work a National 

Instruments (NI) Single-Board RIO is used. The NI 9606 board has a 400MHz processor 

with 512 MB of non-volatile storage and 256 MB of DRAM. The FPGA is a Xilinx 

Spartan-6 LX45. A mezzanine I/O board NI 9683 provides the half bridge digital outputs 

and the fast simultaneous capture of analogue inputs.  

The NI FPGA system is programmed with LabVIEW using the FPGA application and a 

VI file created in LabVIEW, which offer provision for the interconnection of LBs, or 

LUTs as required. The NI system has a number of useful built- in functions including PID 

control, waveform generators, and signal processing blocks to implement FFTs. 

Interactive communication is provided between a Real-Time target and a host computer 

to visualize and process the data. The advantage of using a high-level graphical 
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programming environment such as LabVIEW is that the program can be transferred to 

other NI solutions with minimal changes and the compiler will optimize and create the 

intermediate files and bitfile to download to the FPGA in a single step.  

Multisim, National Instruments’ circuit simulation tool, can interact to test the code to be 

implemented in the FPGA connected to the physical elements in a circuit using Co-

simulation. This enables the simulation of the complete system and so one can evaluate 

the different operating conditions such as input voltage and load variations, together with 

the simulation of perturbations to the system or different responses of the system to a 

given input or condition.  

The literature contains a number of documented investigations on the use of FPGA to 

control MLC, most of the work presented is on SPWM [5-5], 3-phase with SVM 

modulation NPC [5-6], and multi-phase cascaded converter [5-7], the programming used 

on the previous investigations is done in VHDL. A few publications using the LabVIEW 

FPGA [5-8] [5-9] [5-10] were also found. The study presented in [5-8] is on a 3-phase 

conventional (2-level) converter, simulation results showing a fast and accurate control. 

In [5-9] a 7-level cascaded H-bridge for an application on wind energy conversion uses a 

multi-carrier phase-shifted PWM showing simulation and practical results that proved to 

be simple to implement with LabVIEW’s graphic interface. Finally, in [5-10] a hybrid 

MLC based on H-bridge topology presented both simulation and experimental results 

with a reduction in the execution speed using the FPGA.  

5.2.1 FPGA implementation.  

A systematic design and validation process was used to ensure consistency with Multisim 

and LabVIEW FPGA Co-simulation environment introduced in the previous chapter (4). 

The PWM pulses for each switch (S1, S11, S2, S21, S3, S31, S4, and S41) in Figure 5.1 

to generate the 5-level is presented in this section in both Co-Simulation and experimental. 
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Figure 5.1 5-level NPC converter in full bridge topology. 

 

Co-simulation and practical results of the pulse generation on the FPGA for the MLC are 

shown in Figure 5.2 and Figure 5.3, representing the pulses applied to the MOSFET gates 

of S1 and S3 to generate the levels ±Vdc/2 and ±Vdc. 

Figure 5.2 S1 and S3 pulses Co-Simulation output. 
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Figure 5.3. S1 and S3 Digital Output FPGA. 

The complements of the pulses shown above are shown in  Figure 5.4 and Figure 5.5. 

 Figure 5.4 S11 and S31 pulses Co-Simulation output. 

Figure 5.5. S11 and S31 Digital Output FPGA. 
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The pulses to generate the levels 0 and ±Vdc/2 are shown in Figure 5.6 and Figure 5.7. 

Figure 5.6 S2 and S4 pulses Co-Simulation output. 

 Figure 5.7 S2(CH1) and S4(CH2) Digital Output FPGA. 

In Figure 5.8 and Figure 5.9 the pulses generated for the complement of the switches 

described above are shown.  

Figure 5.8 S21 and S41 pulses Co-Simulation output. 
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Figure 5.9 S21(CH1) and S41(CH2) Digital Output FPGA. 

Having proven the operation of the FPGA and comparing the co-simulation and 

experimental results, the experimental waveform’s voltage level is from 0-5V as this is 

the output obtained from the digital output, for switches S1 and S3 and its respective 

complement waveforms, some of the pulses when the duty cycle approaches zero doesn’t 

appear in the experimental waveforms due to the added dead time. No dead time was 

considered for this initial testing as no MOSFETs were switching at this stage, only the 

pulse generation was validated in this section. The remainder of this section describes the 

design of the prototype platform 

5.3 Gate driver circuit design 

In order to drive the MOSFETs presented in Chapter 4 for the MLC and the DC-DC 

converters, in this section the gate driver circuit design is presented. The current required 

to turn on the gate is calculated using 2 parameters, the total gate charge and the transition 

time.  

 𝐼𝐺 =
𝑄𝐺(𝑡𝑜𝑡𝑎𝑙)

𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛
 (5.1) 

 𝐼𝐺 =
54𝑛𝐹

25𝑛𝑠
= 2.16𝐴 (5.2) 

According to the current obtained, the maximum peak current of the gate driver should 

be greater than 2.16A. FOD3120 gate drive IC has a maximum peak current of 3A. 
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Equation (5.3) is used to calculate the minimum resistance to obtain the required current 

to drive the MOSFET. 

 𝑅𝐺 =
20𝑉

2.16
= 9.25Ω (5.3) 

 

 

Figure 5.10 Gate Driver Circuit interface with MOSFET. 

The circuit diagram shown in Figure 5.10 shows the gate driver for each MOSFET used 

in the converters, the output voltage from the FPGA is 0 and 5V for the low and high 

levels respectively. The power supply on each gate driver is isolated and the gate resistor 

value is the closest available to the calculated above which is 10 . The MOSFET 

FDP04N10A rated 100V and 164A was selected as it is the closest to the voltage 

specification available through the university suppliers  featuring low RDS on of 4.5mΩ. 

5.4 Isolated voltage and current input and output 

To implement the control, feedback needs to be employed, hence to close the loop of the 

converters, the voltage and current readings of the output are required. Along with the 

gate driver circuits, the voltage and current measurement circuits have to be isolated to 

protect the FPGA from the high voltage in the converter. The voltage and current reading 

circuits are presented in this section.  
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5.4.1 Isolated voltage transducer. 

The voltage transducer (LV 25-P) uses the Hall Effect to operate which gives 

electromagnetic isolation and can be used in measurements from 10 to 500V. The design 

of the components of the voltage reading circuit shown in Figure 5.11 is presented in this 

section.  

Figure 5.11 Voltage transducer circuit. 

The voltage should be passed through a resistor R5 calculated to give a 10mA in the 

primary of the transducer.  

In this case the maximum voltage to be read is 200V.  

 𝑅5 =
200𝑉

10𝑚𝐴
 (5.14) 

 𝑅5 = 20 𝑘Ω (5.15) 

Then the transducer output voltage is obtained from output terminal M, measured across 

resistor R6.  The maximum voltage in the output of the amplifier is given by 

 𝑉 = (𝑅𝑆 + 𝑅𝑀) ∗ 𝐼𝑆 (5.16) 

 𝑉 = (110Ω + 180Ω) ∗ 25𝑚𝐴 (5.17) 

 𝑉 = 7.25𝑉 (5.18) 

Where RS is 110Ω and IS 25mA.The value of RM can be of any value between 100 and 

190Ω. 

Characterisation 

 

The characterisation of the transducer was carried out measuring voltages from 0 to 200V 

in steps of 5V, the characteristic curve is shown in Figure 5.12. The trend curve provided 

the gain applied to the code in LabVIEW to calibrate the readings.  
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Figure 5.12 Voltage transducer characterisatic curve. 

As specified by the manufacturer, the voltage reading is more accurate for high voltages, 

for the application in the converter this does not represent a problem.  The calibration 

factors are shown on the right hand side of Figure 5.12. 

 

5.4.2 Isolated current transducer.  

The current transducer HX 10NP, like the voltage transducer, relies on the Hall Effect. 

This transducer is capable to read up to ±10A rms. It outputs a voltage from 0 to 4V. The 

current transducer circuit is shown in Figure 5.13.  

 

Figure 5.13 Current transducer circuit. 
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The characterisation of the current transducer was done by varying a current from 0 to 

15 A in steps of 0.5A. The output of the transducer was measured using a multimeter and 

an oscilloscope, the characteristic curve is shown in Figure 5.14 with the calibration 

factors are shown on the right hand side of the figure. 

 

 

 

Figure 5.14 Current transducer characteristic curve  

The characterization of the current transducer gives important information about the gain 

of the sensor to then process its signal and adapt it in the controller.  

In order to implement closed loop control of both converters, current and voltage 

transducers circuits were selected and employed to interface with the FPGA. The initial 

tests of the converters were carried out using Silicon (Si) MOSFETs and the appropriate 

gate drivers, and the next stage is the test with SiC and GaN components as detailed in 

the subsequent chapters. 

