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THE DISSERTATION OBJECTIVES 

The target of this dissertation is to investigate, to analyze and implement an 

innovative multi-level converter configuration topology solution to obtain high 

efficiency and high power density to be used in industrial power supply 

applications. To this purpose, a wide analysis of the existing multi-level 

converter topologies has been carried out. Accordingly, it has been found out 

that the multi-level T-Type topology can be considered as an important topology 

to be used for high speed generation (i.e. generation units composed by gas 

turbines, aerospace, etc.) and UPS applications. After that, the investigation 

focused on the three-phase unidirectional AC/DC multi-level rectifier (3Φ5L E-

Type Rectifier). The theoretical study and preliminary simulation has been 

addressed with reference to 3Φ5L E-Type Rectifier. Afterwards, the laboratory 

prototype 3Φ5L E-Type Rectifier has been built in order to validate theoretical 

analysis. As a result of the amazing performances of the rectifier in terms of 

weight, volume and efficiency, the final delivery project on the AC/AC double 

conversion system has been realized with reference to industrial applications like 

Uninterruptible Power Supply (UPS). The AC/AC converter is composed of two 

multi-level topologies: the AC/DC multi-level rectifier (5L E-Type Rectifier) and 

DC/AC multi-level inverter (5L E-Type Inverter). This connection is called Back 

to Back E-Type (BTB) multi-level converter. The multi-level rectifier topology can 

be easily extended, from the hardware point of view, to the double conversion 

configuration, which is typical of UPS applications. The main difference between 

drive system and UPS multi-level double conversion is the operating point. On 

one hand, a drive system usually works with a frequency which depends on the 

rotational speed of the electric drive. On the other hand, a double conversion 

UPS works at almost constant voltage and fixed frequency. In both the 

considered applications, all the power semiconductors need to be selected to 

optimize the overall performance of the multi-level converter topology. Finally, 
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a 20 kVA Back to Back E-Type multi-level Converter has been analyzed in order 

to ensure the following targets: 

• AC/AC peak efficiency equal to 98.25% including filter, driver, control and 

fan, with a resistive load; 

• a power density greater than 3.5 kW/L including filter; 

• input current total harmonic distortion (THDi) less than 3%; 

• output voltage total harmonic distortion (THDv) less than 1%; 

• a short circuit capability equal to 3 times nominal current for 60 ms. 
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THE DISSERTATION ORGANIZATION 

The dissertation is organized in five parts: 1) State of the art of Multi-level 

Converters, 2) 5 Level E-Type Unidirectional Rectifier, 3) 5 Level E-Type Back-

To-Back Converter, 4) Proof of concept design proposal topology, 5) Modeling 

Aspects and Control Scheme.   

1. State of the art of Multi-Level Converters 

The first part of the dissertation shows the needs and the motivation for the 

multi-level conversion. The main three-phases Back-To-Back Converter 

configurations based on multi-level topologies are discussed, moreover the 

voltage balancing and total commutation inductance issues are presented. 

Special attention has been given to patents and established technology 

already found in industry. Patent review is important as it offers the 

possibility to analyze, in this way, existing solutions in industrial 

environment, to identify what has been already protected. Consequently, 

from the existing systems description, further investigations will be carried 

out to develop and protect new solutions. 

2. 5 Level E-Type Unidirectional Rectifier 

In the second part of this dissertation, the 5 level E-Type Unidirectional 

Rectifier is introduced for electrical drives applications. The theoretical 

investigation, simulation results and losses analysis are achieved with 

reference to the suitable power semiconductors. A laboratory prototype 

was built with a rated power equal to 17 kW. The control strategy has been 

implemented using the National Instruments LabVIEW environment. The 

tuning of the control strategy is based on the rectifier Bode transfer function 

which has been obtained starting from the rectifier mathematical model. 

The experimental tests have been performed in order to confirm the 

achieved theoretical analysis. 
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3. 5 Level E-Type Back-To-Back Converter 

The basic power converter topology and its improvement, called New 5L 

E-Type Back-To-Back Converter (N5L BTB Converter) is investigated in the 

third part of this dissertation. Two different multilevel topologies in Back-

To-Back configuration are identified: N5L E Type Inverter and N5L E-Type 

Rectifier. A brief introduction to the characteristics of the 5L BTB Converter 

is presented. The general analysis, the switches realization, switches 

voltage ratings, modulation scheme and analytical approach to calculate 

the current stress in the 5L BTB Converter are discussed.  

4. Concept design of the proposed topology 

The analytical approach to calculate the conduction and switching losses in 

the 3ΦN5L E-Type BTB Converter is presented in the fourth part of the 

dissertation. The power losses are used to investigate converter 

performance and efficiency as a function both of the converter output 

power and of the switching frequency. The final part deals with the 

analytical method to select the capacitors and the inductors of the input and 

output filter and with the analytical technique for selecting DC-bus 

capacitor of the 3ΦN5L E-Type BTB Converter. The active and passive 

components stresses have been obtained and verified through preliminary 

simulation performed in the Matlab/Simulink and Plexim/Plecs 

environment. 

5. Modeling Aspects and Control Scheme 

In the fifth part, the control strategy both of the rectifier and of the inverter 

is presented and discussed. The control algorithm has been implemented 

in LabVIEW and the resulting program is made up of two different targets: 

FPGA and Real-time, which are run on dedicated hardware. The circuit of 

the 3ΦN5L E-Type BTB Converter has been built in NI Multisim 

environment. Afterwards, the control loop algorithm has been tested using 

the co-simulation capabilities between Multisim and LabVIEW 
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environments in order to evaluate its performances. 
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PART ONE 

- STATE OF THE ART - 
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1 INTRODUCTION 

1.1 Power Electronics Yesterday, Today and Tomorrow 

Power electronics began with the invention of the mercury-arc rectifier of 

Peter Cooper Hewitt in 1902 [1]. Afterwards, the ignitron and the thyratron or 

hot-cathode glass bulb gas tube rectifier were introduced in 1930s. The diode 

version of the thyratron was known as the phanotron. The ignitron, thyratron 

and phanotron devices were used until the 1950s. The invention of transistors in 

1948 by Bardeen, Brattain, and Shockley of Bell Telephone Laboratories 

transformed the power electronics world. Thus, the second electronics revolution 

started with the invention of the p-n-p-n Silicon (Si) transistor in 1956 by Moll, 

Tanenbaum, Goldey, and Holonyak at Bell Laboratories, and General Electric 

Company introduced the thyristor (Silicon-Controlled Rectifier - SCR) to the 

commercial market in 1958. The modern thyristor or SCR derives its name from 

the thyratron. Progressively other power devices emerged:  

• integrated antiparallel thyristor (TRIAC) was invented by General Electric in 

1958 for AC power control,  

• gate turn-off thyristor (GTO) was invented by General Electric Company in 

1958,  

• high-power GTOs were introduced by several Japanese companies in the 

1980s.  

The thyristors were used exclusively for power control in industrial applications 

until 1970. Then, different power semiconductor devices such as power 

MOSFETs (VMOS field effect transistors or FETs and viable silicon MOSFET, 

HEXFET) and bipolar junction transistors (BJTs, used as bipolar power 

transistors, BPTs) appeared on the market in the late 1970s, Fig. 1. In those days, 

it was not possible to run high power at high voltage and high switching 

frequency. The reason was the poor switching characteristic of the BPT and SCR 



 

 

 Page 13 
 

devices and high on-state resistance at high voltage related to the power 

MOSFETs (they were used for low-voltage high-frequency applications). The 

power electronics was born a second time when Jayant Baliga invented 

insulated-gate bipolar transistor (IGBT) at the end of 1970 and begin of 1980s. 

The IGBT solved all problems of BJT and MOSFET. To solve the high on-state 

resistance of high-voltage MOSFET, Super Junction-CoolMOS devices were 

developed by Infineon in 1990s. Considering the same package, CoolMOS device 

has lower on-state resistance than other MOSFET.  

 

Fig. 1. Power device technology reaches maturation. 

Today, the IGBT is the most important device for medium and high power 

applications and MOSFET is used for low and medium voltage applications. 

Over the years, silicon has been the basic raw material for power devices. Today, 

there are many challenges in researching large-bandgap power devices. Wide-

band gap (WBG) materials, such as SiC, GaN, and ultimately diamond (in 

synthetic thin-film form), are showing great promise. 

What is the situation like in power electronics today? Power electronics is part of 

every segment of our life, Fig. 2. Any piece of electric equipment we see today is 

somehow based on power electronics and static converters: in-home appliances, 

industrial equipment, renewable energy, automotive, avionic, etc., etc. Power 

electronics allows to improve the performance, power density, reliability, energy 

efficiency, and cost effectiveness of electrical power systems. New power devices 
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and new power systems development contributed to these improvements.  

What is going to happen in the near future? The power electronics target is to 

reduce as much as possible the costs, size, weight and losses of the conversion 

systems. To reach this purpose it will be necessary to use new material processing 

and fabrication techniques, packaging, device characterization, modeling, and 

simulation techniques. They will help the evolution of advanced power devices, 

higher voltage and current ratings, and the improvement of performance 

characteristics. 

 
Fig. 2. Power electronics today. 

As the Si-technology is reaching the theoretical limits, new WBG devices are 

becoming the new choice for power electronics applications.  

What kind of semiconductors technology can be used? Si, SiC or GaN? Of course, 

it depends on the applications! Naturally, power semiconductor, whatever it is, 

without “support system” is nothing. Thus, next to semiconductor technology 

we must also consider packaging and gate driver circuit.  

WBG devices are very promising, as they allow power electronic components to 

be smaller, faster, more reliable, and more efficient than their silicon-based 

counterparts. On the other hand, alternative packaging materials or designs are 

also needed to withstand the high temperatures and to minimize stray 

inductance and capacitance. Furthermore, WBG devices require an active gate 
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driver to limit the overvoltage. Thus, among the optimism surrounding WBG 

semiconductors there are still open challenges. First of all, there is the cost 

reduction and the need to optimize packaging to allow the full realization of the 

potential of WBG materials. Keeping in mind that silicon has taken more than 

half a century to get to where it is today, it is reasonable to predict that it will 

take some time for WBG and other emerging technologies to gain full maturity 

to replace silicon. Given the high potentiality, we can expect to see more WBG 

semiconductors in our future. In parallel with the power semiconductor 

evolution, new converter topologies and new control platform technology will 

play an important role in continuous efficiency improvement, power density and 

cost reduction. 

1.2 Research Motivation 

A power converter is a system consisting of four main elements: 1) a set of 

power semiconductor switches, 2) a network of passive devices (inductors, 

transformers and capacitors), 3) digital control circuitry and 4) control algorithm, 

Fig. 3.  

 

Fig. 3. Power converter System. 

From a material point of view, the power semiconductors are nothing else than 

a piece of “roosted sand”. Raw material is basically sand and it is 27% of the 

planet, Fig. 4a; this means that we have a lot of material although inductor, 
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transformers and capacitors are very dirty technology due to the use of iron, 

copper and aluminum which are considered raw material, Fig. 4b. Having all this 

in mind, it is obvious that the only solution for future development is to use more 

and more semiconductors (Si, SiC, GaN) and less iron and copper. In fact, 

applications linked to the power semiconductors have had a cost reduction in the 

recent years. Furthermore, iron and copper, which are the basic materials for the 

manufacture of inductors and transformers, are not cheap at all. Thus, from a 

cost point of view, if the number of semiconductor devices increases in a power 

converter, it does not mean that the cost of the overall system becomes higher. 

 

(a) 

 

(b) 

Fig. 4. Motivation and must of the future Power Electronics. (a) Use more “Nice” Power 

Semiconductors, (b) and Less “Not-Nice” iron and copper. 

Efficient energy conversion and power density for low and medium voltage 

applications have gained more and more attention in recent years. Applications 

such as photovoltaic and wind inverters [1], [3], [4], PFC rectifiers, electric and 

hybrid vehicles, power quality and active filters [5], aerospace and large ship 

propulsion [4],[6], [7], [8], [9], [10], [11], [12], [13], [14], Uninterruptible Power 

Supply (UPS) [15] and automotive inverter systems demand for high efficiency 

at low costs. Furthermore, the integration and acoustic noise problem are some 

of the main concerns in applications due to the established international 

Standards. For these reasons, the switching frequency is often increased (higher 

than 20 kHz). This leads to small and cheap passive components on one side, and 

high switching losses and low system efficiency on the other side. Additionally, 
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the trend in high-speed drives and in aircraft applications is to increase the 

fundamental output frequencies up to 1 kHz and even more to improve the 

power density. As a consequence, the switching frequency is increased in order 

to obtain acceptable voltage waveforms. Once again, the performance of the 

power conversion systems is limited by the power semiconductors, whose 

limitations are imposed by the physical characteristics of the semiconductor 

materials. Thus, the interests of the researchers are moving towards the 

development of new power semiconductors with lower switching losses and 

higher voltage withstand capabilities. Is it enough to improve the power devices? 

Obviously, the answer is no! We need to find new solutions which can 

accommodate power semiconductors with limited voltage and current rating. Is 

there any new topology? It is unlikely: all new topologies were introduced years 

and years ago. What is necessary to do is to consider all the existing topology 

converters and use them in a different way. 

One way to achieve higher efficiency and lower cost/size/weight is to 

deploy multi-level and/or multi-cell power converter topologies [1], [3], [4], [7], 

[8], [10], [11], [12], [13], [14], [16], [17], [18], [19], [20]. Almost four decades have 

passed since the first introduction of multilevel inverters. Their important role in 

industry and academia is well known. Multilevel converters have been 

introduced to extend the power range and to ensure the use of low voltage rating 

power semiconductors. Having low voltage across the device when switching, 

multilevel topologies allow to reduce the switching times. Consequently, the 

multilevel converters enable to improve the switching losses when they are 

compared to the classical two-level topology at the same switching frequency. 

Furthermore, multilevel converters also have interesting additional features 

when they are compared to the classical two-level topologies, such as the 

reduction of the harmonic content of the synthesized voltage waveform. 