5.5 DC-DC converter evaluation  

The first stage of the multilevel converter is the DC-DC converter shown in Figure 5.15 

to step up (boost) the voltage from the battery to a DC voltage at a sufficient level to 

support the required output voltage in the Multilevel Converter of 110 VAC rms, and to 

also step down (buck) the voltage to charge the battery when operating in a grid to battery 

charging mode.  
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Figure 5.15 Bidirectional DC-DC converter 

This section provides experimental validation of prototype platform when operating 

under specific conditions. The DC-DC converter prototype is shown in Figure 5.16 

 

Figure 5.16. DC-DC converter PCB and FPGA. 

5.5.1 Inductor  

In order to fit the inductor in an ETD core, the switching frequency of the converter was 

set to 50 kHz and the value for the inductor was determined to be 0.4mH. 

For the switching frequency of 50 kHz, 3C90 ferrite material was selected as it can be 

used in frequencies below 200 kHz. From the I2L table in the Ferroxcube Data Handbook 

the appropriate core to use is ETD59 with an effective area (Ae) of 368 mm2  
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Considering a maximum saturation BS of 300mT. The minimum number of turns is 

calculated from (5.4) for an inductor (L) of 0.4mH and an output current of 13A. 

 Nmin =
L∗IO

Bmax∗Ae
 (5.4) 

 𝑁𝑚𝑖𝑛 =
0.4𝑚𝐻∗13

300𝑚𝑇∗368𝑚𝑚2 = 47.10 ≈ 47 turns (5.5) 

For the number of turns, the air gap length is calculated using (5.6)  

 

 𝑙𝑔 =
𝑁2∗𝜇0∗𝐴𝑒

𝐿
  (5.6) 

 

 𝑙𝑔 =
472∗4𝜋×10−7∗368𝑚𝑚2

0.4𝑚𝐻
= 2.55𝑚𝑚 (5.7) 

 

The area of the conductor required is given by (5.8)  

 𝐴𝐶𝑢 =
𝑘𝐶𝑢∗𝐴𝑊

𝑁𝑚𝑖𝑛
  (5.8) 

 𝐴𝐶𝑢 =
0.6∗368𝑚𝑚2

47
= 4.69𝑚𝑚2 (5.9) 

Where KCu=0.6 is the packing factor for the winding 

The diameter of the conductor is therefore 2.44mm  

Skin Depth  

For the frequency of 50 kHz the skin depth of a copper wire at 70oC is 0.34 mm, and the 

area of the wire that can be used at that frequency is 0.36mm2.Thus, a cable with at least 

13 twisted wires of 0.68 mm in diameter can be used.  

 

5.5.2 DC-DC converter testing 

The test results of the DC-DC converter at full voltage in boost and buck modes are 

presented in this section.  
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5.5.2.1 Boost Mode Test 

Under battery operation the DC-DC converter should provide the 5 level DC to AC 

converter with an adequate DC link voltage. The specification for construction site power 

supply voltage is 110 VAC (+10%, -6%). To step up the battery voltage, the boost mode 

of the converter is used, the circuit is shown in Figure 5.17 

 

Figure 5.17 Boost mode test circuit 

The maximum and minimum battery voltage is 170V and 108V respectively. The test 

specifications and conditions for the boost mode are detailed in Table 5.1.  

Vbatt min 

 

108V 

Vbatt nom 

 

144V 

Vbatt max 

 

170V 

Rload 

 

130 Ω 

frequency 

 

50 kHz 

Table 5.1 Test conditions 

Output voltage required is 155.56Vpeak (+10%, -6%); (170.1V, 146.22V). 

Test at minimum battery voltage. 

Vout min= 146.22V 

Iout min= 1.32A 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

146.22𝑉 ∗ 1.32𝐴

108𝑉 ∗ 1.8𝐴
=

193.01𝑊

194.4𝑊
= 99.28% 
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Figure 5.18 Input and output voltages in boost mode with minimum battery voltage. 

The waveform in Figure 5.18 and Figure 5.19 show the input and output voltages 

measured with the oscilloscope.  

Test at maximum battery voltage. 

Vout max= 169.4V 

Iout max= 1.54A 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

169.4𝑉 ∗ 1.54𝐴

144𝑉 ∗ 1.85𝐴
=

260.87𝑊

266.4𝑊
= 97.92% 

 

 

Figure 5.19 Input and output voltages in boost mode with maximum battery voltage. 

Vout=169.4V 

Vin=144V 

Vin=108V 

Vout=146.2V 
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The output voltage complies with the specification in boost mode for both minimum and 

maximum voltages described in previous sections.  

5.5.2.2 Buck Mode Test 

To charge the battery from a site transformer, the DC-DC needs to be operating in buck 

mode to step down the voltage to ~120V for battery charging. The circuit in buck mode 

is shown in Figure 5.20. The results of the test in buck mode are shown below.  

 

Figure 5.20 Buck mode test circuit 

The specifications of the test in buck mode are described in Table 5.2 

VDCin 

 

155.5 V 

Vout min 

 

108 V 

Rload 

 

100 Ω 

Iout 

 

1.2 A 

Table 5.2 Specifications buck mode 

 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

108𝑉 ∗ 1.3𝐴

155𝑉 ∗ 0.95𝐴
=

144𝑊

147.9𝑊
= 97.36% 

In Figure 5.21 the input and output voltages waveforms are shown as measured in the 

oscilloscope for the buck mode test. 
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Figure 5.21 Input and output voltages in buck mode. 

The full voltage test in open loop of the DC-DC converter proves that the system work 

within the limits established by the tolerances specified by the UK regulations. However, 

a full current and low voltage test has to be done before connecting the system to the 

battery to evaluate the performance of the system.  

5.6 Multilevel converter testing 

This section describes the evaluation testing performed on the 5L-FB-NPC, shown in 

Figure 5.22.  The results presented here are for Phase A, one leg of the full-bridge, Figure 

5.23, with the input voltage set at 100V.   A resistive load (R=200Ω) connected to the 

terminals A and GND. The figures shown below correspond to the models in NI Multisim 

used to evaluate the control algorithm described in Chapter 3 in LabVIEW.  

 

Figure 5.22. 5-level diode clamped full bridge converter. 

Vin=155.7

V Vout=108V 

Phase A Phase B 
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Figure 5.23 Phase A (3-level) converter circuit.  

The simulation results and the tested waveforms are shown in Figure 5.24 and Figure 5.25 

respectively. 

 

 

Figure 5.24 Output voltage of phase A, Co-

simulation.  

 

Figure 5.25 Phase A 

output voltage tested.  

 

The prototype performs as expected with the output voltage taking on the 3-level (-50V, 

0V and 50V) waveform. The output filter will eliminate the high frequency components 

and the output voltage waveform will approximate a sinusoid.   

5.6.1 Multilevel converter full bridge operation and capacitor voltage balancing 

The experimental operation of the full bridge converter compared with the simulation 

results are presented in this section. Here, the result is shown with 50V input voltage and 

load 200Ω. The output voltage obtained and measured with the oscilloscope is shown in 

Figure 5.27 and compared with the simulation result in Figure 5.26.  Good agreement 
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between the results can be seen although experiment waveform does show some 

deviations which includes noise, again, this will be cleared up by the output filter.  

 

 

Figure 5.26 Co-simulation front panel 

output voltage and output voltages per 

phase. 

Figure 5.27. 5-level converter output test 

at 50V input. 

 

The voltage on the DC-link capacitors was also monitored so the performance of the 

voltage balancing algorithm can be observed during a start-up transient, Figure 5.28. As 

can be seen the voltages are well balanced from the start-up and responding as well as to 

changes in the load current step change from 1 to 1.5A 

 

Figure 5.28 DC-link capacitor voltage balanced. 

5.6.2 Full-bridge 5-level converter operation 

In this section, the practical evaluation of the integrated converters, DC-DC and MLC is 

presented. The circuit diagram used is shown in Figure 5.29 
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Figure 5.29 DC-DC and MLC integrated 

The output voltage waveforms before filtering and filtered are shown in Figure 5.30 and 

Figure 5.31 respectively. This is using the same dead time for all MOSFETs in the MLC. 

The input voltage is 120V DC and both converters, DC-DC and MLC, are operated in 

closed loop. 

 

Figure 5.30 5-level output voltage before filtering 

The output filter is based on a low pass LCL filter with cut-off frequency of 5 kHz. The 

filtered waveform is shown here to demonstrate the sinusoidal waveform obtained when 

testing the MLC in full voltage. The output filter is only required when the converter 

interfaces with the grid. Further detail of the filter added is presented in Chapter 7 where 

the power quality of the voltage generated by the MLC is analysed.  
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Figure 5.31 5-level output voltage filtered 

More improvements to the control can be done by adjusting the dead time for each switch 

and using the filtered output current signal for the feedback. 

Further investigation on reduction of dead time and other parameters in the control of the 

converters is presented in the following chapters  

5.6.3 Transformer  

A transformer was required to operate the whole converter system from the 230VAC 

mains.  This transformer provided two functions, namely safety isolation and stepping 

down of the mains voltage to 110VAC expected on construction sites.  Figure 5.32 shows 

a block diagram of the whole test system.  

 

 

Figure 5.32 Block diagram of the grid interface. 

5.7 Phase locked loop with grid 

To implement the interface with the grid, the reference signal used to form the 5-levels in 

the DC-AC converter should be in phase with the mains and operating at the same 

frequency. The synchronisation of the single phase converter with the mains frequency 

and phase was implemented in LabVIEW FPGA with a phase locked loop (PLL). The 
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output of the PLL will therefore be used to generate the AC voltage at the correct phase 

and frequency.   

5.7.1 PLL to generate reference signal for MLC 

The reference signal in the MLC has to be synchronised with the mains to test the 

charging mode of the converter. First, a sinusoidal was generated with the FPGA to 

simulate the grid voltage at a lower level and 50 Hz and read back in an analogue input 

to generate the reference signal. Figure 5.33 show the results of this first approach, the 

signal in blue corresponds to the signal generated in the FPGA and acquired back into the 

system to generate the reference signal in green. The reference signal generated is in phase 

with the sinusoidal generated.  

 

Figure 5.33 PLL with sinusoidal generated in FPGA Vgen(blue) and Vref(green). 

 

Once the reference signal was generated with the previous method, the voltage from the 

actual grid supply, taken through an isolating transformer, is read via the analogue input 

in the FPGA. The reference signal similarly generated with the actual grid voltage, as 

shown in Figure 5.34.  

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-6

-4

-2

0

2

4

6

V
 g

e
n

e
ra

to
r 

(V
)

Time (s)

PLL with generated sinusoidal signal

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-1.5

-1

-0.5

0

0.5

1

1.5

V
 r

e
f 

(V
)



115 

 

 

Figure 5.34 PLL with grid voltage Vgrid(blue) and Vref(green) 

Debugging is being carried out to use the output of the PLL as the reference signal in the 

MLC to achieve the synchronisation of the mains and the MLC. 

5.8 Safety and protection circuit 

5.8.1 Fuse selection  

Considering 150% of the IRMS value of the input and output currents as maximum limit 

values. The fuse for the input of the converter or battery side is a slow blow fuse rated at 

250VAC and 15A, and the output fuse or multilevel converter input side is a slow blow 

fuse 250VAC at 20A.  

5.8.2 Battery protection circuit 

In order ensure safe operation of the system and to prevent damage occur to the battery 

an external circuit was used to monitor the battery voltage.  This was composed of a relay 

and a microcontroller, in this case an Arduino. The function of the monitoring system is 

to measure the voltage on the battery to ensure that it is not discharged below 108V and 

also to prevent overcharge beyond 170V. The battery protection circuit of the system is 

shown in Figure 5.35. 
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Figure 5.35 Battery protection circuit. 

If the system detects violation of the safe operating conditions, then the battery is 

disconnected from the converter and the FPGA based control system is informed of a 

fault and so stops the gate signals for the system performing a shutdown. 

5.8.3 Safety enclosure 

The converter was installed in a safety enclosure to comply with the departmental safety 

regulations. The enclosure contains the DC-DC and MLC converters along with the 

FPGA and battery protection circuit. The addition of 2 fans to the box is in order to reduce 

the operational temperature within the enclosure. A photograph of the final system is 

shown in Figure 5.36 

 

  

Figure 5.36 Enclosure safety box   
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5.9 Chapter conclusion 

This chapter covers the experimental evaluation of the base platform converter that is 

used to evaluate performance at different operating conditions, i.e. temperature, harmonic 

distortion and also to evaluate emerging semiconductor technologies. The converter is 

controlled with an FPGA from National Instruments and it is programmed in LabVIEW. 

The first part show the implementation in the FPGA and the circuits and sensors required 

for the experimental evaluation. The next part presented the test of the DC converter, 

followed by the MLC evaluation in isolation. The test of both converters integrated is 

shown from section 5.6.2. The following part of this chapter introduces the PLL function 

of the converter to interface it with the grid.  

The last part of the chapter focuses on the safety measures taken for the safe operation of 

the experimental setup from fuses to a battery protection circuit developed to operate as 

a separate system interconnected to the FPGA.  

In the next chapter (6), the thermal performance of the MLC evaluated in this section is 

presented and compared when using Si an SiC MOSFETs. 
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Chapter 6  – Evaluation of 5L-FB-NPC MLC featuring wide 

bandgap semiconductor devices 

6.1 – Introduction  

In previous chapters, the topology studied has been presented including the modulation 

techniques in Chapter 3. In Chapter 4 the application system is described in detail 

followed by the experimental evaluation of the converter in Chapter 5. Motivated by the 

increasing general interest on wide bandgap devices, the evaluation of the performance 

of SiC devices in this topology is presented in this chapter.   

The work presented in this chapter focuses on a evaluating the performance of alternative 

power devices when deployed in single phase 5-level Neutral Point Clamped 

converter(NPC), Figure 6.1.The underlying operation of the circuit is similar to the 

previous chapters where a form of space vector modulation (N2V) is used to derive the 

switching states to generate the output voltage and provide capacitor voltage balancing 

control to ensure the voltage at the midpoint of C1 and C2 is steady. 

Motivated by the impetus to reduce the use of electrical energy produced from fossil fuel 

resources and the continued increased in electric powered equipment, has led to the 

increased deployment of alternative energy resources. A power converter is often required 

 

Figure 6.1: Circuit diagram for the 5-level single-phase converter 
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to ensure its energy is supplied to the load in the most efficient manner. A MLC is able 

to produce output waveforms featuring a much lower harmonic distortion compared to 

the typical 2 level converter. In a MLC lower distortion is achieved by reducing the 

voltage step-size that occurs during a commutation event.  

Operating the MLC at high frequency, enables the reduction of filter size, nevertheless, 

this leads to higher switching losses reducing overall converter efficiency. The 

development of new semiconductor devices, such as Silicon Carbide (SiC) MOSFETs, 

allows high switching frequencies and permits operation at higher temperatures, thus 

reducing the requirements in both filtering and a thermal management when compared to 

their silicon (Si) counterparts. In addition to these characteristics, the converter can be 

scaled up for high power as the SiC MOSFETs voltage and current rating is higher than 

SiC devices. 

In the literature, performance comparisons between Si and SiC in MLC topologies have 

been found in [6-1] to [6-5]. In these works, evaluations in performance of Si IGBT and 

diode over SiC MOSFET and SiC JFET are made respectively, when used in a modular 

multilevel converter. The evaluation was based on a series of simulation results. In [6-2] 

a comparison in a medium power 3-level switched neutral point converter was carried out 

considering efficiency and operating temperatures by supplanting the Si IGBT and Si 

antiparallel diode with their SiC equivalents. The work undertaken in references [6-3] and 

[6-4] study a similar impact on the performance in a 3-level NPC topology. Reference [6-

3] presents the evaluation of SiC diodes (antiparallel and clamping) performance in 

simulation by comparing the average junction temperature and losses differences with a 

converter employing Si devices.  A simulation based study in reference [6-4] concentrates 

on a 3-phase converter, it evaluates a diversity of PWM methods and the power quality 

in terms of the Total Harmonic Distortion (THD) for various gate resistor values.  

In this chapter the results of an experimental study on the performance of SiC MOSFETs 

and SiC anti-parallel diodes operating as the switching devices in a 5-level NPC MLC are 

presented.  The performance of the MLC with SiC devices is contrasted with that of 

standard Si devices, the comparison is based on the devices temperature rise and the total 

efficiency of the converter. In Section 6.2 a description of the complete system and 

converter is presented followed by Section 6.3 with a description of the semiconductor 

devices used in the evaluation. In Section 6.4 the experimental evaluation of the switching 
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devices is presented, emphasizing the differences in efficiency, operating temperature of 

the switching components along with voltage waveforms and spectrum analysis of the 

output. 

6.2 – 5-level NPC Converter 

The evaluation platform for this work was a 5-level NPC intended for use as a 

construction site battery power supply.  The block diagram of the complete system is 

presented in Figure 6.2. The work presented here concentrates on the DC to AC 5-level 

converter. The entire system is designed to provide bi-directional power flow and the 

control of the system is implemented in LabVIEW, with a FPGA providing gate control 

signals to the MOSFETs as presented in Chapter 3 and 5 of this thesis.  