As the working number of voltage levels of the converters increases, multilevel 

converters greatly increase the number of power devices and the number of 
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capacitors in the DC-bus. As a result, gate driver circuits required to drive each 

switch increase in number and the DC-bus voltage across the capacitors in series 

connection is unbalanced. Additionally, when using discrete components to 

build the power board, as the number of semiconductors increases, the layout of 

the board must be carefully designed in order to avoid the increasing of stray 

inductances and possible malfunctions. This may cause the overall system to be 

more expensive and complex. One point that should not be underestimated is 

the control algorithm which is used to regulate the multilevel converters in order 

to achieve the multiple constraints of number of switches of redundant states, 

power density, unbalanced losses, reliability, etc. All this represents a wide field 

of research in the study of existing multilevel topologies and new circuit 

topologies and their control algorithms in a wide range of applications. 

1.3 Background 

Multilevel inverters are widely used as static power converters for 

alternating current applications which include variable speed industrial electric 

drives, UPS and interfacing of renewable energy sources, photovoltaic and fuel 

cell, with the utility grids. Additionally, these applications require either 

unidirectional or bidirectional power flow capability [21]. Depending on the 

number of independent DC sources used in their structure, the multilevel 

inverters can be classified in two main groups, as shown in Fig. 5. The most 

known topologies are the Neutral Point Clamped (NPC) or diode clamped, the 

Flying Capacitor (FC) or capacitor clamped, and the cascaded H-bridge (CHB) 

[22]. Due to their modular and simple structure composed of several smaller 

power converters called power cells, the multilevel converters, as FC and CHB 

inverters, can be stacked up to an almost unlimited number of levels. These 

multilevel inverters are also referred to as multi-cell converters (MCCs) [23], [24], 

[25]. In order to satisfy particular application requirements and to improve the 

operational features, nowadays numerous variations and combinations of these 
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topologies have been presented in literature [25], [26], [27], [28], [29]. The 

utilization of these multilevel converters leads to designs with higher power 

ratings, improves the power quality and the dynamic stability for utility systems, 

assures high efficiency (even higher than 98%). In PVs systems, multilevel 

inverters can become relevant, since PV strings can be used as DC sources for 

multilevel topologies. As there is no need for a rectifier stage, the multilevel 

power circuit is greatly reduced. 

 
Fig. 5. Multilevel inverter classification. 

The multilevel converter can provide control for both maximum power tracking 

and output power factor reducing the filter weight and volume. Furthermore, it 

can improve efficiency (lower switching frequencies can be applied) and 

eliminate the need for step-up transformers, or it can boost circuits if enough PV 

sources are connected in series. CHB converters used for PV power conversion 

have been reported in [30], [31]. Multilevel converters can also be used as a DC-

AC power conversion in the UPS units. The connection between a multilevel 

rectifier and a multilevel inverter for AC-DC/DC-AC conversion is known as 

Back-To-Back Configuration (BTB), Fig. 6.  

Some multilevel inverters topologies, such as NPC inverter or FC inverter, 

require low or medium voltage DC source, whereas in other multilevel inverters 

topologies, as CHB inverters, several isolated DC sources are needed.  
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Fig. 6. Multilevel Back-To-Back Configuration. 

In order to provide these DC voltages, different rectifier topologies can be used 

which can be classified on the basis of the number of phases and the power flow 

capability [32], Fig. 7. As it can be seen in Fig. 7, there are two categories: the first 

one consists of single-phase and three-phase non-regenerative power rectifiers; 

the second one consists of single-phase and three-phase regenerative power 

rectifiers. The standard diode rectifiers at the input side have serious problems 

of low input power factor, high THD (Total Harmonic Distortion) in input 

currents and harmonic pollution on the grid. According to these problems, 

several topologies of converters have been proposed in literature [33], [34]. 

 
Fig. 7. Rectifier classification of improved power quality converters. 

A classification of unidirectional three-phase rectifier circuits has been 

achieved considering three different groups: passive systems, hybrid and active 

systems, as shown in [33], [34]. Three-phase PFC rectifier topologies are even 

more used in various applications as input power stage, such as variable speed 

drives, UPS, data centers and telecom power supplies, DC motor drives, battery 

charging, etc. [35]. In the last few decades, new interface topologies have evolved 
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from unidirectional two-level to three-level rectifiers [35], [36]. In [37], the three-

level neutral point clamped rectifier has been compared with two-level 

conventional rectifier. The study shows that multilevel rectifier for proposed 

control scheme is far superior to its counterpart two-level rectifier. On one hand, 

it provides better performance in terms of unity input power factor, negligible 

input current THD, reduced rippled regulated DC load voltage at a lower 

switching frequency and reduced voltage stress of the power semiconducting 

devices. On the other hand, the large number of power switches significantly 

increases cost and control complexity [38]. Anyway, applications such as variable 

speed drives, UPS and telecom power supplies, where both power density and 

specific weight are of the greatest importance, have become potential users of 

unidirectional three-level rectifiers. Among active PFC systems, the Vienna 

rectifier [33] is often used as multilevel rectifier stage for its reduced power 

losses, low number of active devices, sinusoidal input currents with Power 

Factor close to one and THD less than 5%, high efficiency and low switch/diode 

voltage stresses, which make it suitable from medium to high power 

applications. In order to improve the number of voltage levels and, at the same 

time, retaining the advantages offered by the Vienna rectifier, a new type of 

three-phase converter called Five-Level Unidirectional T-Rectifier has been 

proposed in [39], [40]. With the reference to unidirectional applications, the 

benefits of having a multilevel rectifier over conventional rectifier make the 

multilevel rectifier a favorite choice as a DC source for multilevel inverters. 

  



 

 

 Page 22 
 

2 MULTI-LEVEL THREE-PHASE BACK TO BACK CONVERTERS 

2.1 Multi-Level Converter in Low Voltage High Current 

Applications 

Multi-level Converters have been initially introduced for DC to AC conversion 

applications. In recent years, even in AC to DC conversion system the multi-level 

converter received increase interest of both academia and industry. Nowadays, 

many industrial applications have begun to require high power. Some 

appliances in the industries, however, require medium or low power for their 

operations. In fact, the use of a high-power source can be useful to some 

industrial loads but it can damage other ones. The increased demand for 

electrical power is experienced in both the automotive sector as well in the 

distributed generation and it occurred also in aerospace applications. As the 

electric power is increased also the size of the electrical systems is increased. In 

limited spaces, i.e. in automotive and aerospace applications, the size increasing 

of the electrical system is considered a main disadvantage. This has motivated 

research into finding new technologies that allow the use of power generation 

systems with high efficiency and reduced volumes. With reference to generating 

units being fed through high speed prime movers, a typical power conversion 

system for low voltage and high-power applications is shown in Fig. 8. In 

general, the gen-set system presents a high-speed turbine, a three-phase 

permanent magnet synchronous generator (PMSG) and a rectifier. The main idea 

of using high-speed generators is to couple directly an energy conversion unit to 

a given fast rotating mechanical system, (e.g. gas turbines, aircraft turbine turbo-

expander) without the use of gear boxes. The high-speed generators are used in 

order to reduce the system volume and maintenance costs and to increase 

efficiency. Permanent magnet machines have the most advantages, including 

higher efficiency and smaller size when compared with other types of motors 
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and/or generators of the same power rating [9], [10], [41]. The conversion of 

direct drive from turbines to permanent magnet systems has led to the increase 

of the machines speed. As a result, the higher the machines speed is the higher 

the output fundamental frequency (up to 1-2 kHz) of the motors will be.  

 

(a) 

 

(b) 

 

(c) 

Fig. 8. Block scheme of high speed gen-set applications; a) aircraft, b) automotive, c) Micro-

grid. 

Because of the resulting high fundamental frequency of the machine, the 

synchronous inductance is reduced in value to limit the reactive voltage drop. 

On the other hand, having low inductance value, the phase current at the input 

of the rectifier presents high level of the current ripple. A method to reduce the 

current ripple to an acceptable value is to increase the switching frequency. Does 

it make sense to increase the switching frequency? As explained more in detail 
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in the following section, multilevel converters are considered an attractive option 

due to their ability to reduce the ripple current without increasing the switching 

frequency. 

2.1 Multi-Level Converter in the UPS Applications 

Multilevel converters are currently considered as one of the most promising 

industrial solutions for high dynamic performance and power-quality 

demanding applications, covering a power range from 1 kW to 30 MW [18], [44], 

[45], [46], [47], [48]. Among the reasons, their success can be highlighted as the 

higher voltage operating capability, lower common-mode voltages, reduced 

voltage derivatives (dv/dt), voltages with reduced harmonic contents, near 

sinusoidal currents, smaller input and output filters, increased efficiency, and, in 

some cases, possible fault-tolerant operation [49], [50], [51]. Recently, they have 

been proposed to enable new possibilities for several important applications like 

UPS, wind energy conversion, electric and hybrid vehicles, aerospace, 

photovoltaic energy conversion, reactive power compensation, and regenerative 

applications [3], [52], [53], [54], [55], [56], [57].  

The UPS system plays an important role in the modern power electronic 

conversion, because of its simplicity in transferring electric power from the input 

to the output. In order to limit the harmonic influence on the grid or load, 

standards, guidelines and regulations are often required [58]. To this purpose, 

the UPS systems should have the ability to control the input and output power. 

In applications where the power quality of the power grid can be a problem, 

standard architecture for double conversion UPS systems are typically used, Fig. 

9. The load, in the double conversion UPS systems, is completely isolated from 

the power grid and the whole electricity flows through the UPS. During normal 

operation, the input voltage is rectified into DC; this power is converted back to 

AC through an inverter and used to power the critical loads. The advantages of 

this system are: the load is protected from all types of power disturbances present 
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in the power grid, the voltage and frequency of the AC output can be adjusted in 

the UPS and in case of power grid failure the battery will supply the loads. 

 
Fig. 9. Block scheme for double conversion UPS. 

Additionally, the double conversion UPS has an internal bypass, ensuring that if 

your UPS experiences a catastrophic failure or requires maintenance, you may 

be able to keep your critical loads online. The multi-functionality provided by 

this system is the reason why this type of UPS is the most common for data 

centers and digital offices. With the availability of the multilevel converter 

topologies, the UPS systems can be further explored with the potential of 

increasing the number of levels. Furthermore, the recent interest in renewable 

energy generation, especially in grid-connected photovoltaic systems, is 

imposing challenges in the realization of new topologies of multilevel converters. 

2.2 Motivation for Multi-Level Power Electronic Conversion 

The target of multi-level converter topologies is to have the losses reduction 

and, consequently, improving the efficiency without sacrificing both the system's 

power quality and costs. In fact, the increasing of the number of voltage levels 

produces better voltage waveform and reduced THD. Furthermore, reducing 

dv/dt stress leads to the reduction of Electromagnetic Interference (EMI). In the 

multi-level converter, the switches are stressed by a fraction of the total DC-bus 

voltage. This allows us to use lower voltage rated switches that have better 
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switching and conduction performance if compared to the switches rated on the 

full blocking voltage. Additionally, using multi-level converter means having 

short switching times of the devices. Keeping constant the device’s losses, a classic 

two-level converter is required to use two times the switching frequency of a 

three-level converter in order to achieve the same ripple in the output current. 

Thus, the input/output filter components in a multi-level converter will be 

smaller in both value and size than the filter components in a two-level converter. 

In other words, it can be shown that the peak-to-peak current ripple of an N-level 

converter that has to be filtered by an input and/or output filter strongly depends 

on the total inductance LT, switching frequency fsw and number of the levels N. A 

generalized current ripple equation is given by (1), where VBUS is the total DC-

bus voltage and m is the modulation index. 
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L N f
          

 (1) 

In order to reduce the current ripple, we can play with the switching frequency 

fsw and the number of levels N. The frequency is not an option since higher is the 

switching frequency then higher will be the conversion losses.  

  
Fig. 10. Normalized current ripple versus modulation index m and number of levels N. 

The inductance value LT is neither an option; higher is the inductance then 

bigger, heavier and more expensive will be the system. Thus, the only option is to 

increase the number of levels N. The normalized current ripple versus the number 

N of levels and the modulation index m is shown in Fig. 10. It can be notated the 

advantages of an N-Level converter compared to an ordinary 2-Level converter. 
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In view of the above, it can be concluded that the only way to increase the 

efficiency as well to reduce size/weigh/cost is to increase the number N of levels. 

However, as intensively discussed in [12], number N of levels cannot be arbitrary 

selected. Higher is better is not always the case. The system parameters such as 

the DC-bus voltage, current rating, the device switching speed, the commutation 

inductance, etc., etc., have to be analyzed to select an optimal number N of levels. 

In some applications, another important aim is to optimize the power density. To 

do this, besides reduction of the size passive filter the key player is the size of the 

heat-sink. Obviously, the heat-sink’s size is a function on the power 

semiconductor’s losses; the power losses saving depends on the different degrees 

of freedom such as topology, operating point of converters and choice of devices. 

As will be described later, the T-Type and/or I-Type topology multi-level 

converter exhibits a different behavior depending on the modulation index; 

changing the modulation index changes the converter’s operating point. When 

the modulation index is low in the multi-level converters can be present few 

voltage levels and the conversion losses can be much higher than a classic two-

level converter, considering the same power semiconductor’s technology. On the 

contrary, having high modulation index allows a better performance of the multi-

level converters compared to a classic two-level converter. Additionally, for high 

modulation index the current path in some multi-level topologies can involve 

more devices than in other multi-level topologies; thus, different multi-level 

converters topologies present different power conversion losses. Multi-level 

converters always work with high modulation index in some applications (i.e. 

UPS), therefore, power device’s technology being equal, the goal is to choose the 

most suitable multilevel topology that enables to reduce the conversion losses 

and, consequently, reduce the size of the heat sink. 
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2.3 Multi-Level Converter Topologies: Review 

  Back to Back power electronic conversion can be realized by using multi-

stage AC–DC/DC–AC converter, Fig. 11. Considering a three-phase input 

voltage source provided by PMSG at high fundamental frequency or supplied 

by the grid at fixed frequency and voltage, the features of the AC-DC converter 

are to provide sinusoidal input currents and a regulated DC voltage. Afterwards, 

DC-AC converter has the task of feeding a critical load or a grid with a voltage 

and current sinusoidal starting from a DC voltage. Moreover, in order to supply 

a constant DC output voltage even at low mechanical speeds or at low voltage 

values at the input from mains, boost functionality is often required. 

 

Fig. 11. Back-To-Back connected multilevel converters for variable-speed drive and UPS 

applications. 