A review found in [6-6] considers different implementations of the NPC topology, for a 

single phase system, a topology with an additional leg or phase can be added, taking the 

output from nodes A and B making the 5-level Full-Bridge NPC (5L-FB-NPC) topology 

with output voltage levels defined as V, V/2, 0, -V/2 and –V, this has been described in 

detail in Chapter 3. The redundant switching states to generate the output voltage allow 

the individual divider capacitor voltages to be balanced. 

6.3 – Wide bandgap semiconductors devices 

Wide bandgap (WBG) semiconductor materials such as SiC or Gallium Nitride (GaN) 

are enabling unprecedented performance to be obtained with power electronic switching 

devices allowing power electronic converters to operate at higher frequencies, higher 

voltage stress, higher temperatures, and with reduced size.  

  

Figure 6.2: Block diagram of MLC system 
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In the last decade, SiC has been of particular interest in the power electronics industry 

with a large amount of research carried out to evaluate its performance. An interesting 

application of this novel semiconductor material is in the More Electric Aircraft (MEA) 

where it permits the operation at higher temperatures, reducing the weight of the 

electronic systems due to the reduced size of heatsinking, and it also improves the 

reliability of the systems. 

Motivated by the previously discussed advantages of WBG switching components, the 

temperature rise in the converter studied in this thesis using SiC and Si is evaluated to 

show the differences when operating as part of a multilevel converter.  

Reference [6-7] presents a review of a series of SiC and Gallium Nitride (GaN) devices 

including SiC MOSFETs in the range from 1.2kV to 10kV and provides details on the 

latest improvements in the technology including the MOSFETs in the 1.2kV range from 

CREE and ROHM. It has been demonstrated in [6-8] that the 2nd generation of Cree 

MOSFETs (C2M) can provide long term reliability, based on a stress of 1000 hours and 

150C and 175C for a VGS of -15V and 20V respectively.  This chapter builds on the 

previous work by demonstrating the deployment of SiC devices within a 5L Neutral Point 

clamped full-bridge multilevel converter. 

6.3.1 – Si and SiC evaluation devices  

SiC power MOSFETs were selected for the evaluation due to their high temperature 

operation, and the recent improvements in the normally-off n-channel devices that are 

now readily available in the market. 

The power electronic devices evaluated in this study are listed in Table 6.1.  The silicon 

MOSFET N95 was chosen as its ratings are comparable to the range of the SiC devices 

being evaluated. MOSFETs SiC 040 and SiC 280, were chosen for comparison due to 

their low RDS(on) and low current rating respectively.  

Another parameter considered when choosing which specific semiconductor devices to 

test was the input capacitance (CISS) since it gives a measure of how the switching devices 

will perform at high frequency, the smaller the capacitance the faster it will charge 

enabling the MOSFET to switch faster.  

For the Si MOSFETs, Si N95 has the lower value of capacitance but also has the highest 

RDS(on) and Si FDP has the lowest RDS(on)  with the highest capacitance.  



123 

 

For the SiC MOSFETs, SiC 040 has the lowest RDS (on) with the highest capacitance in the 

range of Si N95 and SiC 280 has the lowest capacitance of all the devices at 259 pF. 

The SiC devices described in this section were selected from the manufacturer CREE for 

its market leading innovation reputation and for the availability from the university 

suppliers. Cree’s solution offered at the time of evaluation was the newest technology 

available, being the second generation of the firm’s products.  

6.4 – Experimental evaluation 

The test was carried out under the conditions listed in Table 6.2 with the DC input being 

provided by a bench power supply. The MLC controller is set to give an output of 110 V 

AC and the load is connected to the terminals A and B of the MLC, see Figure 6.1.  

VDC 

 

120V 

VAB rms 

 

110 V 

Rload 8 Ω 

Iout 

 

13.75 A 

Pout 1.5kW 

Table 6.2 Experimental evaluation test conditions 

The input and output powers are calculated using the measurements of voltage and current 

at the input and output. Then the efficiency of the converter is found. 

The converter is controlled using the FPGA controller described previously to give the 

PWM to the converter to both balance the DC link, and control the output voltage. In 

order to keep the operating conditions comparable in all cases, the gate driver used is 

suitable to drive Si and SiC MOSFETs and the control parameters are the same for both 

Si and SiC tests.  

Name MOSFET Manufacturer VDS (V) IDS (A) RDS(on) 

(m) 

CISS (pF) 

Si N95 Si  ST   950 10 680 1620 

Si FDP Si  Fairchild   100 164 4.5 3960 

SiC 040 SiC  CREE   1200 60 40 1893 

SiC 280 SiC  CREE   1200 10 280 259 

Table 6.1 Switching devices for performance evaluation in 5-level single phase 

converter 
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6.4.1 – Hardware setup 

In order to effectively evaluate the performance of the switching devices, an external 

antiparallel SiC diode and a blocking diode was used to minimize the effect of the body 

diode of the MOSFETs, as shown in Figure 6.3.  The diode characteristics are detailed in 

Table 6.3.  The diodes were selected to match the specification of the converter and they 

were mounted on the same heatsink as the switching devices. The terminals shown as G, 

D and S in Figure 6.3, represent the actual terminals (gate, drain and source) connected 

to the converter topology presented in the previous section. The external antiparallel diode 

is a SiC diode from Cree’s 4th generation of SiC technology and has very low capacitance, 

allowing the MOSFET to switch faster.  

For each device under test, its temperature was measured by using thermocouples 

attached to the heatsink.  The ambient temperature in a laboratory was also measured and 

subtracted from the measured device temperatures to provide measurements for the 

temperature rise caused by the losses. The efficiency is determined by measuring the input 

and output power of the converter. 

 

Table 6.3: Characteristics of blocking diode and antiparallel diode 

 

Name Device Manufacturer VRRM (V) IF (A) 

Blocking Diode Si Schottky 

diode 

IXYS   600 50 

Antiparallel 

diode 

SiC Diode CREE   1200 11 

 

Figure 6.3: MOSFET with external SiC antiparallel diode and blocking diode.  
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The experimental apparatus, Figure 6.4, is housed inside an enclosure with forced air 

provided by fans blowing from the S1 and S3 devices to S21 and S41.  Since S1 and S3 

are located closest to the fans they receive greater cooling. Labels S1-4 and S11-41 show 

the locations of the heatsinks fitted with the power devices and C1, C2 are the DC 

Figure 6.4 Converter enclosure component 
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capacitors.  The heatsinks have a thermal resistance of Rth= 4C/W. The operating 

conditions for the experiment were the same, with the evaluation MOSFETs being the 

only change made during the experiments.  

The temperature was measured using thermocouples attached to the heatsink of each of 

the MOSFETs (S1, S2, S11, S21, S3, S4, S31 and S41). Figure 6.4 shows the location of 

the components in the enclosure and the position of the fans and the air flow direction. 

To measure the ambient temperature, a thermocouple was placed and it is denoted as Ta.  

The real distribution of the components is shown in Figure 6.5. 

6.4.2 – Temperature rise and efficiency results 

The temperature and efficiency results are presented in this section. As previously 

described, the MLC was tested at the range of frequencies from 20 kHz to 80 kHz. The 

figures below show the temperature rise for each device labelled as presented in the 

previous section.  
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Figure 6.5 Hardware of converter evaluated 
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The results of the Si devices are presented first followed by the SiC devices. The average 

temperature of the eight switching devices is calculated to give a clearer picture of the 

effect of the different devices when evaluated in the MLC.  

The results for the Si devices evaluated in the experiments are shown in Figure 6.6. and 

Figure 6.7. From these is may be seen that for the N95 devices, the temperature rise sits 

in the range from 50C to 110C and for the FDP from 15C to 37C, for the range of 

frequencies in the test. 

Figure 6.6: Temperature rise of Si N95 MOSFETs in MLC 

For the specific devices the temperature rise variation for Si N95 is between 12C and 

30C and for Si FDP is 5C to 12C. 

Figure 6.7: Temperature rise of Si FDP MOSFETs in MLC 
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The results presented in Figure 6.8 and Figure 6.9 correspond to the SiC devices 280 and 

040 respectively. The temperature rise is in the range from 25C to 55C for 280 

MOSFETs and from 12C to 40C for the 040 MOSFETs.  

Figure 6.8: Temperature rise of SiC 280 MOSFETs in MLC 

The distribution of the temperature rises seems to vary for certain frequencies but is 

generally consistent. The fluctuation between the minimum and maximum temperature 

rises of the SiC280 is between 8C and 12C. While for SiC 040 is between 4C and 8C.  