The AC-DC three-phase converters are gaining more and more attention to 

provide high efficiency, small size, reliability and low component counts with a 

high input power factor, low line current distortion and the ability to provide a 

regulated output voltage, regardless of the input voltage and the load [21], [42]. 

Several types of active and hybrid rectifiers’ topologies, from the simplest to the 

most complex, can perform the described tasks. In the simplest case, the rectifier 

could be an ordinary 2-Level Voltage Source (VS) rectifier [12] with capacitive dc 

bus filter. The low complexity due to no control, sensors, auxiliary supplies or 

EMI filtering and high robustness of this concept must, however, be weighed 

against the disadvantages of relatively high effects on the mains and the 

unregulated output voltage directly dependent on the mains voltage level [33]. 
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Many topology of converters, from the simplest to the most complex (e.g. active 

PFC systems, hybrid systems, etc.) have been introduced in literature trying to 

improve the bad features previously mentioned [33], [34], [43]. Later, two levels 

and three-levels rectification have been widely used as the front-end converter 

due to its attractive benefits of provide a high input power factor, a regulated 

output voltage, regardless of the input voltage and the load, low line current 

distortion, high efficiency, small size and low system costs over a passive system. 

In order to reduce the switching losses caused by switching od power 

semiconductors at both the input and the output stages of multilevel 

configurations, to assure low distortions in the output voltages and to achieve 

sinusoidal input currents, many BTB topologies have been investigated. An 

overview of the voltage and current DC-link converter topologies used to 

implement a three-phase PWM AC–AC converter system is presented in [59]. As 

described in more details in [60], [61], the methodology and the results of a 

comprehensive comparison of a direct matrix converter (MC), an indirect MC, 

and a voltage DC-link BTB converter for a 15-kW permanent magnet 

synchronous motor drive have been investigated. Most of the three-level BTB 

converters, nowadays, are based on the three-level NPC inverter as shown in Fig. 

12.  

 

Fig. 12. Back-To-Back NPC configuration. 

For unidirectional power flow applications, the unidirectional three-level BTB 

converter (U3L-BTB) proposed in [62] can be used. This type of converter has 
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been obtained using the Vienna rectifier, as depicted in Fig. 13. 

 
Fig. 13. Unidirectional 3L BTB (U3L-BTB) converter. 

The BTB converters based on the FC inverter, as shown in Fig. 14, can achieve 

the same tasks of the previous configuration. The main advantage of the 

topologies shown in Fig. 12 and Fig. 14, besides their regenerative operation, is 

that the same hardware is required for both rectifier and inverter side; however, 

different control strategies are required. The rectifier control is achieved to 

control the input current, obtaining lower distortions than configurations based 

on diode rectifier and multi-pulse transformer. 

  
Fig. 14. Back-To-Back FC configuration. 

With reference to Cascaded H-bridge converters, replacing the diode rectifier 

with the three-phase voltage source rectifier or active front-end rectifier, for each 

power cell, the three-phase active front-end rectifier-based power cell is obtained, 

as shown in Fig. 15. However, the input transformer that feeds the rectifier 

cannot be eliminated, because it is needed in order to provide the required 
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isolated DC sources. 

 
Fig. 15. Three-phase active front-end rectifier-based power cell. 

Afterwards, in order to improve the efficiency and the effectiveness of the power 

conversion systems, new BTB topologies with an extension to the multilevel 

converters based on the five-level diode clamped topology have been introduced.  

2.3.1 Five-Level Converter Topology 

In [63] a BTB multilevel converter topology has been presented. This power 

generating system can be either interfaced with a utility or used as an 

autonomous backup UPS system. The backup UPS system has been 

implemented with a five-level diode-clamped rectifier (5LDCR) and a five-level 

diode-clamped inverter (5LDCI) in BTB configuration, as depicted in Fig. 16. 

 

Fig. 16. Grid-connected system with multilevel converters. 

The 5LDCI, or also called 5L I-type inverter, used in this configuration is shown 

in Fig. 17. The 5LDCI is capable to operate with balanced loads (symmetrical 

phases) or with fully unbalanced loads (asymmetrical phases) in each phase 

individually, whereas an unbalance loading should not affect the output voltage 
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regulation. 

 
Fig. 17. Conventional three-phase 5LDCI (or 5L I-type) inverter. 

An improved capacitor voltage balancing method for five-level diode-clamped 

converter has been presented in [64]. This converter consists of 36 diodes, 12 

diodes for each phase. Voltage balancing of the DC-link capacitors is another 

issue with this topology which has been studied comprehensively in [64]. A 

generalized approach of the backup system for the design of n-level generic BTB 

system with the generic n-level diode-clamped rectifier and inverter has been 

explained in [65]. When the number of voltage levels increases, the number of 

the power semiconductor or flying capacitors increases greatly. CHB topology 

can be easily extended to higher-level applications due to its modular design. 

Unfortunately, each H-bridge cell requires an isolated DC supply, which 

generally is obtained by the multi-pulse diode rectifier. The high complexity and 

cost of the phase shifting transformers are the main drawbacks when higher 

voltage levels are required. Moreover, the high number of series connected 

devices can cause the same high conduction loss as in the I-type 5L-NPC. In order 

to derive high performance converters five or more levels with simplified 

structure converters have been introduced and developed based on the 

combination of the basic multilevel topologies. In [66] is shown the five-level 

converter with reduced number of clamping diodes. This topology is the 
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combination of the two-level and the three-level converter cells and can be easily 

extended to the multilevel converter with higher number of levels. A three-phase 

five-level 10 kW converter/inverter system based on this topology is depicted in 

Fig. 18, [66].  

 

Fig. 18. Schematic of the 5L Rectifier/Inverter system. 

Recent surveys show that the T-type topology has been proposed as valid 

alternative to the NPC topology [67], [68], [69]. A five-level inverter based on 

multi-state switching cell applied to the T-type converter called 5L T-Type-MSSC 

[19] has several advantages compared with the 5L NPC-MSSC topology [70]. The 

5L T-Type-MSSC presents fewer semiconductors, because it does not need 

clamping-diodes, reducing the cost of the converter; during the operating 

intervals, the number of conducting semiconductors is smaller, representing a 

reduction in total losses and, consequently, a higher efficiency. Also in 

photovoltaic and fuel cell applications the T-type topology has been proposed in 

order to achieve better performance than the 5L I-type inverter [71], [72], [73]. A 

variant of the 5L-NPC inverter based on the equivalent matrix structure is then 

developed in [74]. The equivalent matrix structure is applied to high power 

induction machine electric drives and the general structure of the three-phase 

five-level NPC voltage inverter is shown in Fig. 19. The extension of this topology 

of inverter to generic n-level voltages has been investigated in [75]. As will be 

described in more detail in the next section, DC-link capacitors increase with the 
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number of levels; thus, due to the rectifier and inverter inject currents into DC-

bus capacitors, the voltage unbalancing across the capacitors is the main issue of 

this topology.  

 
Fig. 19. General structure of the three-phase 5L NPC Inverter. 

In other words, the average currents injected by the rectifier and inverter are zero 

only in an ideal case, namely when the modulation depths and the switching 

delays of both converters are identical. These conditions never occur in real 

applications. Accordingly, a careful control of converters and an additional 

circuit should be used in order to balance the DC-bus voltages across the 

capacitors. Fig. 20 shows the generalized multilevel inverter topology per phase-

leg [76]. The existing multilevel inverters such as diode-clamped and capacitor-

clamped multilevel inverters can be derived from this generalized inverter 

topology. The generalized N-level phase-leg is a horizontal pyramid of the basic 

cells (P2 cell). Since the basic cell is a two-level phase-leg, this generalized 

multilevel inverter is also called the P2 multilevel inverter. The advantage of this 

topology is its ability to balance each voltage level by itself regardless of the 

inverter control and load characteristics. For DC-AC energy conversion systems, 

the emerging multilevel inverter topologies for higher levels can be the best 

candidates as the second conversion stage in BTB configurations. 
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Fig. 20. A five-level Generalized Multilevel Inverter or P2 multilevel inverter. 

In recent years, several topologies with five-level structure have found practical 

applications which are commercialized by manufacturers. ABB introduced and 

employed in the market the product ACS 2000 system, a new 5-level active 

neutral-point clamped topology composed of active NPC and FC configuration 

(5L-ANPC) [77], [78], as shown in Fig. 21. The main drawback of the 5L-ANPC 

is that the voltage ratings of the power semiconductors are different; the outer 

switches are subjected to half of the DC-link voltage, whereas the inner devices 

have only one-fourth of the dc-link voltage. 

 

Fig. 21. Three-phase 5L-ANPC inverter. 

This limits the voltage rate of the converter for higher voltage applications [79]. 

In [20], [80], [81] a five-level H-bridge NPC (5L-HNPC) inverter, where the H-

bridge cells are composed of two classic three-level NPC phase legs, is proposed 
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and applied in the industry. This topology, depicted in Fig. 22, requires three 

isolated DC sources fed by a phase shifting transformer and a number of diode 

bridges. The bulky phase shifting transformer increases also cost and complexity 

of the converter. Another inverter that has attracted a great deal of practical 

interest in industry due to a number of advantageous features is called five-level 

flying capacitor (FC) converter [82], [83]. 

 
Fig. 22. Three-phase 5L-HNPC inverter. 

In this converter, shown in Fig. 23, there are two main issues: the number of 

flying capacitor and the regulating voltages of the flying capacitors. In practical 

applications, the manufacturers try to reduce the number of capacitors. 

 
Fig. 23. Three-phase five-level flying capacitor (FC) inverter. 

A novel four-level-nested neutral point clamped (NNPC) converter has been 

proposed in [84]. The NNPC inverter is a newly developed four-level voltage 

source inverter for medium-voltage applications with properties such as 
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operating over a wide range of voltages (2.4–7.2 kV) without the need for 

connecting power semiconductors in series and high-quality output voltage [85].  

 

Fig. 24. New three-phase five-level neutral-point clamped (NNPC) inverter. 

Recently, the new five-level voltage source converter shown in Fig. 24, that is 

based on the upgrade of a four-level NNPC converter, has been proposed in [86].  

 

Fig. 25. Three-phase Five-Level E-Type Converter. 

As describes in more details [86], this inverter can operate over a wide range of 

voltages without the need for connecting power semiconductors in series, it has 

high-quality output voltage and fewer components compared to other more 

conventional five-level topologies. Finally, a power converter topology, called 

Five-Level E Type Inverter, is presented and analyzed in [14] regarding the BTB 
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configuration with a multi-level rectifier. The circuit diagram of the converter is 

shown in Fig. 25. 

2.4 Some Disadvantages and Drawbacks of Multi-Level 

Converters 

2.4.1 Voltage Balancing Issue 

When the number of levels is increasing the number of series connected DC-

bus capacitors is increasing too. According to the equation (2), for I-Type and T-

Type multi-level topologies the number of series connected capacitors, NS, 

depends on number of levels, N. As it is shown in Fig. 26a, the number of DC-

bus nodes, NN, is given by equation (3). 

NS = N-1 (2) 

Using the first Kirchhoff’s law at the DC-bus nodes of the circuit, it is easy to 

understand as the currents that flow into DC-bus capacitors, CN , CN-1…, are not 

the same. 

NN = N-2 (3) 

Thus, the DC-bus voltages across the series capacitors are not equal.  

 

(a) 

 

(b) 

 

(c) 

Fig. 26. a) Multi-level Converter plus DC-bus capacitors, b) DC-bus capacitor for 3-Level 

converter, c) DC-bus capacitors for 5-Level converter.  

The main issue of the I-Type and T-Type multilevel topologies and their variants 

is the unequal voltage sharing among the series connected capacitors that results 
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in DC-bus capacitors unbalancing. When the number of levels is set to 3, we have 

only one node (Mid-point), Fig. 26b. If the converter is controlled with pulse 

width modulation (PWM) techniques [87], the converter modulation index is 

given by the equation (4), where m0 is the offset of the modulation index, M0 is 

the modulation depth and ξ=0,1,2. It can be proven that the average current into 

the mid-point depends on the modulation index offset m0. Therefore, controlling 

the modulation index offset m0 it is possible to achieve an equal voltage 

distribution among the series capacitors. 

, , 0 0 0

1 2
( ) 1 sin

2 3
A B Cm t m M t


 

  
     

  
 (4) 

Equation (4) is valid only for 3-phase 3-wire converters. In case of 3-phase four-

wire converters, the modulation index offset m0 is zero due to the short circuit 

between neutral and common star point. Mid-point voltage balancing problem 

of three-level NPC topology has been widely addressed in literature. Many 

control strategies to fix this problem have been presented in the last years [54], 

[63], [87]. Several methods were introduced for the DC-bus neutral point voltage 

balancing, some of them make use of the equivalent states (redundant state-space 

vectors), some other use feedback voltage control and other few use the feedback 

DC current sign detection [18], [88], [89]. Additionally, some of the proposed 

algorithms avoid the narrow pulse problems, minimize the losses by avoiding 

the switching of the highest internal current, or share the balancing task with the 

active front-end inverters [82], [90], [91], [92]. 

Considering the 5-Level Converter, we have three nodes, Fig. 26c. As mentioned 

above, the current injected into mid-point can be controlled using appropriate 

control strategies. The currents injected into node 1 and node 3 are not 

controllable variables. Thus, when the voltage balancing through the modulation 

is not achievable, available or for other reasons not implemented, additional 

circuits can be used to balance the capacitors’ voltages. These balancing circuits 

aim to charge or discharge the capacitors so that they keep balanced the voltage. 
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There are many ways to implement balancing circuits; a Back-to-Back converter 

[93], a buck-boost converter, a multilevel boost converter [42], [94]. However, 

these methods may increase the volume of the converter and have a 

disadvantage in realization of converters with high output power density. To 

solve these problems, Series Resonant Balancing Circuit (SRBC) has been 

introduced. One example for the balancing circuit of the multi-level converter 

has been implemented in [39], [40], [95]. 

 

Fig. 27. Equivalent circuit diagram of a SRBC. 

A generalized block diagram of a Series Resonant Balancing Circuit (SRBC) is 

depicted in Fig. 27. The first SRBC is connected between MINUS DC BUS, MID 

POINT and node 1; the second SRBC is connected between PLUS DC BUS, MID 

POINT and node 3. As extensively discussed in [42], [95], the balancing converter 

is a variant of the switched capacitor converter. The balancing converter works 

in discontinuous conduction mode (DCM), type 1 [42].  

2.4.2 Total Commutation Inductance Issue and Commutation Path 

Any network, passive components and power semiconductors introduces a 

stray inductance due to their physical and geometric characteristics. As the 

current path length increases, connection and devices stray inductances are also 

increasing. Why is it so important the stray inductance? Is really very important 

for many reasons. With high switching speeds, high power handling 

requirements and finite size, the stray inductance becomes a crucial factor in 

design of power converters, especially in the power converters hosting the 



 

 

 Page 41 
 

discrete switching devices. The presence of the stray inductance leads to over-

voltages 

swdi
v L

dt
  , (5) 

where Lξ is the total commutation inductance and disw/dt the device current slope. 

Having a power board layout with low stray inductance allows reducing the 

switching losses due to the lower switching time and to choose devices with a 

lower voltage rating. Devices with a lower voltage rating enable to reduce the 

conduction losses caused by semiconductor resistance. It is obvious that higher 

efficiency leads to smaller amount of heat produced by power converters, which 

means smaller heat sinks and cooling efforts. Consequently, we are going to have 

smaller and cheaper power converters. For these reasons, designers of power 

converters try to minimize stray inductance as much as possible. To do this, the 

commutation paths in the power converters’ circuits should be as short as 

possible.  

 

(a) 

 

(b) 

Fig. 28. a) Basic switching cell converter, b) Equivalent circuit diagram of the Basic switching 

cell converter. 

To explain the dynamics related to the commutation path, let us start 

considering the basic switching cell of power electronics, Fig. 28a. Many 

converter topologies have been proposed and analyzed to perform different 

types of power conversion. Actually, most of the existing power electronics 

converters are composed by the basic switching cell repeated over and over again. 



 

 

 Page 42 
 

The basic switching cell is composed by two switching devices, IGBTs and/or 

MOSFETs, with anti-parallel freewheeling diodes and DC source. Fig. 28b shows 

explicitly the stray inductances in the various parts of the circuit. 

SWL L ESL L     (6) 

According to the equation (6), the total commutation inductance Lξ is given by 

three parameters: 1) inductance introduced by connections Lσ, 2) inductance 

related to the DC-bus capacitors ESL, and 3) inductance associated with the die 

and wire bond of the power semiconductors, LSW. For example, if the current 

path includes the device SW1a and the diode D1B the inductance 

Lσ=L1+L2+L4+L5+L8+L9 and the inductance LSW= LC1 +LE1+LK2 +LA2. If the current 

path involves the device SW1B and the diode D1A the inductance 

Lσ=L1+L2+L4+L5+L6+L7 and the inductance LSW=LC2+LE2+LK1 +LA1. ESL is related 

to the capacitor technology, Lσ depends on the components placement and the 

arrangement of the circuit and LSW is linked to packaging and the PCB 

arrangement [12], [96], [97].  

When a semiconductor is turned off during normal operation the current has 

been flowing through that device. The previous current path is no longer existent 

due to the device turn-off. This process of passing the current from one to another 

path is called commutation. The commutation path depends on the power 

converter topology (rectifier or inverter) and the operating power factor. The 

commutation path will change depending on the direction of the output current, 

particularly whether it has the same or opposite polarity with respect to the 

voltage. The name “short/long” commutation path also indicates the geometric 

length of the commutations. It is obvious that the “long” commutation path 

results in high value of the total commutation inductance. 

2.4.2.1 Three-level Converters 

When we have the inductive load, the output voltage and current waveform 

are shown in Fig. 29a. For any value of power factor between ±1 the phase shift 

changes and the converter operation can be divided in two operating areas: 1) 
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V0>0, I0>0; 2) V0<0, I0<0. The instantaneous power is positive in area 1; the output 

voltage and output current are of opposite signs in area 2, thus, the instantaneous 

power is negative. Let us starting to analyze the basic switching cell converter. 

According to the operating areas, the commutation loop (highlighted in yellow) 

of the basic switching cell converter is depicted in Fig. 29b. The switching cell 

converter exhibits different current paths, Fig. 30. 

 

(a) 

 

(b) 

Fig. 29. a) Basic switching cell in operating areas; b) commutation loop. 

    

(a) (b) 

Fig. 30. Basic switching cell in operating areas: a) area 1, b) area 2. 

In this case, there are no short or long commutation paths in the basic cell 

converter; all paths are of the same geometric length. What happens when the 

number of the converters voltage levels increase? According to the multilevel 

converters topology, the commutation paths can be either long or short 

depending on the modulation index. Furthermore, the current path involves 

more power devices, which means high commutation inductance and high 

conduction losses. Let us consider a single-phase three-level NPC Inverter and 

its variant T-Type NPC Inverter (T-NPC Inverter). Considering Fig. 31, the 
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commutation loops of operating areas are depicted in Fig. 32, Fig. 33, Fig. 34 and 

Fig. 35. In operating area 1 and 3, the commutation loop involves two power 

devices for the NPC Inverter and three power devices for the T-NPC Inverter; in 

these areas, T-NPC Inverter shows longer commutation loop compared to the 

classic NPC Inverter. In operating area 2 and 4, commutation loop includes four 

power devices for the NPC Inverter and three power devices for the T-NPC 

Inverter; in these areas, T-NPC topology exhibit shorter commutation loop 

compared to the classic NPC Inverter. 

 

Fig. 31. Operating areas. 

Practically, in the T-NPC Inverter there are no short or long commutation paths; 

all paths are of the same geometric length and the commutation occurs between 

one outer switch (SW1 or SW4) and two inner switches (SW2, SW3). On the other 

hand, the NPC Inverter presents short commutation paths (e.g. area 1 and 3) and 

long commutation paths (e.g. area 2 and 3). Consequently, T-NPC Inverter shows 

on the whole a better commutation loop, which means lower stray inductance 

and lower overvoltage.  

 
(a) 

 

(b) 

Fig. 32. Commutation loop for operating area 1: a) NPC, b) T-NPC. 



 

 

 Page 45 
 

 
(a) 

 
(b) 

Fig. 33. Commutation loop for operating area 2: a) NPC, b) T-Type. 

 

(a) 
 

(b) 

Fig. 34. Commutation loop for operating area 3: a) NPC, b) ANPC, c) T-Type. 

 

(a) 

 

(b) 

Fig. 35. Commutation loop for operating area 4: a) NPC, b) T-Type. 

2.4.2.2 Five-level Converters 

The 5L E-Type Converter shows in Fig. 25 is an improvement of Three-level 

T-Type Converter. Adding two DC-bus capacitors and two bidirectional power 

semiconductors in the top-middle and bottom-middle circuit of Three-level T-
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Type Converter, we can obtain a 5L E-Type Inverter used as AC-DC power 

conversion in the proposed three-phase 5L E-Type Back-To-Back Converter [14].  

 
(a) 

 
(b) 

Fig. 36. Commutation loop for high modulation depth: a) 5L E-Type Inverter, b) 5L I-Type 

Inverter. 

When the modulation depth is high the 5L E-Type Inverter and the 5L I-Type 

Inverter (see Fig. 17) operate with five voltage levels. As shown in Fig. 36, it easy 

to understand that the 5L E-Type Inverter shows a better commutation loop 

compared with 5L NPC Inverter and 5L I-Type Inverter. Fig. 37 shows the 

current path in the 5L E-Type Inverter and the 5L I-Type Inverter during the peak 

of the positive modulation index. In the 5L E-Type Inverter, the current flows 

through only one power device, SWB, Fig. 37a. As depicted in Fig. 37b, current 

path in the 5L I-Type Inverter includes four power devices. The longer current 

path in the 5L I-Type Inverter causes higher overvoltage due to the high 

commutation inductance. Consequently, the voltage rating of the power 

semiconductors is increasing. Thus, the 5L E-Type inverter shows better 

conduction losses compared to the 5L I-Type Inverter. 
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(a) 
 

(b) 

Fig. 37. Current path during the peak of modulation index: a) 5L E-Type Inverter, b) 5L I-

Type Inverter. 
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3 PATENTS REVIEW 

3.1 Patent review on three-phase multi-level topologies 

The objective of this section is to provide a comprehensive review of relevant 

patents to find out the solutions being proposed by industries. It is of high 

relevance to identify which kinds of multilevel converters are used in UPS and 

PV applications, as it is useful for the further investigations in order to find new 

solutions that can create opportunity for growth within the industry. BTB 

systems and multilevel converters protected by patents are listed as follows. 

Patent 

References 

Description 

[98]  A power flow controller with a fractionally rated BTB converter 

is provided. The power flow controller provides dynamic 

control of both active and reactive power of a power system. The 

fractionally rated BTB converter comprises a transformer side 

converter (TSC), a direct-current (DC) link, and a line side 

converter (LSC). By controlling the switches of the BTB 

converter, the effective phase angle between the two AC source 

voltages may be regulated, and the amplitude of the voltage 

inserted by the power flow controller may be adjusted with 

respect to the AC source voltages. 

[99]  An AC-AC converter system includes transformers and 

converter units on primary and secondary sides of the system, 

respectively. The converter system is connected to first and 

second AC networks and the converter units are interconnected 

by means of a DC link. By integrating at least part of two 

transformers connected to the first and second network 

respectively into one transformer unit, a cost-efficient 
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transformer configuration can be achieved.  

[100]  A multilevel converter-based, intelligent, universal transformer 

includes back-to-back, interconnected, multi-level converters 

coupled to a switched inverter circuit via a high-frequency 

transformer. The input of the universal transformer can be 

coupled to a high-voltage distribution system and the output of 

the universal transformer can be coupled to low-voltage 

applications. The universal transformer is smaller in size than 

conventional copper-and-iron based transformers, yet provides 

enhanced power quality performance and increased 

functionality. 

[101] The present invention relates to an uninterruptible power 

supply, more specifically, to an uninterruptible power supply 

for the backup of AC-power supply which includes an electric 

double layer capacitor as an energy storage device. The 

uninterruptible power supply according to the present 

invention comprises an AC power source, a AC-DC converter, 

an energy storage device and a DC-AC inverter. The 

uninterruptible power supply has highly enhanced energy 

efficiency and power backup time, compared even to the 

conventional DC power backup system such that efficient 

power backup can be achieved. 

[102]  Pre-charging and dynamic braking circuits are presented for 

multilevel inverter power stages of a power converter with a 

shared resistor connected to charge a DC bus capacitor with 

current from the rectifier circuit in a first operating mode and 

connected in parallel with the capacitor to dissipate power in a 

dynamic braking mode. 

[103] Aspects of the invention provide methods and apparatus for 
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providing uninterruptible power. The uninterruptible power 

supply includes a first input to receive input power from an 

input power source, an output to provide output power, a 

bypass input to receive bypass power from a bypass power 

source. The uninterruptible power supply is constructed and 

arranged in a bypass mode of operation to control the inverter 

circuit to convert AC power from the bypass power source at 

the output of the inverter circuit to DC power at the input of the 

inverter circuit. 

[104]  A method for parallel non-redundancy operation of 

uninterruptible power supply equipment having a bypass 

circuit without using an additional common circuit. In the 

method of operating in parallel uninterruptible power supply 

equipment, each apparatus has two operational modes, a bypass 

feeding mode and an inverter feeding mode. An off-instruction 

for an AC switch that is turned on in the bypass feeding mode 

of one of the uninterruptible power supply apparatuses is 

produced in the respective uninterruptible power supply 

apparatuses when operated in the inverter feeding mode. The 

off-instruction is produced based on detection of coincidence of 

a bypass feeding signal which is active during the bypass 

feeding mode and a ready signal which becomes active when 

the inverter feeding mode is ready. 

[105]  A three-phase 5L T-type MSSC inverter presents three input 

terminals (P, MP, N) and three output terminals. The inverter 

further comprises a first multi-state switching cell (MSSC), 

comprising three input terminals, respectively connected to the 

input terminals P, MP, N of the inverter, and a first output 

terminal.  
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[106]  The new three-phase NNPC inverter with a controller that 

operates the switches of the inverter and switched capacitor 

circuit to provide a multilevel output voltage has been 

implemented. The switches of the NPC core and the switched 

capacitor circuit being gated using selected redundant 

switching states to control the voltage of the switched capacitors 

to achieve a multilevel output voltage having equally spaced 

voltage step values. 

[107]  A five-level power converter and a control method for the same 

are provided. The five-level power converter includes an 

inverter and at least a rectifier. The rectifier includes at least one 

rectifier control circuit and four capacitors which are divided 

into two groups, each with two capacitors connected in parallel, 

where a first end of a first capacitor to a fourth capacitor is 

grounded. The inverter includes a discharge control circuit, and 

a first inductor unit and a first load connected in series. A five-

level power converter and a control method provided in 

embodiments of the present invention may implement 

operations in five-levels and may be applied to a UPS system. 

[108]  A five-level hybrid inverter include a first boost apparatus, a 

second boost apparatus, a first half-cycle switching network 

coupled to the first boost apparatus. The first half-cycle 

switching network is configured such that a first three-level 

conductive path is formed when a voltage at a dc source is 

greater than an instantaneous value of a voltage at an output of 

the inverter. A first five-level conductive path is formed when 

the instantaneous value of the voltage at the output of inverter 

is greater than the voltage at the dc source. 

[109]  A high voltage inverter cascades a plurality of multiple voltage 
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level inverter modules each fed by an isolated dc energy unit to 

reduce the number of stages of the inverter required to generate 

a desired ac voltage has been invented. Thus, where the dc 

energy unit includes the secondary winding of an AC 

transformer, the number of each winding needed is reduced. By 

using active rectifiers operated in a boost mode to convert the 

transformer secondary voltage to dc for powering the inverter 

modules, regenerative operation can be achieved. 

[110]  A five-level topology unit non-isolated is used with a first DC 

power supply and a second DC power supply. The five-level 

topology unit include a floating capacitor that is charged by the 

first DC power supply or the second DC power supply and a 

half-bridge inverter module that outputs five mutually different 

voltage levels including zero. 

[111] A multilevel inverter with flying capacitor topology, either 

single phase or three phase is realized. Additionally, the control 

system allows the use of low-voltage MOSFETs (e.g. 80V) in 

order to form an equivalent switch of higher voltage (e.g. using 

six 80V MOSFETs resulting in an equivalent 480V switch). The 

conduction and switching characteristics of the low voltage 

switching multi-level inverter are substantially and 

unexpectedly improved over other multi-level inverter 

implementations. 