Figure 6.9: Temperature rise of SiC 040 MOSFETs in MLC 

Considering the variation of temperature rise in the different devices across the frequency 

range, it is evident that smallest span between measurements is for the SiC devices with 

4C between the minimum and the maximum for both SiC 280 and SiC 040. Whereas the 
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Si devices showed a difference of 7C for Si FDP and 18C corresponding to Si N95. 

This shows the good performance of SiC devices at both higher temperature and 

frequencies.  

Despite the distribution of the temperatures between the devices, the average temperature 

rise of all the devices increases with frequency. In Figure 6.10 the mean temperature of 

all the devices for a given frequency is taken and plotted to show the average temperature 

rise as a function of frequency for the Si and SiC devices.  

 

Figure 6.10: Average temperature as a function of frequency for the Si and SiC 

devices 

It can be seen that the device having the larger temperature increase is the Si N95, 

followed by the SiC 280 but there is a difference of approximately 40C.  This is to be 

expected since the RDS(on) of these devices is quite large which leads to higher conduction 

losses.  Comparing SiC 040 and Si FDP reveals some interesting behaviour.  At low-

frequencies the FDP devices provide better performance due to their lower on-state 

resistance.  However, at higher frequencies the 040 devices give slightly better 

performance where the switching losses incurred by the Si FDP devices begin to take 

effect.  Indeed, one can observe the gradient is shallower for the 040 devices indicating 

superior high-frequency behaviour. 
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Figure 6.11: Efficiency comparison as a function of frequency 

Efficiency measurements for the MLC fitted with the four types of MOSFETs is shown 

in Figure 6.11.  As expected the converter with the SiC 040 devices installed performs 

the best with efficiencies of 88% to 83%, then the Si FDP gives the next highest efficiency 

with 88.5% to 80%. SiC 280 gives an overall efficiency of 81% to 75% and finally the 

device giving the lowest efficiency is the N95 with 72% to 66%.  

The results clearly show the impact that RDS(on) and operating frequency on the 

performance of the converter. This is clearly seen in the efficiency measurements, as the 

converter fitted with the 040 devices exhibits the highest efficiency for the range of 

frequencies considered.  The addition of the isolating diodes can lower the overall 

efficiency of the converter as there is a voltage drop across them.  

6.4.3 – Voltage and current waveforms comparison  

In this section, the voltage and current waveforms are presented for a particular switching 

frequency of 30 kHz with the same evaluation parameters presented at the beginning of 

this section to evaluate the filtered output waveforms produced with each device.  

In Figure 6.12 the voltage and current waveforms corresponding to Si N95 are shown. 

Both voltage and current are sinusoidal. Although the figure shows the filtered voltage 

and current waveforms, it can be seen that certain noise still appears in the waveforms.  
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Figure 6.12 Si N95 voltage and current waveforms  

Figure 6.13 shows the FFT of the voltage waveform for the Si device. The FFT helps to 

illustrate the noise. Only the voltage FFT is taken as it will give a measuremen needed 

for the comparison. From the figure below it can be seen that the noise floor is around 10-

2. The component at 50 Hz corresponds to the output voltage generated by the MLC and 

the high frequency spectra lines in 30 kHz and 60 kHz correspond to the switching 

frequency. 

 

Figure 6.13 Si N95 voltage FFT 

In Figure 6.14 are the waveforms corresponding to Si FDP, it shows a ripple slightly 

bigger than the Si N95 for both voltage and current.   



132 

 

 

Figure 6.14 Si FDP voltage and current waveforms 

The spectrum shown in Figure 6.15 are the voltage components in frequency for the Si 

FDP. Comparing the FFTs for both Si devices, it can be seen that Si N95 has the lowest 

magnitude in the harmonics of the fundamental 50 Hz. For this example, the third 

harmonic is larger than the component with Si N95. 

 

Figure 6.15 Si FDP voltage FFT 

In Figure 6.16 the voltage and current waveforms corresponding to SiC 280 are shown. 

Both voltage and current are sinusoidal. Compared with the Si devices waveforms this 

seems less distorted.   
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Figure 6.16 SiC 280 voltage and current waveforms 

In Figure 6.17 the frequency components of the voltage are shown corresponding to SiC 

280. Compared to the lowest Si device (N95), SiC 280 shows higher amplitude 

components up to the 5th harmonic, then lower amplitude components at the higher 

harmonics than given by Si N95. 

 

Figure 6.17 SiC 280 voltage FFT 

The waveforms in Figure 6.18 are the voltage and current for SiC 040. The ripple and 

noise is similar to that obtained for SiC 280.  
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Figure 6.18 SiC 040 voltage and current waveforms 

Figure 6.19 shows the FFT of the voltage obtained with SiC040. The harmonic content 

with this device is slightly higher in magnitude for each harmonic achieved with SiC 280 

but lower than Si FDP. 

 

Figure 6.19 SiC 040 voltage FFT 

A summary of the harmonics magnitude in Table 6.4, after analysing and comparing the 

FFT of the different devices, Si N95 shows the lowest magnitude in the lower harmonics 

but SiC 280 gives lower magnitude followed by SiC040 of the higher harmonics up to 

the 9th harmonic analysed in this section.  

 



135 

 

MOSFET Harmonic number and voltage magnitude 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 

N95 77.97 0.06 0.27 0.05 0.49 0.24 0.57 0.14 0.15 

FDP 77.89 0.65 1.79 1.04 1.23 0.22 0.85 0.07 0.14 

SiC040 77.9 0.38 1.38 0.12 0.73 0.16 0.54 0.07 0.09 

SiC280 77.91 0.31 1.01 0.11 0.67 0.13 0.53 0.06 0.12 

Table 6.4 Harmonics voltage FFT magnitude  

The results obtained in this section are consistent with the input capacitance, SiC 280 has 

the lowest CISS with 259 pF followed by Si N95 with 1620 pF. This illustrates that the 

lower capacitance in the MOSFET enables a better operation in higher frequency 

6.5 – Conclusion 

The evaluation of performance of SiC compared to Si devices in the 5-level MLC 

presented in this chapter shows the effect of the RDS(on) on the temperature rise of the 

devices and efficiency. The second generation of SiC MOSFETs and Si MOSFETs 

evaluated were chosen for their low RDS on (SiC 040 and Si FDP) and for the similarity in 

current and voltage ratings (SiC 280 and Si N95).  

The overall performance of SiC devices evaluated in the converter is significantly higher, 

the low temperature rise with SiC devices would allow the reduction of size as the cooling 

systems required by these devices are smaller and operating at higher frequencies implies 

a reduction in filter component’s dimensions. Although the temperature rise with Si FDP 

and SiC 040 appears to be close, the SiC competitor gives lower temperature rise at higher 

frequencies. Furthermore, the reliability of the SiC devices should be greater as the Si 

N95 operates at 85% of its voltage rating compared to less than 10% of SiC 040 rating. 

It should be noted that the control and modulation scheme remained unchanged for the 

experiments presented here.  It may be possible to modify the control to decrease 

switching losses for the different frequencies considered which could reduce the 

temperature rise in the devices and improving the overall efficiency and is currently under 

investigation.  

Following the last section in this chapter, in the next chapter, the effect of SiC on the 

THD when used in the MLC will be presented considering the dead time and switching 

frequency.  
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Chapter 7  – Power quality evaluation in 5L-FB-NPC MLC 

7.1 – Introduction 

In the previous chapter (6) an evaluation of wide band-gap devices in the MLC topology 

described in chapter 4 and 5 was presented. In this chapter, a study of the harmonics in 

the converter will be covered based on the modulation technique presented in chapter 3. 

The use of power converters to supply and drive large machinery and electronic 

appliances introduces unwanted disturbances (noise and distortion) to the systems to be 

powered and even onto the grid in grid connected applications. The main sources of 

disturbances introduced to the grid from power converters are from the control system 

and the modulator, and include PWM, space vector modulation used mainly to control 

the output of the converter and the technique used to balance DC-link capacitor voltages.  

The appliances or loads connected to the grid are also responsible of generating 

disturbances in the form of harmonics. Inductive loads in particular can introduce a large 

amount of disturbance as they commutate diodes during dead time periods.  

The harmonics in question are voltage or current frequency components that are a 

multiple of the grid frequency. The output waveform of a MLC possesses unwanted 

harmonics as a result of the operation of the switching devices. The total harmonic 

distortion (THD) is a parameter used to measure how far a waveform is with respect to 

the ideal waveform, in this case a sinusoid.  