[112]  The present invention discloses the multilevel-clamped 

multilevel converter (MLC2). In this invention, the multilevel 

clamping concept is devised, whereby one manages a DC bus 

voltage, comprised of multiple DC bus voltage nodes, or more 

multilevel clamping units (MCUs) to convey a higher number 

of levels for synthesizing the output waveforms of a DC-AC 
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multipoint clamped (MPC) power conversion structure. Thus, 

the resulting converter has the number of levels increased when 

compared with conventional MPC multilevel solutions, which 

is very important for improving power quality, while the overall 

structure is kept simple, wherein the number of components can 

be considerably reduced. 

[113]  Cascade H-Bridge inverters and carrier-based level shift pulse 

width modulation techniques are presented for generating 

inverter stage switching control signals, in which carrier 

waveform levels are selectively shifted to control THD and to 

mitigate power distribution imbalances within multilevel 

inverter elements. 

[114] A high-power motor drive converter includes a five-level 

hybrid NPC output power conversion stage including three 

NPC phase bridges. Each NPC phase bridge receives power on 

a respective direct current bus. This invention also includes 

three isolated split series-connected DC capacitor banks each 

coupled in parallel to a respective one of the three NPC phase 

bridges and a controller for selecting switch positions with 

active control of neutral voltages. The controller is adapted to 

select switch positions using feedforward sine-triangle 

modulation with third harmonic injection, zero sequence 

injection, and/or discontinuous modulation injection. 

[115] An adjustable frequency multiphase power supply provides 

low harmonics to the line and the loads. The power supply 

having a plurality of power cells in each phase output thereof, 

each cell having an input side, and an output side. The input 

side is capable of converting single-phase AC into DC and for 

converting DC into AC to said source. The output side is capable 
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of converting DC into a controlled AC output and for converting 

AC from said load to feed said DC bus. The respective outputs 

and respective inputs of the cells are series connected. Each cell 

can have a single-phase transformer connected either to the 

input side or the output side. The output side of each cell can be 

controlled to limit the harmonic content of the output AC to the 

load, and the input side of each cell can be controllable to limit 

harmonic content of the AC power feed to the source. The input 

and/or output sides can be interdigitated to limit harmonic 

components to the source and/or to reduce the harmonic 

content of the AC supplied to the load. 

[116] An embodiment of the present invention comprises a multi-

level PWM inverter that is constructed by cascading multi-level 

H-bridge inverters and providing different voltage inputs to the 

multi-level H-bridges. The values of the voltages, or the ratios 

of the voltages, are selected in order to provide an increased 

number of output levels. In the cascaded arrangement, at least 

one of the multi-level H-bridge inverters has more than three 

levels. Preferably, at least one of the multi-level H-bridge 

inverters is a 5-level inverter. According to one aspect of the 

invention, the cascaded arrangement may use a primary 5-level 

H-bridge with at least one 3-level H-bridge (referred to as a 

“5/3H” arrangement). This arrangement can provide up to 

fifteen output levels if regenerative voltage sources are used, 

and up to eleven output levels if a non-regenerative voltage 

sources are used. 

[117] A single unit, four switching devices and two diodes configure 

each phase of a three-level power converting apparatus. In each 

unit are arranged along a flow direction of cooling air on a heat 
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sink of a cooling device with long sides of the switching devices 

and the diodes oriented perpendicular to the flow direction of 

the cooling air. The first and second diodes are arranged in a 

central area of the heat sink, whereas the second switching 

device and the third switching device with high heat generation 

loss are arranged in a distributed fashion to sandwich a group 

of diodes in the central area in between. 

[118] A novel topology of multilevel external point piloted converters 

has been designated. A voltage inverter has been characterized 

in that the N−1 generators comprise 3N−5 series connected 

elementary direct voltage generators, the two terminal 

generators of the N−1 generators connected directly to one of 

the two input voltage terminals comprising two elementary 

direct voltage generators and the other generators of the N−1 

generators comprising three elementary generators. 

[119] The NPC power converter fault protection system is provided, 

and include a DC bus, a switching network, a control module 

and method of controlling a NPC. 

[120] A method of controlling a three-phase three-level NPC inverter 

is realized. The method includes regulating the electrical 

potential of the mid-point when the inverter operates at full 

voltage, that is to say in over-modulation. 

[121]  A multi-level medium-voltage inverter that receives three-

phase power and outputs a three-phase voltage to a three-phase 

motor has been invented. The multi-level inverter includes a 

rectifying unit to rectify received a three-phase voltage, a 

smoothing unit to receive the rectified voltage and provide the 

rectified voltage as voltages having different levels to first to 

third different nodes and a unit power cell including a plurality 
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of switch units to transfer the voltages having three levels 

provided from the smoothing unit. Two units power cells are 

provided per phase of the motor operated as a load, and the 

number of unit power cells may be increased as needed. A unit 

power cell is configured as a cascaded T-type NPC inverter to 

reduce conduction loss. 

[122]  A full-bridge neutral point clamped (NPC) inverter having an 

input and an output converts a direct current voltage at the 

inverter input to an alternating current voltage at the inverter 

output acceptable for connection to a utility has been invented. 

The inverter further includes a pulse width modulator control 

unit having a predetermined carrier frequency. The control unit 

using for each carrier period either positive or negative values 

of a reference voltage to generate a predetermined number of 

signals to control the switching on and off of each of the eight 

switching elements. 

[123]  The present invention relates to a multilevel inverter comprising 

a converter unit, a film capacitor rectifying the DC power source 

converted by the converter unit and an inverter unit converting 

the rectified DC power source to a three-phase current in 

response to a pulse width modulation (PWM) control signal. 

Moreover, the system includes a current detector detecting a 

current outputted from the inverter unit, a power cell main 

controller generating a voltage instruction and a voltage 

instruction using the detected current, and a PWM controller 

generating the pulse width modulation (PWM) control signal 

using the voltage instruction and frequency instruction. 

[124]  A multi-level inverter having at least two banks, each bank 

containing a plurality of low voltage MOSFET transistors. A 
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processor configured to switch the plurality of low voltage 

MOSFET transistors in each bank to switch at multiple times 

during each cycle. 

[125]  A method for balancing a voltage of an inverter determines an 

expected voltage of a capacitor based on a voltage of the 

capacitor at a start of a switching cycle and determines a duty 

cycle minimizing a value of an objective function representing a 

difference between the expected voltage of the capacitor and a 

desired voltage of the capacitor. A switching sequence 

controlling the inverter is selected based on the duty cycle. 

[126]  The present invention provides a three-level ac generating 

circuit and the control method thereof. The three-level ac 

generating circuit includes a three-level boosting circuit 

connected to an input source and a positive boosting portion 

and a negative boosting portion. A three-level inverting circuit 

connected to the three-level boosting circuit and including a 

positive inverting portion and a negative inverting portion, 

wherein while the input source is a relative low voltage, the 

relatively low voltage is boosted via the three-level boosting 

circuit, inverted and output via the three-level inverting circuit. 

[127]  A solar module device with a back plane integrated inverter 

device includes a substrate member having a front side and a 

backside. The device has a plurality of solar cells, which 

includes a first group of solar cells connected in a first serial 

configuration and a second group of solar cells connected in a 

second serial configuration, and a tab wire configuration formed 

overlying the front side of the substrate member. The tab wire 

includes a first interconnection coupled to the first set of solar 

cells in the first serial configuration and a second 
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interconnection coupled to the second set of solar cells in the 

second serial configuration. The device has an inverter device 

coupled to a backside of the substrate member. The inverter 

device includes a first set of connections coupled to the first 

interconnection and a second set of connections coupled to the 

second interconnection. 

[128]  The multi-level DC/AC converter includes an input 

connectable to a direct voltage source, a half-bridge with a first 

controlled switch and a second controlled switch between 

which is positioned an output of the converter. A first 

connecting branch between the first controlled switch and the 

first connection and a second connecting branch between the 

second controlled switch and the second connection are present. 

A third controlled switch associated to the first controlled 

switch, connectable in series to the first controlled switch to 

generate an output voltage exceeding a first limit value, a fourth 

controlled switch associated to the second controlled switch, 

connectable in series to say second controlled switch to generate 

an output voltage below a second limit value are included. 

[129]  A control system for a multilevel converter includes a 

differential mode current regulator, a neutral point (NP) 

controller and a PWM controller for generating switching pulses 

for the multilevel converter. The differential mode current 

regulator generates reference voltage command signals based 

on a difference between reference current command signals and 

actual current command signals, and the NP controller 

determines a modified neutral point current signal in response 

to a DC link voltage unbalance. The NP controller utilizes the 

modified neutral point current signal to generate a common 
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mode reference voltage signal. The PWM controller based on the 

reference voltage command signals and the common mode 

reference voltage signal generates the switching pulses. 

[130]  A method for controlling a switching device of a multilevel 

converter includes dynamically selecting a carrier and 

generating a switching signal to affect a switching event of the 

switching device based on a comparison of the dynamically 

selected carrier with a reference signal. The carrier is 

dynamically selected from a multiple carrier; each 

corresponding to one of multiple contiguous bands into which 

range of a waveform of the reference signal is divided. The 

carriers corresponding to different bands have differing 

waveform shapes. The dynamically selected carrier corresponds 

to the band instantaneously occupied by the reference signal. 

The dynamic selection is executed whereby whenever there is a 

transition of the reference signal from a first band to a second 

band, the carriers for the first and second bands are selected 

dependent on a slope of the reference signal waveform at the 

transition. 
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PART TWO 

5 LEVEL E-TYPE UNIDIRECTIONAL 

RECTIFIER  
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4 INTRODUCTION 

4.1 Power Conversion System for Variable Speed Drive 

Applications 

The main attractions in the variable speed drive applications are the weight 

and size reduction and the increased efficiency with a restricted system costs. In 

the field of power generation units, in order to avoid the use of gearbox and 

ensure a higher power density, the interest towards the high-speed gen-set units 

is increased. In fact, high speed electrical generators are often directly coupled to 

aircraft turbines to provide, through the controlled three-phase rectifier, power 

to the on board electrical distribution system (for example power supply to 270V 

or 540V DC-bus), Fig. 38. 

 

Fig. 38. Circuit diagram of the electrical generation based on DC-bus distribution system. 

Future trend in variable speed drive applications is to consider the permanent 

magnet synchronous generator (PMSG) to be directly as a part of the engine; as 

a result, very high frequency of the EMF fundamental harmonic is expected. The 

main advantage of the direct-drive generation systems is the reduction of 

dimensions and energy dissipation, ensuring, at the same time, easy 

maintenance and high reliability. Nowadays, the aim is to identify a particular 

kind of rectifier able to satisfy, in the best way, the requirements of the electrical 

generation systems. Three-phase AC-DC power converters have been improved 

in order to provide high efficiency, small size, reliability, high input power factor 

and low line current distortion. Several types of active and hybrid rectifiers 

topologies, from the simplest to the most complex, pursue the described tasks 

[21],[33],[34]. 
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4.2 Multi-level Converter for Variable Speed Drive 

Applications 

In the mentioned applications, the electrical distribution system is usually 

composed by three elements (as it can be seen from Fig. 38): high-speed turbine, 

a three-phase PMSG and a rectifier. As previously mentioned, the high-speed 

generators are used in order to increase the efficiency and reduce the system 

volume and the maintenance costs. In order to limit the reactive voltage drop 

given the high fundamental electrical frequency, new technologies and designs 

within drives have been enabled to reduce the synchronous inductance.  

To better explain the concept let’s consider the equivalent circuit of the input 

converter, as shown in Fig. 39. As can be seen from Fig. 39, the EMF is the 

electromotive force, R0 is the winding stator resistance and L0 is the leakage stator 

inductance. 

 
Fig. 39. Equivalent circuit of the input converter. 

If the fundamental frequency increases the reactive voltage drop across the 

inductance L0 is not negligible; as a consequence, the phase voltage, Vph, supplied 

by the machine is reduced. For this reason, the aim of the machine design is to 

reduce the synchronous inductance to limit the reactive voltage drop. On the 

other hand, having small inductance per phase at the converter side leads to a 

high current ripple (as can be shown from the equation (1). Increasing of the 

switching frequency to keep the current ripple within bounds is not an option 

due to the losses and the devices speed limits. Thus, the multi-level converters 

have been introduced for variable speed drive applications with high 

fundamental frequency. 
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4.3 A Solution: 3Φ5L E-Type Rectifier 

The circuit diagram of the three-phase 5-level unidirectional E-Type Rectifier 

(3Φ5L E-Type Rectifier) is depicted in Fig. 40. 

 

Fig. 40. Circuit diagram of the 3Φ5L E-Type Rectifier. 

The 3Φ5L E-Type Rectifier consists of five functional blocks: input filter inductors 

La, Lb and Lc, three phase diode bridge, a set of the IGBTs connected between the 

diode bridge, the DC-bus capacitors, a set of four series connected DC-bus 

capacitors CB1, CB2, CB3, CB4 and two voltage balancing devices. The power 

devices are controlled to ensure a sinusoidal waveform of the input current and 

a regulated DC-bus voltage at the output [39]. As discussed in the previous 

chapter, two voltage balancing are used in order to obtain four equal voltages 

among the series capacitors (vCB1=vCB2=vCB3=vCB4=¼VBUS). 

4.3.1 3Φ5L E-Type Rectifier Characteristics 

The generator is a symmetrical three-phase PM generator having the phase-

to-neutral voltages as in (7), where VIN is the RMS input voltage. 

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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(7) 

The input current of each phase rectifier can be written as in (8), where IIN is the 

RMS input current. Since the rectifier is unidirectional, the input phase 

displacement φIN must be equal 0, (φIN =0). 
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(8) 

The converter modulation depth is given by the equation (9). 

0,

2 2 IN
R

BUS

V
M

V
  (9) 

Let us assume the DC-bus capacitors large enough for its voltages to remain 

constant. The DC-bus partial voltages are assumed to be equal as in (10). 

1 2 3 4
4
BUS

CB CB CB CB

V
v v v v     (10) 

The voltage levels depend on the input-to-neutral switching voltage uP(sw), where 

P∈ {a, b, c}. On one hand, if the 3Φ5L E-Type Rectifier operates in Continues 

Conduction Mode (CCM), the input-to-neutral switching voltage uPsw is a 

function of the DC-bus voltage and the states of the switches [152]. On the other 

hand, when the 3Φ5L E-Type Rectifier works in Discontinuous Conduction Mode 

(DCM) the input-to-neutral switching voltage uP(sw) is also a function of the 

current.  

0   switch off
 

1    switch onRPxS


 


 (11) 

Let’s consider that the 5L E-Type Rectifier works in CCM. The switching function 

SRPx, with x∈ {1, 2, 3} is defined by (11). The 5L E-Type Rectifier is unidirectional 

whereby the current in the top-middle leg flows in one direction from AC-side 
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to DC-side, whereas the current in the bottom-middle leg the current flows in the 

opposite direction, Fig. 41. 

  

Fig. 41. Single-phase equivalent circuit diagram of the 5L E-Type Rectifier. 

Therefore, the current direction in the top-middle and bottom-middle legs can be 

taken into account considering the threshold function θ(iP) as in (12). It follows 

that θ(iP)+𝜃̅(iP)=1 and θ(iP)+𝜃̅(iP)= sgn(iP), where 𝜃̅(iP) is logic complement of the 

θ(iP). 

 
01     

    00
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P

P

i
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i







 


 (12) 

Thus, the input-to-neutral switching voltage uP(sw) can be derived as in (13), 

where uBUS,Rh and uBUS,Rl are the top-to-middle (or upper) and middle-to-bottom 

(lower) DC-bus voltages. 

          ( ) 2 ,R ,R1P sw RP BUS h P BUS l Pu S v i v i  (13) 

The upper and lower DC-bus voltages can be derived as in (14). It can be noticed 

how vBUS,Rh and vBUS,Rl take into account the contribution of SRP1 and SRP3 switches. 

     ,Rl 1 1 2 1 21 R CB CBU P BP CB S RS v v S vu  

     3 3 4 3 3,R 1 R CBBUS CB Rh P P CBS v v S vu  

(14) 

Substituting (10) and (14) in (13), the input-to-neutral switching voltage uP(sw) 

can be written as in (15), where SRP2 is switching function of the inner switch. 

       ( ) 2 3 11
4

2P sw RP P RP P
BU

P
S

RP

V
sgn iu S S i S i        (15) 
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As can be seen by equation (15), when the SRP2 is “on” the input-to-neutral 

switching voltage, uP(sw), is clamped to the neutral point of the DC-bus (N).  

Table 1. Input-to-neutral switching voltage versus 

switching function and phase current polarity 

State R iP SRP1 SRP2 SRP3 uP(sw) 

1 + 0 0 0 + VBUS/2 

2 + 1 0 0 + VBUS/2 

3 + 0 1 0 0 

4 + 1 1 0 0 

5 + 0 0 1 VBUS/4 

6 + 1 0 1 VBUS/4 

7 + 0 1 1 0 

8 + 1 1 1 0 

9 - 0 0 0 - VBUS/2 

10 - 1 0 0 - VBUS/4 

11 - 0 1 0 0 

12 - 1 1 0 0 

13 - 0 0 1 - VBUS/2 

14 - 1 0 1 - VBUS/4 

15 - 0 1 1 0 

16 - 1 1 1 0 

When the SRP2 is “off” the input switching voltage uP(sw) can take one of the 4 

values ±VBUS/2, ±VBUS/4 depending on the switching function SRP1 and SRP3. To 

better explain how the voltage levels are produced, Table 1 shows the input-to-

neutral switching voltage uP(sw) versus switching function and phase current 

polarity. Considering the voltage unbalance between the two partial vCB1, vCB2 

and vCB3, vCB4, the equation (10) can be written as in (16), where ΔvBUS is the DC-

bus voltage unbalance. Consequently, the equation (15) can be rewritten as in 

(17). 
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4.3.2 Operating Area 

The input-to-neutral switching voltage ua(sw) and input phase-to-neutral voltage 

ua is illustrated in Fig. 42. 

 

Fig. 42. Input phase-to-neutral voltage and switching voltage. 

  

(a) 

  

(b) 

Fig. 43. Circuit diagram of the single-phase 5L E-Type Rectifier: a) area 1; b) area 2. 
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As it can be seen in Fig. 42, the 5L E-Type Rectifier can operates in four different 

areas. In area 1, the phase-to-neutral voltages ua is negative and the input-to-

neutral switching voltage ua(sw) can assume two discrete values -½VBUS and -

¼VBUS depending on the states of the switches SRa1 and SRa2, Fig. 43a. The input 

phase current ia is negative (the direction is from the DC-side to AC-side). In the 

area 2, the phase-to-neutral voltages ua is negative and the input-to-neutral 

switching voltage ua(sw) can assume two discrete values -¼VBUS and 0 depending 

on the status of the switches SRa2, Fig. 43b.  

 
 

(a) 

  

(b) 

Fig. 44. Circuit diagram of the single-phase 5L E-Type Rectifier: a) area 3; b) area 4. 

The input phase current ia is negative. The phase-to-neutral voltages uaN is 

positive and the input-to-neutral switching voltage ua(sw) in area 3, Fig. 44a. The 

input phase current ia is positive and the input-to-neutral switching voltage can 

assume two discrete values 0 and ¼VBUS depending on the status of the switches 
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SRa2. Finally, in area 4 the input phase current ia is positive and the phase-to-

neutral voltages ua is positive, Fig. 44b. The input-to-neutral switching voltage 

ua(sw) can assume two discrete values ¼VBUS and ½VBUS depending on the status 

of the switches SRa2 and SRa3. 

4.4 3Φ5L E-Type Rectifier Performance  

Let’s consider the circuit of the 3Φ5L E-Type Rectifier in Fig. 45. Part number, 

voltage rating, current rating, technology and manufacturers of each device are 

listed in Table 2. 

 

Fig. 45. 3Φ5L E-Type Rectifier Circuit. 

The performance of the 3Φ5L E-Type Rectifier have been achieved with 

reference to the operating parameters shows in Table 3. Each DC-bus capacitor 

is composed by 3 film capacitors (3x15µF, part number: F611FY15614002, 

manufacturer: Kemet) and 2 electrolytic capacitors (2x560 µF, part number: 

EETUQ2V561D, manufacturer: Panasonic) in parallels. In this case, the rectifier 

is operated at constant DC-bus voltage, variable PMSG rotational speed and 

constant phase current. Simulation results are performed through PLECS tool in 

Matlab/Simulink environment. The thermal model of power semiconductors 

has been created in PLECS environment, producing multi-dimensional lookup 

tables based on the parameters provided by the manufactures. 
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Table 2. 3Φ5L E-Type Rectifier Configuration 

Device Part Number 
Rated 

Voltage [V] 

Rated 

Current [A] 
Technology Manufacturers 

DRPA, DRPB, 

DRP32, DRP11  
IDC08S120 1200 V 60 A SiC Diode Infineon 

SRP12, SRP31, 

SRP21, SRP22 
IGC16T65U8Q 650 V 50 A IGBT H5 Infineon 

DRP12, DRP31, 

DRP21, DRP22 
IDC08D65Q8 650 V 60 A Si Diode Infineon 

The rectifier efficiency and losses are depicted in Fig. 46. 

Table 3. Operating parameters for PMSG and 3Φ5L E-Type Rectifier. 

Rated mechanical input power [W] 17000 

Rated speed [rev/min] 15000 

Rated phase EMF [Vrms] @ rated speed 250 

Rated phase current [Arms] @ rated torque 22 

Fundamental frequency [Hz] 750 

Switching frequency [kHz] 12 

DC-bus voltage [V] 700 

Synchronous inductance [µH] 100 

Efficiency and losses results are achieved with switching frequency fsw=12 kHz, 

junction temperatures Tj=100°C and phase peak current IIN,p=30A.  

 
Fig. 46. Efficiency and losses of the 3Φ5L E-Type Rectifier versus modulation depth with 

fsw=12kHz, Tj=100°C, IIN,p=30A. 

It can be seen from Fig. 46 that the higher losses occur when the modulation 

depth MR,0 is close to 0.5 because all the power is transferred from the central 

capacitors to the external capacitors. Meanwhile, the efficiency rectifier shows an 

increasing trend. The best performance occurs for high values of the modulation 
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depth. According to the selected DC-bus capacitors, the DC-bus capacitor losses 

versus modulation depth are shown in Fig. 47. 

 

Fig. 47. DC-bus Capacitor losses versus modulation depth. 

The capacitors losses have been estimated in PLECS tool in Matlab/Simulink 

using the equation (18), where RESR is the equivalent series resistance comes 

from the datasheet of the selected capacitors and IRMS is the RMS current flow 

through the capacitors. 

 2
cap ESR RMSP R I  (18) 

Losses distribution between the top and the top-middle capacitors is highly 

dependent on the operating conditions. When the modulation depth MR,0 is 

below 0.5, the power is transferred from the inner capacitors (CB2, CB3) to the 

external capacitors (CB1, CB4). When modulation depth MR,0 is above 0.5, the 

losses in the external capacitors (CB1, CB4) increase. Fig. 48 shows the normalized 

power versus modulation depth.  

 
Fig. 48. 3Φ5L E-Type Rectifier Normalized Power versus modulation depth. 

The maximum transfer power occurs when the modulation depth is close to 0.5. 
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Consequently, the power must be transferred from the central capacitors (CB2 

and CB3) to the external capacitors (CB1 and CB4) using a proper additional 

balancing circuit or a useful control strategy [54]. The carried-out analysis 

provides a suitable information for improving the design and implementation of 

the 3Φ5L E-Type Rectifier. 

4.5 Analysis of the Series Resonant Balancing Circuit (SRBC) 

The circuit diagram of the two-balancing circuit is depicted in Fig. 49a. The 

balancing converter can be considered as a series resonant converter that 

operates in DCM, type 1 [63]. The first SRBC, composed by D1A, D1B, S2A and S2B, 

is connected across the capacitor CB1 and CB2. The second SRBC, made up by D4A, 

D4B, S3A and S3B, is connected across the capacitor CB3 and CB4. The capacitor CS12 

(or CS34) is the main capacitor that transfers energy between the bus capacitors 

CB2 to CB1 (or CB3 to CB4). The inductor LS12 (or LS34) is a resonant inductor used to 

reduce conduction losses and achieve zero current switching (ZCS) condition, 

[42]. The switches S2A to S2B (or S3A and S3B) are driven with complementary 

control signals at period TS2 and constant duty cycle (around 50%), see Fig. 49b. 

 

(a) 

 

(b) 

Fig. 49. a) Series Resonant Balancing Circuit (SRBC) as the DC-bus voltage balancing circuit; 

b) Basic operation of the SRBC: A) S2B=ON, D1B=ON; B) S2B=ON, D1B=OFF; C) S2A=ON, 

D1A=ON and D) S2A=ON, D1A=OFF. 
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Let’s assume that vCB1 and vCB2 are constant over one switching cycle TS2 and 

the power semiconductors are modeled by constant voltage sources VS and VDF. 

Each period TS2 can be divided into four stages, namely stage A to stage D as 

shown in Fig. 49b. 

Stage A - The switch S2B is closed at the instant t=0. The capacitor CS12 is charged 

from vCB2 via the switch S2B, diode D1B and the inductor LS12. The current 

iR12 increases toward the peak. Afterwards, the current starts decreasing 

towards zero following the resonance of the LS12CS12 circuit. 

Stage B - The current iR12 reaches zero and diode D1B is blocked at the moment 

t=T0/2. The current remains zero until commutation of the switch S2A 

is accomplished. 

Stage C - The switch S2A is closed at the moment t=TS2/2. The capacitor CS12 is 

discharged into vCB1 via the switch S2A, diode D1A and the inductor LS12. 

After reaching the maximum, the current starts decreasing towards 

zero following the resonance of the LS12CS12 circuit. 

Stage D - The current iR12 reaches zero and diode D1A is blocked at the moment 

t=TS2/2+T0/2. The current remains zero until the commutation of the 

switch S2B is accomplished at the moment t=TS2. At this point, one 

switching cycle is completed. 

4.5.1 Estimated Losses of the SRBCs 

The losses of the SRBCs have been carried-out using PLECS tool in 

Matlab/Simulink. Starting from the operating condition listed in Table 3 and 

datasheet provided by the Semikron (Semitop3 SK75GB066T), Fig. 50 illustrates 

the estimated SRBCs losses. 
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Fig. 50. SRBCs losses versus modulation depth. 

It can be noticed that the worst condition occurs when the modulation depth is 

close to 0.5 due to the asymmetrical AC-to-DC power transfer.  

4.1 Hardware Realization 

A prototype of the 3Φ5L E-Type Rectifier and the SRBC have been built. 

Properly designed PCBs have been used for both the rectifier and its balancing 

circuit in order to reduce the parasitic inductances [39], [40]. Fig. 51 shows the 

3Φ5L E-Type Rectifier prototype and the SRBC prototype realization. 

 
(a) 

 

(b) 

Fig. 51. a) 3Φ5L E-Type Rectifier prototype; b) SRBC prototype. 

It is possible to identify, from Fig. 51a, the three-phase leg circuit, the driver 

circuit, the current and voltage measure sensors and heat-sink. Each single-phase 

E-Type Rectifier accommodates a Semitop4 module (manufacturer Semikron®) 

located in the bottom side, the custom driver circuit in the top side and four DC-

Bus film capacitors, as shown in Fig. 52a. The Semitop4 module employs the 

power devices listed in Table 2.  
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(a) 

 

(b) 

Fig. 52. a) 3D Model of the Single-phase leg 5L Rectifier and driver circuit; b) Semitop3 

SK75GB066T. 

The SRBC circuit is instead achieved through the series connection of four 

Semitop3 SK75GB066T modules, rated 60A-600V (see Fig. 52b) and 4µH and 

16µF as resonant total inductance and total capacitance respectively. 

Additionally, in the SRBC circuit are present one DC-bus film capacitor and two 

DC-bus electrolytic capacitors.  

 

Fig. 53. 3Φ5L E-Type Rectifier Control board (PED-Board for sbRIO-9651); b) adapter for 

general inverter applications. 

The rectifier is controlled by the National Instruments System-on-Module sbRIO-

9651 with a dedicated board specifically designed for power electronics and 

drives applications (PED-Board), as shown in Fig. 53. The control algorithm has 

been implemented using the National Instruments LabVIEW environment. 