In [7-1] an algorithm to calculate the THD of a sinusoid is presented along with results 

evaluation. The study of THD on MLC minimisation with different switching angles is 

presented in [7-2]. Further studies on the calculation of the THD on H-bridge topologies 

with equal and unequal DC-sources are have been presented in [7-3] and [7-4].  

A publication on NPC class D audio power amplifiers [7-5] analyses the effect of the 

clamping diode in this topology and how it affects the THD showing that the reverse time 

recovery of the clamping diode (ttt) has influence on the output distortion.  

Additionally, in [7-6] a model to predict the harmonics due to the dead time in class D 

amplifiers is presented. Moreover, the cited publication states that the harmonic levels are 

a function of load impedance, modulation depth, dead time and switching frequency. 
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Based on this, the effect of dead time in the MLC studied in this thesis will be evaluated 

as a function of frequency. 

In order to minimise the harmonics, and to obtain a purer sinusoidal output waveform, a 

filter is employed which will be presented in section 7.2, then the total harmonic distortion 

is presented in section 7.3 including a comparison with the THD obtained with the same 

WBG devices presented in the previous chapter.  

 7.2 – Multilevel converter (MLC) filter 

The output filter is used in a MLC to generate a sinusoid with the least noise and harmonic 

content. The filter should be able to attenuate the harmonic components with the minimal 

attenuation of the fundamental component. The goal is to maintain the THD at a low value 

while ensuring the size of the filter is not too physically large.  There are several filters 

that can be used, a comparison of passive filters is presented in [7-7] and for its ease of 

design and the good results it provides, an LC filter was deemed sufficient. A study 

analysing the harmonics and filter design is presented in [7-8]. Since there are different 

passive filters that can be used as low pass filter for a MLC a short review of the most 

commonly used filters is provided in the following section.  

7.2.1 – L filter 

An L-filter is a filter formed with an inductor connected in series with the output of the 

converter as shown in Figure 7.1. A resistor in series is normally considered in this circuit 

as the inductor can possess a winding resistance which affects its performance. The 

attenuation of this first order filter is 20 dB/dec.  

 

Figure 7.1 L-filter 

The corner frequency of this filter is given by 

 𝑓𝑐 =
𝑅

2𝜋𝐿
 (7.1) 

L

MLC R
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7.2.2 – LC filter 

The filter shown in Figure 7.2 corresponds to the LC low pass filter. It is a second order 

filter with an attenuation of 40 dB/dec. 

L

MLC C

 

Figure 7.2 LC-filter 

The corner frequency of this filter is given by: 

 𝑓𝑐 =
1

2𝜋√𝐿𝐶
 (7.2) 

And the transfer function of the LC filter is given by the equation 7.3  

 
𝑉𝑜𝑢𝑡 (𝑠)

𝑉𝑖𝑛(𝑠)
=

(2𝜋𝑓𝑐)2

𝑠2+2𝜁(2𝜋𝑓𝑐)𝑠+(2𝜋𝑓𝑐)2
 (7.3) 

Where ζ is the damping ratio and the quality factor Q can be expressed as: 

 𝑄 =
1

2𝜉
 (7.4) 

The characteristic of this filter is that is simple to design and implement. For frequencies 

lower than the corner frequency it has no gain. However, at the corner frequency, fc, the 

gain peaks and a damping circuit is required to minimise this effect.  

7.2.3 – LCL filter 

The LCL filter, shown in Figure 7.3 can be seen as the LC filter presented before with 

another inductance (Lg) in series  

 

Figure 7.3 LCL filter 

L

MLC C

Lg
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The corner frequency of the LCL filter is given by (7.5).  

 

 𝑓𝑐 =
1

2𝜋
√

𝐿+𝐿𝑔

𝐿∗𝐿𝑔∗𝐶
 (7.5) 

 

This filter has an attenuation of 60 dB/dec. The LC and LCL filter have similar responses 

around the corner frequency that can cause disturbances at that particular frequency. 

   

7.2.4 – Damping circuit 

The use of the low pass filter can be aided by a damping circuit to reduce the components 

at corner and higher frequencies. There are two different damping circuits presented in 

this section, both applied to a LCL filter. Simulation results with R and RC damping 

circuits are therefore presented in this section. The complete circuit diagram of the MLC 

and the filter is shown in Figure 7.4 Simulations were performed with VDC=155V that 

corresponds to the peak voltage to generate a 110VAC, LfA=LgA=LfB=LgB = 100µH, 

CA=CB=20µF and Rload=50 and fsw=40kHz. 

 

To reduce the peak at the resonant frequency, two passive damping circuit were tested to 

evaluate their performance. The R damping circuit shown in Figure 7.5, a resistor is 
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Figure 7.4 MLC with LC filter 
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connected in series with the LCL filter capacitor. In Figure 7.6, the RC damping circuit 

is presented, it connects in parallel with the LCL capacitors. The values of RfA and RfB 

to be evaluated range from 0 to 2.5 and for CfA and CfB from 1.5µF to 2.5µF. 

 

Figure 7.5 R damping circuit 

 

Figure 7.6 RC damping circuit 

 

The output voltage FFT in Figure 7.7, shows the frequency components of the signal 

without filter. The components of interest are at 50 Hz and 40 kHz with their respective 

harmonics.  

Figure 7.7 Output voltage FFT without filter 

In Figure 7.8, the simulation results for the R damping circuit is presented using different 

resistor values Rfa=Rfb . It can be seen that the 40 kHz component is attenuated as the 

value for R increases but the higher frequency components are poorly attenuated.  
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Figure 7.8 Output voltage FFT for the R damped LCL filter with Rfa=Rfb=0, 0.5, 

1,1.5,2 and 2.5 

The results presented in Figure 7.9 correspond to the simulation with the RC damping 

circuit, it can be seen that the behaviour is almost the same for 4 of the cases. At higher 

frequencies, as the value of R and C increases, the amplitude of these components is more 

attenuated.  

 

Figure 7.9 Output voltage FFT for the RC damped LCL filter with R=1.5 C=1.5µF, 

R=1.5 C=2.5µF, R=2 C=1.5µF, R=2 C=2.5µF, 
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A comparison of both circuits, R and RC is presented in Figure 7.10 taking the higher 

values of R and RC evaluated during these set of simulations and it can be concluded that 

the best result is obtained with the RC damping circuit at high frequencies. 

 

Figure 7.10 Output voltage FFT with R=2 C=2.5µF and R=2.5 

7.3 – Power Quality 

One of the main aims when designing a power supply, in this case an inverter, is the 

reliability of the converter. As important as the reliability is the power quality that the 

converter will provide specially when employed in critical areas such as hospitals, 

avionics, production lines and any other where poor power quality may damage or affect 

the operations that are critical. Power quality refers to the voltage level, frequency and 

harmonics.  

There are external factors like weather adversities, power cuts or the ones due to the 

power distribution which affect power quality, but these are out of scope for this study. 

However, there are also distortions caused by the loads or appliances connected to the 

local network. These loads demand non-sinusoidal currents from the grid, and they can 

be classified in 2 groups [7-9]. First group is the known loads such as high power 

converters and rectifiers. The second group is the unknown loads, in this group there are 

domestic appliance power supplies, computers, lighting and in general any electronic 

device connected to the grid found in a regular home. The second group is of particular 

interest because they generate greater effects and distorts the power line quality than the 

known loads.  
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The power demanded by the unknown loads introduces harmonics to the power grid. The 

increase of low order harmonics in the grid like those dominant harmonics introduced by 

these loads can create problems for other devices connected to the same node in the grid. 

The most common problems due to the harmonics are device overheating, insulation 

defects, and faults on measurement, control and protection systems.  

Due to this, it is essential to design power converters that introduce less disturbances to 

the grid in order to improve the power quality of the grid. The use of MLC can reduce the 

amount of harmonics introduced to the power grid with a higher number of levels which 

leads to the use of smaller filters compared to the 2-level inverters.  

The Total Harmonic Distortion (THD) gives a measure of how different is a waveform 

from its fundamental component and it is defined as follows.  

 𝑇𝐻𝐷 =
√𝑉𝑡𝑟𝑚𝑠

2−𝑉1
2

𝑉1
∗ 100 (7.6) 

The term V1 is amplitude of the fundamental, Vt RMS is the RMS voltage and the result is 

given as a percentage. The lower the value, the closer the waveform is to the fundamental 

component.  

7.3.1 Norms and standards  

The energy clients, or the end users of the electricity expect to receive or buy good quality 

energy in terms of a constant voltage level, frequency and low harmonic content. This 

can be compared to an actual product or service, where buyers look for high quality, 

reliable, reasonable cost while protecting the environment. Therefore, requirements are 

placed on electrical equipment manufacturers to ensure their system do not substantially 

affect energy quality.  