Being the sbRIO-9651 based on the new Xilinx Zynq-7020, the converter control 

structure has been closed on the FPGA target [154]. 
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4.2 Modeling and control of the 3Φ5L E-Type Rectifier 

The aims of the rectifier control strategy are to regulate both DC-bus voltage 

and the input sinusoidal current. The block diagram of the 3Φ5L E-Type Rectifier 

control strategy is depicted in Fig. 54. It can be recognized the field-oriented 

control structure, which allows to adjust the d-axis and q-axis currents. The DC-

bus voltage is regulated by the outer voltage loop. The DC-bus voltage reference 

V*BUS is set to the desired operating DC-bus voltage, id,ref and iq,ref are used to 

control the PMSG torque and flux, respectively. In order to control the DC-bus 

variation voltage ΔvBUS, a second loop is used. 

 
Fig. 54. Block diagram of the 3Φ5L E-Type Rectifier control strategy. 

The simplified block diagrams to be used for tuning the voltage control loop are 

shown in Fig. 55, where it’s possible to identify the following transfer functions: 

• Gvc(s) is the transfer function of the DC-bus voltage controller,  

• Gcc,d(s) is the transfer function of the d-axis current loop,  

• Gid(s) is the system transfer function defined as id/dd, 

• Gvi(s) is the system transfer function defined as VBUS/id, 

• Glf(s) is the transfer function of the feedback low-pass filter,  

• Gcc,q(s) is the transfer function of the q-axis current loop,  

• Giq(s) is the system transfer function defined as iq /dq, 

• GΔvc(s) is the transfer function of the voltage controller, 
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• GΔvd0(s) is the system transfer function defined as ΔvBUS/d0. 

 

(a) 

 

(b) 

 

(c) 

Fig. 55. Simplified control algorithm structure for a generic dq0 axis control: a) d-axis; b) q-

axis; c) 0-axis. 

In order to understand the dynamic behavior of the 3Φ5L E-Type Rectifier, the 

large signal and small signal models have been derived. A deepened analysis of 

the large signal model of 3Φ5L E-Type Rectifier will be discussed in the next 

section. After that, performing the local linearization around the nominal 

operating point, the rectifier small signal model will be obtained. 

4.2.1 Benefits of the Modeling Approach 

The converter topologies normally require control circuits to ensure the best 

input and output characteristics. Switching converter topologies are highly 

nonlinear systems due to the presence of power semiconductors. It is difficult to 

predict their dynamic characteristics due to the nonlinear time-varying nature of 

the switching converters such as AC-DC and/or DC-AC topologies. The 

linearization of the power converter behavior is at the basis of a more predictable 
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tuning procedure of the related control loops. It can be achieved by applying the 

well-known stability criteria of the linear systems [132], [133]. Consequently, 

converters control loop design requires the achievement of the system dynamic 

model (i.e. analytical description). The aim of the power electronic converters 

modeling is to provide a mathematical expression that contains the information 

on the steady-state and the dynamic behavior of the system. A low-frequency 

state-space model of the converter can result by applying the state space 

averaging method [134]. As consequence, from the large signal average system 

description, it is very important to develop reliable small-signal models that 

allow designers to obtain the converter dynamic behaviors reducing the 

prototyping cost and the design cycle time [135], [136]. The provided small-signal 

model is at the basis of control loops design, starting from linear control 

strategies such as PI-based vector control or even more complex model-based 

control structures. Especially for the latter topologies, the control action 

performance is directly related to the model representation. Without the small-

signal analytical description, except for some specific controllers that do not 

require any tuning (i.e. hysteretic controllers), the designer cannot take 

advantage of the well-known control system theory and he is forced to use the 

so-called trial-and-error approach, which yields unsatisfactory dynamic 

performance. Moreover, the availability of the linearized system equations 

results in the possibility to use non-linear and adaptive control structures to 

strongly improve the complete dynamic response, as it is described in [137]. The 

methodology used to derive the averaged model is often based on state-space 

averaging technique. The small signal model based on the large signal model is 

proposed for the Vienna rectifier [6], [35], [36], [138], [139].  

4.2.2 Low-Frequency State-Space Model for 3Φ5L E-Type Rectifier 

In order to perform a modal analysis or to build linear control laws, it is 

necessary to develop linear models around a certain operating point. The average 
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model of the 3Φ5L E-Type Rectifier is based on the state-space averaging (SSA) 

technique [152]. This model is valid as long as the converter inputs and state 

variables change slowly with respect to the switching period. The rectifier 

average model is mainly based on two separate steps:  

1) the equivalent average model equations, which describe the input AC-

side and the output DC-side of the converter, are achieved;  

2) from the averaging model, initially expressed in abc stationary reference, 

system physical variables are transformed into the dq0 synchronous 

reference frame. 

In order to simplify the abc analytical model (nonlinear fifth-order time-varying 

system), the abc-to-dq0 transformation has been applied (nonlinear fourth-order 

time-varying system).  

4.2.2.1 State-Space Equations  

Let’s assume an equal DC-bus partial voltage across vCB1, vCB2 and vCB3, vCB4 

as defined in (16), namely the two balancing circuits will be neglected and 

ΔvBUS=(vCB3+vCB4)- (vCB1+vCB2) is the only unbalanced voltage. The rectifier load is 

modeled through power resistors connected in parallel to each DC-bus capacitor.  

 
Fig. 56. Complete scheme of the 3Φ5L E-Type Rectifier with the dedicated balancing circuit. 

Additionally, the power semiconductors are considered as an ideal switch. A 
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complete circuit diagram of the 3Φ5L E-Type Rectifier with the is shown in Fig. 

56. 

 

Fig. 57. AC-side three-phase equivalent average circuit for the 3Φ5L E-Type Rectifier. 

The AC-side rectifier equivalent average model is depicted in Fig. 57, where ua, 

ub, uc are the symmetrical three-phase input voltages, and ua(sw), ub(sw), uc(sw) are 

the input-to-neutral switching voltages. The AC-side of the system can be 

described by three dependent voltage sources as in (19), where uNM is the middle 

point voltage related to the main neutral. 

( )
a

a a a sw NM

di
L u u

dt
u     

( )
b

b b b sw NM

di
L u u

dt
u     

( )
c

c c c sw NM

di
L u u

dt
u     

(19) 

Assuming La=Lb=Lc=LR and that the three phase input voltages are symmetrical 

and pure sinewaves, (20) can be straightforwardly defined 

( ) ( ) ( ) 0a cbu t u t u t    

( ) ( ) ( ) 0a cbi t i t i t   . 

(20) 

Substituting (20) in (19), the middle point voltage can be derived as (21). 

 ( ) ( ) ( )

1

3
a sw b sw cN sM wu u u u     (21) 

Combining the equations (11),(17), (19) and (22), the AC-side state model of the 

rectifier can be achieved as in (23). Considering Fig. 56, the application of the 

first Kirchhoff’s law to the DC-side nodes of the circuit, yields directly the 

equations reported in (24), where i+ and i- are the currents through respectively 

plus and minus DC-bus connections.  
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1

3 1 2

2 3 3 1 2

3 1 2

2 2
4

1

1

            1 1

1

a a

BUS BUS BUS
b R b

BUS BUS
c c

Ra Ra Ra

BUS
Rb Rb Rb

BUS
Rc Rc Rc

u i
d

u L i SGN
dt

u i

S S S

SGN

V v v

V V

v

V
S SGN S S

S S S

   
     

           
       

      
       

          
           

 





Γ I

 

 

 
1

1 1
2 3

2 /3 1 /3 1 /3 0 0

Γ 1 /3 2 /3 1 /3 ,  0 1 0

1 /3 1 /3 2 /3 0 0 1

0 0

0 0

0 0

1

1

1
,  

2 2

a

b

c

sgn i

SGN sgn i

sgn i

SGN SGN
SGN SGN









 

     
    

       
        
  
  

  
  

 
  

 




I

 

(23) 

1 2
1 2 1 1 2

4 3
4

4
4 4

l
1

3 3 3

1

4

CB CB
B B R R

CB CB
B B R R

CB
B R

CB
B R

dv dv
C C i i i

dt dt
dv dv

C C i i i
dt

dv
i C i

dt
dv

i C i
dt

dt





 

 

   

   

 (24) 

Accordingly, i+ and i- are given in (25), where iRCB, iRBB, iRAB and iRCA, iRBA, iRAA 

are the currents through the top and bottom diodes in each phase. 

RaB RbB RcB

RaA RbA RcA

i i i i

i i i i




 

 
 (25) 

Diodes current analytical expressions can be derived according to the switching 

function as in (26), where i1 and i3 are respectively the currents through the 

switches according to the functions SRP1 and SRP3.  

2 3
, ,

2 1
, ,

2 1
, ,

2

1

3 3
, ,

(1 )(1 ) ( )

(1 )(1 ) ( )

(1 ) ( )

(1 ) ( )

RP RP P P
P a b c

RP RP P P
P a b c

RP RP P P
P a b c

RP RP P P
P a b c

i

i S S i i

S S i i

i S S i i

S S ii i





















  

  

 

 









 (26) 

Substituting (26) into (24) and considering the voltage across the DC-bus 
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capacitors as state variables, the DC-side state equations are the following 

4 3 2 1
4 3 2 1

2

1 2 3

3 1
, ,

4 3 2 1
4 3 2

4

1

            (1 ) 2 ( ) ( ) sgn( )

                

BUS CB CB CB CB
B B B B

RP P RP P RP P P
P a b c

BUS CB CB CB CB
B B B

R R R R

B

dV dv dv dv dv
C C C C C

dt dt dt dt dt

S i S i S i i

d v dv dv dv dv
C C C C C

dt d

i i i i

t dt dt

 


    

      

   


   



2 3 1

1 2 3 4

, ,

               (1 ) 2 ( ) ( )

                R

RP P RP P RP P
P a b c

R R R

dt

S i S i S i

i i i i

 




      

   



 (27) 

4.2.2.2 State-space Average Model 

The modeling approach applied to the 3Φ5L E-Type Rectifier is based on the 

state-space averaging (SSA) technique [131], [142]. This mathematical approach 

was introduced so far in the electrical circuit analysis in [143], [144], [145]. 

Nowadays, it is a consolidated technique used to describe time-varying circuits 

as power electronics converters [146], [147], [148]. Being the SSA very simple to 

be implemented on computers thanks to its inherent matrix representation, it has 

been used to highlight the behaviors of complex system drastically reducing the 

simulation time [150], [151], [152]. In this method, all the variables are averaged 

across one PWM sampling period TS, as it is shown in (28). 

1
(( d) )t

s s

t

T t T
s

x x
T

 


   (28) 

Applying the average operator (28) to the equations (23), the converter AC-side 

equivalent model is summarized in (29), where dRP1, dRP2, dRP3 are the switch 

duty cycle related to the switches 1, 2, and 3 of the phase P (P∈{a,b,c}). 

1

3 1 2

2 3 3 1 2

3 1 2

2 2
4

1

1

            1 1

1

a a

BUS BUS BUS
b R b

BUS BUS
c c

Ra Ra Ra

BUS
Rb Rb Rb

BUS
Rc Rc Rc

u i
d

u L i SGN
dt

u i

d d d

SGN

V v v

V V

v

V
d SGN d d

d d d

   
     

           
       

      
       

          
           

 





Γ I













 (29) 

The equations (29) are related to the time-varying model that depends also on 

the sign of the input line currents. In order to overcome this drawback, the 
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following input transformation is proposed: 

'
2 1

3

(1 - ) 2sgn( ) 2 1 ( )

       1 ( ) ,

BUS BUS
RP RP P RP P

BUS BUS

BUS
RP P

BUS

v v

V
d d

V

v

i d i

d i
V





  
      

  

 
   

  

 


 (30) 

where d'RP=[d'Ra, d'Rb, d'Rc] is the new control vector related to the complete three-

phase system representation. Substituting (30) into (29), a compact matrix 

representation can be written as in (31), where uP=[ua, ub, uc]T is the input voltage 

vector, iP=[ia, ib, ic]T is the input current vector and d'RP=[d'Ra, d'Rb, d'Rc]T the control 

vector. 

4
BUS

R

d
L

d

V

t
  'P

P RPΓ
i

v d  (31) 

Applying the average operator (28) to the equations (27), the DC-side 

equivalent average model is given in (32). 

1
'

, ,

2 3 4

1

2 3

,

4

'

,

1 sgn(i )

                

sgn(i )  +

        

              

                    +  

BUS BUS
RP P P

P a b c BUS

BUS BUS
RP P P

R

R R R

R
P

R R

B

R

a b c US

dV
C d i

dt

d v

v
i

V

i i i

v
iC d i

d

i i

t V

i





  
     

 
   










  

 
 





 (32) 

Equations (31) and (32) represent the basic low frequency model of the 

converter in the stationary frame. The input equation (31) is time-invariant 

whereas the output expression (32) is time dependent. In fact, (32) still depends 

on the sign of the input currents that depend by the time evolution of the current. 

To overcome this drawback, it seems more convenient to average all variables 

across the AC inputs fundamental period T0 (instead of Ts), jointly with the usage 

of the Park’s transformation that is rewritten in (33). 

sin( t) sin( t 2 /3) sin( t 4 /3)
2

cos( t) cos( t 2 /3) cos( t 4 /3)
3

3 /2 3 /2 3 /2

IN IN IN

IN IN IN

    

    

  
 

  
 
  

K  (33) 
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Applying Park’s transformation at the equation (31) and (32), and performing 

some algebraic manipulation, the dq0-axis state-space average model for the 

3Φ5L E-Type Rectifier can be written in (34), where α is a constant parameter 

equals to 2/π [152]. Equations (34) represent a fourth-order non-linear dynamic 

system, having id, iq, vBUS, ΔvBUS as state variables; d'Rd, d'Rq and d'R0 as control 

inputs; and finally, vd and vq as disturbance inputs. 

 

 

1 2 3 4

1

'

2

'

' ' '
0

' ' '
0

4

4
3

2

               

3

2

                  

d BUS
R d R IN q Rd

q BUS
R q R IN d Rq

BUS BUS
Rd d Rq q R d

BUS

BUS BUS
Rd d

R R R R

R R

Rq q d

BUS

di
L u L i d

dt
di

L u L i d
dt

dV
C d i d i d i

dt

d v
C d i d i d i

V

V

v

v

i i i i

v

V

i i i

dt









  

  

   

   






 



 

 



3 4R Ri











 







 (34) 

The corresponding equivalent circuit model is shown in Fig. 58, where 

i1=3/2d'Rdid, i2=3/2d'Rqiq, i3=α(ΔvBUS/vBUS)d'R0id, i'1=αd'R0id, i'2=3/2(ΔvBUS/VBUS)d'Rqid, 

i'3=3/2(ΔvBUS/VBUS)d'Rqiq. 