In recent years, more emphasis has been made on the power quality. Specialised 

institutions like IEEE (Institute of Electrical and Electronic Engineers), IEC 

(International Electrotechnical Commission), CENELEC (Comite Europeen de 

Normalisation Electrotechnique) and BSI (British Standards Institution) among others 

have developed standards and measurement methods to evaluate products in the power 

industry.   

The BSI norm that regulates the Electromagnetic Compatibility (EMC) is the BS EN 

61000. The compatibility is defined as the ability of an equipment to work properly in an 
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electromagnetic environment and not to induce any intolerable interference to it. The 

interference is an emission produced by an equipment, in this case a power supply 

producing an AC waveform at 50 Hz with the related harmonics, the distortion caused by 

the harmonics polluting a signal is given by the THD. This norm is presented in three 

main parts [7-10]. Part 2 is referred as the EMC environment, describes the environment 

and different perturbations on different applications. Part 3 covers the limits divided in 

different categories. Lastly, part 4 describes the testing and measuring techniques.  

For this work, part 3 and 4 are applicable. BS EN 61000-3-2 is the section of part 3, 

presents the emission limits applicable to electrical and electronic devices with input 

current of less than 16 A per phase and designed to connect to the grid. The devices are 

then classified into 4 different groups. The MLC designed for this work, falls into the 

class A devices. The THD limit according to the norm must be equal or less than 8% up 

to the 40th harmonic (N=40).  

Part 4 provides details on the measuring techniques for the range of voltages that the MLC 

designed to work, the requirement is that the observation period is a short cyclic of 10 or 

more cycles and the repeatability must be of ±5%. 

7.3.2 MLC harmonic evaluation 

In order to evaluate the THD of the output voltage and current, the LC low pass filter was 

added to the output of the converter as shown in Figure 7.11. The voltage at the load 

resistor waveform is captured and the THD is calculated for 10 cycles of 50 Hz sinewave 

according to the norm presented in the previous section.  
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The waveform shown in Figure 7.12 is the output voltage without filter. Using the low 

pass filter described previously the output of the MLC is presented in Figure 7.13 

 

Figure 7.12 Output voltage waveform  
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Figure 7.11 MLC with LC filter 
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Figure 7.13 Filtered output voltage waveform 

It can be seen from Figure 7.13 that the filter has attenuated the high frequency switching 

compared to the voltage waveform in Figure 7.12. The voltage level is 110 V rms and the 

THD for this particular waveform is 2.85% which complies with the norm.  

7.3.1 THD comparison Si and SiC 

Motivated by the requirement of greater power quality, an evaluation of the THD for the 

MLC designed was carried out. A set of tests were used to determine the THD at different 

dead time intervals and operating frequencies. The MLC is controlled with an FPGA 

providing the PWM using space vector modulation presented in previous chapters.  

The dead time to prevent two switches operating at the same time in a leg of the converter 

is also controlled by the FPGA. The FPGA works with a 40 MHz clock, so the minimum 

interval time that can be applied is 5 ticks of the FPGA clock (125ns).  

Si and SiC devices are evaluated in this work as described in the previous chapter. Table 

7.1 details the switching characteristics of the MOSFETs evaluated. 

Device Turn-on delay time 

(ns) 

VDS rise-time 

(ns) 

Turn-off 

delay time 

(ns) 

VDS fall time 

(ns) 

N95 18 16 50 21 

FDP 23 26 50 15 

SiC040 15 52 26 34 

SiC280 5.2 7.6 10.8 9.9 

Table 7.1 Switching times of the devices evaluated 
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It can be seen that the fastest device according to the turn-on delay is SiC 280 followed 

by SiC040 and N95 then FDP. In terms of the rise-time, SiC 280 has the best timing 

followed by N95 then FDP and SiC040. For the turn-off delay time SiC280 has the 

shortest delay followed by SiC 070 and finally N95 and FDP with the same delay. SiC280 

has the shortest fall time followed by FDP then N95 and finally SiC040. 

The MOSFETs are operated under the same conditions except for the dead time that will 

vary according to the conditions described. The test was performed for the range of 

frequencies from 20 kHz to 100 kHz in steps of 10 kHz. The voltage waveform is captured 

with an oscilloscope then the THD is computed in MATLAB.  

The results of these tests are presented in the following section for different adjusted dead 

time, minimum (5 ticks) and maximum (9 ticks).  

7.3.1.1 THD with different dead time 

According to the table above, the dead time was calculated and applied to the MLC, the 

dead times are detailed in Table 7.2 The dead time was obtained by adding the rising and 

falling times then rounded to the nearest integer number of FPGA clock ticks that the 

system can generate effectively, starting from 5 ticks (125ns). 

Device Dead time (ns) Dead time in ticks 

SiC 280 125 5 

SiC 040 225 9 

Si FDP 205 8 

Si N95 175 7 

Table 7.2  Dead time in ns and ticks 

The results presented in Figure 7.14 correspond to the evaluation of the THD with the 

different dead times presented above.  
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Figure 7.14 THD comparison with different dead time. 

For the range of frequencies from 20 kHz to 40 kHz, the largest THD corresponds to Si 

FDP, followed closely by SiC 040 with a THD of 4.6 to 4.7 % and with a THD of 3.9% 

to 4.1% is Si N95 and SiC 280 respectively. For the highest frequencies Si FDP gives the 

lowest THD with 2% compared to the others with a THD of between 2.5 % and 2.7%. Si 

FDP gives the lowest THD at high frequencies this is possibly due to reduced 

susceptibility to fast transients compared with the other MOSFETs. 

The set of results presented in this subsection correspond to an evaluation with an 

different dead time. In the following section, a set of tests with minimum and maximum 

dead time is presented.  

7.3.1.2 THD with minimum dead time 

After the test with different dead times, a test with the minimum dead time that the FPGA 

can effectively generate of 5 ticks which corresponds to 50 ns. The results for this series 

of tests are presented in Figure 7.15. 
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Figure 7.15 THD comparison with 5 ticks  

Here it can be seen that for the frequencies from 20 kHz to 50 kHz Si FDP and SiC040 

give a THD of 4.6% and 4.4% respectively. The THD for the highest frequencies Si FDP 

gives the lowest THD with 2.2% followed by SiC040 with a difference of only 0.1%. The 

THD for SiC 280 and Si N95 is the largest for these range of frequencies with THDs of 

2.6% and 2.7% correspondingly.  

7.3.1.3 THD with maximum dead time 

Followed by the minimum dead time, a series of test with the maximum dead time was 

performed. The dead time used is 9 ticks of the FPGA clock that gives an effective dead 

time of 150 ns. The results are presented in Figure 7.16 

 

Figure 7.16 THD comparison with 9 ticks 
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The THD obtained at the range of frequencies from 20 kHz to 40 kHz of 4.6% and 4.5% 

with SiC040 and Si FDP respectively followed by SiC280 and Si N95 with a THD of 4% 

and 3.9%. For the higher frequencies Si FDP provides the lowest THD of 2% followed 

by SiC040 with 2.4% followed closely by Si N95 and SiC 280 with a THD of 2.7% 

7.3.1.4 THD with minimum and maximum dead time  

In this section, the results obtained are presented as a comparison of the THD generated 

with the minimum and maximum values of dead time for each device.  

The device SiC 280 shows in Figure 7.17 for higher frequencies a lower THD of 2.25% 

with the minimum dead time compared to 2.4% with the maximum dead time.  

 

Figure 7.17 SiC 280 THD comparison 

Figure 7.18 shows the comparison results of SiC 040 which similar to SiC 280 the THD 

at higher frequencies is lower with the minimum dead time with a value of 2.2% 

compared to 2.5% found with the maximum dead time at 90 kHz.  
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Figure 7.18 SiC 040 THD comparison  

The silicon counterparts’ results are presented next. In Figure 7.19 the comparison for Si 

FDP the THD found was followed closely for both minimum and maximum dead times. 

For most of the frequencies tested, the lowest THD obtained was with the maximum THD 

of 9 ticks. 

 

Figure 7.19 Si FDP THD comparison 

The Si MOSFET N95 results are presented in Figure 7.20 for this device, the lowest THD 

obtained was with 9 ticks that corresponds to the maximum dead time with a lowest value 

of 2.39% compared to 2.7% at 70 kHz for the minimum dead time.  
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Figure 7.20 Si N95 THD comparison  

The results obtained in the comparison with the different dead time and maximum and 

minimum dead times showed that Si FDP gives the lowest THD followed alternatively 

by SiC 040 or SiC 280. Looking at the output capacitance of the Si FDP device it was 

found that the value of 925 pF may be influencing the results obtained for these series of 

THD evaluation tests. The output capacitance value for the other devices ranges from 23 

pF for SiC 280, 117 pF for Si N95 and 150 pF for SiC 040. Moreover, Si FDP has the 

lowest RDS (on) and highest input capacitance compared to the other devices. 

Evaluating the comparison of the THD with minimum and maximum dead time for each 

device it was found that for the SiC devices, the lowest THD obtained is with the 

minimum dead time. Whereas for the Si devices, the lowest THD was generated with the 

maximum THD. This proves that the SiC devices can operate faster and perform better 

with lower dead times. In general the THD with SiC devices show a trend to decrease and 

then increase with frequency, this can possibly be due to SiC devices susceptibility to 

transients introduced by fast changes in drain to source voltages resulting in a wrong 

switching behaviour. This can be minimised with the use of high-frequency optimised 

gate driver.    

7.4 – Conclusion 

In this chapter, the evaluation of the THD of the topology studied is discussed. The 

requirement of a filter in the output of the MLC is necessary to reduce the harmonic 

content and to keep the THD as low as possible to deliver a clean signal. There are 

multiple implications of a high harmonic content that increase the operating temperature 
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of the switching components, cables or even the appliances the converter is connected to, 

consequently reducing the reliability of the system.  

The evaluation of the THD as a function of frequency for different values of dead time 

has been presented in this chapter. It has been found that the THD is a function of dead 

time and frequency considering the results obtained and discussed in the previous 

sections.  

It has also been proved that the THD can also be reduced using different semiconductors 

as SiC, these devices have shown to generate lower THD at lower dead times. This can 

represent a benefit not only to the system powered with the MLC but also to the overall 

efficiency of the converter.  

In the following chapter, a conclusion of the work presented in this thesis will be 

presented and the future work will also be discussed.   
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Chapter 8  – Conclusion and further work 

8.1 Conclusion 

The thesis has presented the systematic analysis, design and experimental validation of a 

grid connected Five Level Full Bridge Neutral Point Clamped (5L-FB-NPC) multilevel 

converter.  The intended application for this is a battery-powered inverter to for use on a 

construction site with the expectation of using 2nd life electric vehicle battery packs.  The 

work also included a comparative study of the effects of using SiC power devices, the 

findings of which has been presented at IET PEMD 2016.   

Chapter 2 explored the background literature to the field of research reviewing the 

different multilevel converter topologies and comparing their relative merits in terms of 

complexity, number of switching devices & capacitors, voltage range, etc.  From this 

investigation, although the Cascaded H-bridge (CHB) can generate the same number of 

levels with the same number of switching devices and no clamping elements, it requires 

separate DC-sources per level. The 5L-FB-NPC was selected as the desired MLC 

topology for the intended application because it offered reduced number of switches and 

output voltage range with a single battery pack.  This chapter also introduced the concepts 

of modulation to generate specific output voltage waveforms. 

A detailed description of modulation techniques for various multi-level converters was 

provided in Chapter 3.  The purpose of this work was to review current state of the art 

techniques and compare their total harmonic distortion (THD) performance and voltage 

level balancing when used to provide the gate signals for the main multilevel converter 

topologies.  Simulink simulations were used throughout the investigations to evaluate 

performance. Sinusoidal PWM was used to introduce the main concepts of modulation, 

output voltage level generation and waveform spectra.  However, due to the ease of 

implementation in the FPGA for a single-phase converter, a space vector modulation 

(SVM)  is introduced. SVM provided a greater control for the MLC capacitor balancing 

and control of the switching sequence. A detailed simulation investigation of the nearest 

two vectors (N2V) modulation technique was given and the results showed good 

performance on balancing the capacitor voltage as well as producing the correct vector 

sequence to generate the low-distortion 5-level voltage waveform.  The findings of this 

chapter informed the design and the implementation of the modulator used in the 

hardware platform. 
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The design and implementation of the hardware platform used for the experimental 

investigations presented later in the thesis was described in Chapter 4.  The chapter 

discussed the requirements for the construction site battery powered inverter system and 

its functionality.  For the system to provide bi-directional power flow between the battery 

and the grid and/or power tool the system AC-DC conversion stage to provide high-power 

factor low distortion grid currents and a buck-boost converter stage for battery 

management.  A description of the systems operation and the design of the individual 

conversion stages is presented alongside simulation results to validate their design.  

The integration of the converters is evaluated through simulation and the feasibility to use 

the proposed topologies in the intended application is evaluated.  A major contribution of 

this chapter is the Co-Simulation of the power electronic circuitry and controller using 

the National Instruments (NI) Multisim and its following implementation using the NI 

LabVIEW platform which incorporated a FPGA to provide fast and accurate timing 

control for the modulator and analogue signal acquisition.  Multisim Co-Simulation 

provided a robust platform for the evaluation of the MLC, this platform enables the test 

of both, the circuits in the converter using high-fidelity models of the components, 

including gate driver and MOSFETs, and the FPGA code. This feature allows to simulate 

the analog and digital parts of the system in a single simulation to obtain accurate 

simulation results.  

The NI co-simulation platform required a somewhat different approach to Simulink as 

the loop time required consideration when developing control algorithms.  It is worth 

mentioning the protracted time taken to compile the LabVIEW FGPA code to VHDL.  

For example, a single LabView FGPA code change would take over 1 hour to compile 

successfully.  However, once a design has been finalised changing parameters such as 

PWM frequency, dead-times and reference levels is very easy and the system would 

operate reliably. 

Chapter 5 covered the systematic experimental evaluation of the base platform converter 

when operating under different battery and grid voltage.  The individual conversion stages 

were evaluated in isolation and then integrated and then operated together.  Comparison 

with simulation results from NI Multisim co-simulation and the experimental results 

demonstrated that whole system operated as expected. 



158 

 

Chapter 6 compared the performance of the converter platform when operated with 

different power device technologies.  Second generation devices of SiC MOSFETs and 

Si MOSFETs evaluated were chosen for their low RDS on (SiC 040 and Si FDP) and for 

the similarity in current and voltage ratings (SiC 280 and Si N95). Overall, the 

performance of SiC devices was significantly better with lower temperature rise, which 

would allow the reduction of size as the cooling systems required by these devices are 

smaller. Although the temperature rise with Si FDP and SiC 040 appears to be close, the 

SiC competitor gives lower temperature rise at higher frequencies. Furthermore, the 

reliability of the SiC devices should be greater as the Si N95 operates at 85% of its voltage 

rating compared to less than 10% of SiC 040 rating.  For the work presented here, the 

control and modulation scheme remained unchanged and therefore it may be possible to 

modify the control to decrease switching losses for the different frequencies considered 

which could reduce the temperature rise in the devices and improving the overall 

efficiency and is currently under investigation.  The findings of work described in this 

chapter was presented at IET PEMD 2016. 

Finally, Chapter 7 investigate the THD performance of the converter with the different 

switching devices for a range of switching frequencies.  The norms and standards 

associated with power quality and THD are introduced alongside the commonly used 

input filter topologies.  Simulation was used to evaluate the performance of the different 

input filters and damping circuits.  An experimental evaluation of the THD as a function 

of frequency for specific values of dead time was presented and it was found that the SiC 

devices could offer improved THD performance at higher frequencies with lower dead 

times. This can represent a benefit not only to the system powered with the MLC but also 

to the overall efficiency of the converter. 

8.2 Further work 

The research described in the thesis has revealed a number of opportunities for further 

work.  Below is a description of a number of avenues suitable for further investigation. 

Modulation improvements 

As has been described in the review chapters and demonstrated using both simulation and 

experiments, the chosen modulation techniques can have a significant impact on the 

performance of the converter.  Research in this area falls into three categories: i) reducing 

the number of switching events; ii) improve output waveform (lower THD) and iii) 
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provide better capacitor balancing.  All of these are inter-related and it may be possible 

to improve all three aspects by developing new space-vector algorithms.  A final 

consideration is the possibility of redistributing the losses of the power devices to 

homogenize the loss distribution and also minimize power cycling, both of which could 

improve the reliability of the converter. 

High-frequency operation 

Operating at high-frequencies would allow the size of the reactive components (filter and 

DC link and voltage level capacitors) to shrink thereby reducing volume and weight and 

so increasing power density.  In order to do this the thesis has shown that low-loss high-

frequency power devices are needed.  This work has also shown that the dead-time and 

modulation will be needed to be optimized. 

Comparison of SiC and Si with GaN power devices at high-frequency 

GaN represents another attractive device technology in terms of its high-speed 

performance.  The experimental investigation presented in Chapter 6 could be extended 

to include GaN devices to see the relative merits of each technology when operating at 

high frequencies (>250kHz). 

 