 

 

Fig. 58. Complete dq-axis state-space average model for the 3Φ5L E-Type Rectifier. 

4.2.2.3 Steady-state operating condition 

Let’s assume the balanced three-phase input voltages (35), the unity power 

factor (36) and the balanced DC-bus capacitors voltage (37), where VIN is the 
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RMS value of the supply voltages, I*IN is the reference value for the RMS AC line 

currents and V*BUS is the reference value for the total DC output voltage. 

c

(t) 2 V sin( t)            

(t) 2 V sin( t 2 /3)

(t) 2 V sin( t 4 /3)

a IN IN

b IN IN

IN IN

u

u

u



 

 

 


 


 

 (35) 

*

*

*

(t) 2 sin( t)            

(t) 2 sin( t 2 /3)

(t) 2 sin( t 4 /3)

a IN IN

b IN IN

c IN IN

i I

i I

i I



 

 

 


 


 

 (36) 

*

1 2 3 4

*

4

0

BUS
CB CB CB CB

BUS

V
v v v v

v

   

 

 (37) 

Applying Park’s transformation to the voltage and current expressions (35) and 

(36), time invariant vectors expressed in the rotating frame are as in (38). 

q

0

2

0

0

d INu V

u

u

  
  

   
     
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*

0

2

0

0

d IN

q

i I

i

i

  
  

   
     

 (38) 

Substituting expressions (37) and (38) back into (34), the non-linear averaged 

model is first linearized around the static operating point. This leads to the 

following expressions for the control inputs 

   

'*

*

*
'*

*

* * * *
4 3 1 2'*

0 *

4 2

4 2

2

IN
Rd

BUS

R IN IN
Rq

BUS

R R R R

R

IN

V
d

V

L I
d

V

i i i i
d

I









 

 


 (39) 

The steady-state values of the control input depend respectively on the input and 

output voltages, the input currents and the load. Assuming a balanced purely 

resistive DC load, it can be written 

1
4

BUS BUS
R

V v
i

R


 ; 2

4
BUS BUS

R

V v
i

R


 ; 3

4
BUS BUS

R

V v
i

R

 
 ; 4

4
BUS BUS

R

V v
i

R

 
  

with RR1=RR2=RR3=RR4=R. The considered load resistors can be achieved by 

R=V2BUS/4Pnom, being Pnom the whole DC-bus load power. 
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4.2.2.4 Large Signals Model Simulation Results 

The large signals model of the 3Φ5L E-Type Rectifier has been verified through 

numerical results. A proper implementation of both the average model and the 

full-rectifier switching model have been realized in the Matlab/Simulink 

environment. Achieved equations have been used to deploy the model that is 

summarized as the block scheme shown in Fig. 59, where K is the abc-to-dq0 

transformation matrix as defined in (33). The implemented average model can 

be executed in the discrete time domain, further speeding up the simulation time. 

 

Fig. 59. Block scheme of the implemented average model. 

The simulations results have been performed with reference to the operating 

condition listed in Table 3. Output load is modeled as a pure resistor.  

 
(a) 

 

(b) 

Fig. 60. a) AC-DC input phase currents for the average model and the switching model; b) 

Zoomed phase currents. 

Fig. 60a shows the line currents of the switching model with superimposed the 

ones obtained from the average model for the same operating conditions. A 
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zoom of Fig. 60a is reported in Fig. 60b to better highlight the matching between 

average and switching models. Simulation results exhibit a good matching with 

the proposed average model. Fig. 61 shows the line-to-line voltages of the 

discrete-time average model and of the switching model when the modulation 

depth MR,0 is around 0.95. In this condition, the PM machine speed is set at 

3500rpm and the phase peak current is still set at 30A. Depicted line-to-line 

voltages that result from the switching model clearly exhibit the five levels. As a 

comparison, line-to-line voltages from the discrete average model are 

superimposed. 

 

Fig. 61. Line-to-line voltages of the discrete-time average model and of the switching model 

at modulation index close to 0.9. 

In Fig. 62a and Fig. 62b are depicted respectively the DC-bus voltage and the DC-

bus voltage unbalance, VBUS and ΔvBUS, for the average model and the switching 

model.  

 

(a) 

 

(b) 

Fig. 62. a) DC-bus voltage VBUS for the average model (red-line) and the switching model 

(blue-line); b) ΔvBUS voltage for the average model (red-line) and the switching model(blue-

line). 
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The proposed model is able to describe the average behavior of the rectifier 

physical characteristics. 

4.2.3 Small-Signal Model 

The small-signal linearization system consists of representing each time 

variable as the sum of two terms, its desired steady-state value (DC) and a first 

order time-varying signal (AC), neglecting higher order variations. The AC 

signal represents the assumed small variation of the variable nearby its steady 

state DC value. In order to establish the small-signal dynamic model, the 

equations (34) are analytically linearized around the DC operating point defined 

in (39). Accordingly, the linear state equations can be written in a compact 

matrix form as in (40), where (t) (t) (t) (t), (t), ,d q BUS BUS

T

i i vx v   
 is the state vector, 

' ' '
0(t) (t) (t) (t)

T

Rd Rq Rd d d d 
 

is the control or input vector, and (t) (t) (t)
T

d qu u u    is the 

disturbance vector. 

(t) (t) (t) (t)x x d u  A B E  (40) 

The state matrix A, the control matrix B, the disturbance matrix E are defined as 

in (41), where the nonlinear function f describes the system as in (34) and x0 is 

the selected operating point. The application to (34) of the partial differentiation, 

as defined in (40), leads to the expressions (42).  

0
~ x x

f
A

x






, 

0
~ x x

f
B

d






, 

0
~ x x

f
E

u






 (41) 

Applying the Laplace’s transform to the state equations (40), the well-known 

frequency-domain representation of the converter is obtained as in (43), where I 

denote the 4x4 identity matrix and 𝑋̃(𝑠), 𝐷̃(𝑠), 𝑈̃(𝑠) are respectively the Laplace’ 

transforms of vectors 𝑥̃(𝑡), 𝑑̃(𝑡), 𝑢̃(𝑡). 
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(42) 

1 1(s) (s ) (s) (s ) (s)X I D I U    A B A E  (43) 

Substituting (42) into (43) and performing some algebraic manipulations, a 

compact matrix representation can be written as in (44). 
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21 22 23 21 22'

11 12 13 11 12'
0
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R
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d

G

i s

G G G G
d

G G G G G
d

s
i s

s
v s

s
G G G Gv Gs     

                               

( )

( )
d

q

su

u s


 

  
  
 

 


 (44) 

Result of (44) represents the small signal model of the 3Φ5L E-Type Rectifier. It 

can be noticed that the system is described by twenty transfer functions, relating 

the five inputs {𝑑̃𝑅𝑑
′  𝑑̃𝑅𝑞

′  𝑑̃𝑅0
′  𝑢̃𝑑 𝑢̃𝑞} to the four outputs {𝑖̃𝑑 𝑖̃𝑞 𝑣̃𝐵𝑈𝑆 ∆𝑣̃𝐵𝑈𝑆}. The 

used notation is in the form Gxyzt(s), where x is an output coming from the vector 

𝑋̃(𝑠), y is an input being an element of either 𝐷̃(𝑠) or 𝑈̃(𝑠), z is the rank of the 

output x in the vector 𝑋̃(𝑠) and t is the rank of the input y in the vector 𝐷̃(𝑠) or 

𝑈̃(𝑠). The expressions of the transfer functions are summarized in Table 4 and 

Table 5. 
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Table 4. 3Φ5L E-Type Rectifier Transfer Functions 
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Table 5. 3Φ5L E-Type Rectifier Transfer Functions 
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4.2.3.1 Small Signals Simulation Results 

In order to validate the 3Φ5L E-Type Rectifier small signal model, a full 

digital-switching converter description has been developed within the 

Matlab/Simulink environment. The obtained model has been analyzed using the 

provided linear analysis tool.  

 

Fig. 63. Bode diagrams related to the transfer function control input 𝑑̃𝑅0
′  to output ∆𝑣̃𝐵𝑈𝑆: 

small signal model (solid trace), average model (blue cross) and linearized switching model 

(red circle). 

The operating condition of the PMSG and rectifier are the same as described in 

the previous section (operating specifications as in Table 3, output load is 

modeled as a pure resistor, the electric generator mechanical speed is set to 3500 

rpm, resulting in a rectifier modulation depth around 0.95). In such conditions, 

the steady-state values of the RMS supply voltage, the RMS phase current and 
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the DC-bus output voltage are respectively equal to 250 V, 22 A and 700 V. The 

Bode diagram between the control inputs 𝑑̃𝑅0
′  and the output ∆𝑣̃𝐵𝑈𝑆 is depicted 

in Fig. 63, where it exhibits a first order system behavior. It can be recognized the 

good agreement between the proposed linear system analytical representation 

and the linearized models.  

 

(a) 

 

(b) 

 
(c) 

Fig. 64. Bode diagrams related to the transfer functions inputs 𝑢̃𝑑, 𝑢̃𝑞 to outputs 𝑖̃𝑑, 𝑖̃𝑞 and 

𝑣̃𝐵𝑈𝑆: small signal model (solid trace), average model (blue cross) and linearized switching 

model (red circle). a) Giu11(s), b) Giu12(s), c) Giu21(s). 

Fig. 64 and Fig. 65 show the results of the group of transfer functions (TFs) 

between the disturbance inputs 𝑢̃𝑑 , 𝑢̃𝑞  and the outputs 𝑖̃𝑑 , 𝑖̃𝑞 , 𝑣̃𝐵𝑈𝑆  and 
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∆𝑣̃𝐵𝑈𝑆. The TFs in this group have in common to be 3rd order systems due to 

inductance and capacitors degeneration as highlighted in Fig. 58. It can be 

noticed that the three completely different analytical descriptions exhibit a good 

matching for all the non-zero transfer functions. 

 

(a) 

 

(b) 

 

(c) 

Fig. 65. Bode diagrams related to the transfer functions inputs 𝑢̃𝑑, 𝑢̃𝑞 to outputs 𝑖̃𝑑, 𝑖̃𝑞 and 

𝑣̃𝐵𝑈𝑆: small signal model (solid trace), average model (blue cross) and linearized switching 

model (red circle). a) Giu22(s), b) Gvu11(s), c) Gvu12(s). 

The remaining TFs will be shown in the next section since they have been 

validated through the experimental test.  
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4.3 Experimental Results 

4.3.1 Setup description 

The conceptual scheme of the test rig used to perform the experimental tests 

is depicted in Fig. 66. 

 

Fig. 66. Experimental setup. 

The generator speed was set to 15000 rpm, to fully exploit all the five levels of 

the 3Φ5L E-Type Rectifier; consequently, the PMSG phase EMF measures 250 

Vrms. The experimental tests were performed constant torque and variable 

rotation speed. The DC-bus voltage was properly controlled at 700 V through a 

dedicated outer voltage loop. Furthermore, the fundamental frequency, the 

switching frequency, the SRBC switching frequency, the rated phase current at 

rated torque and the synchronous inductance were set at 750 Hz, 12 kHz, 20 kHz, 

22 Arms and 100 µH, respectively. The gains of the Proportional-Integral 

controllers have been tuned using the previously obtained and described TFs to 

provide 750 Hz bandwidth on both d and q axes. 

4.3.2 Voltage and current waveforms 

The 3Φ5L E-Type Rectifier has been loaded by a pure resistive load. The 

selected resistive load is 36. With reference to the nomenclature of the Fig. 45, 



 

 

 Page 95 
 

Fig. 67 shows the DC-bus voltage, the input-to-neutral switching voltage ua(sw), 

the voltage across the top middle leg uaT(sw) and the voltage across bottom middle 

leg uaB(sw), respectively.  

 
(a) 

 
(b) 

 
(c) 

Fig. 67. a) DC-bus voltage VBUS and input-to-neutral switching voltage ua(sw); b) DC-bus 

voltage VBUS and top middle leg to neutral voltage uaT(sw); c) DC-bus voltage VBUS and Bottom-

middle leg to neutral voltage uaB(sw). Voltage (200 V/div). 
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It can be seen from Fig. 67a that the maximum blocking voltage across the 

switches SA22, SA21 and the diodes DA22, DA21 is ½VBUS. Fig. 67b illustrates that the 

maximum blocking voltages across the switch SA31 and diode DA32 are ¼VBUS and 

¾VBUS, respectively; instead, the maximum blocking voltages across the switch 

SA12 and diode DA11 are ¼VBUS and ¾VBUS, respectively, Fig. 67c.  

 

Fig. 68. DC-bus voltage VBUS (yellow line), line-to-line voltage (green line) and phase currents 

(magenta and blue line). Voltage (200 V/div), current (20 A/div). 

Finally, Fig. 68 shows the DC-bus voltage VBUS, line-to-line voltage Vab and phase 

currents ia, ib. 

4.3.3 Losses results 

The experimentally achieved losses and efficiency of the 3Φ5L E-Type Rectifier 

are compared with the estimated losses and efficiency in order to confirm the 

theoretical performance analysis. It can be seen in Fig. 69, the experimental 

results exhibit a good matching compared to the theoretical analysis. 

Consequently, the achieved experimental point validates the theoretical 

performance analysis of the rectifier. 
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(a) 

 
(b)  

Fig. 69. Experimental and estimated performance of the 3Φ5L E-Type Rectifier versus 

modulation depth M0: a) losses; b) efficiency. 

4.3.4 Large and Small Signal Experimental results 

Three different operating conditions have been considered according to the 

rectifier output voltage levels, in order to validate the large signal model. Fig. 70 

shows the DC-Bus voltage and the rectifier input line-to-line voltage Vab with 

superimposed the line-to-line voltage achieved from the average model. In Fig. 

70a the generator mechanical speed is set around 1600 r/min, giving as a results 

a rectifier modulation index around 0.45. In Fig. 70b the PM machine speed is set 

at 2700 r/min and the modulation index is 0.7. Results obtained for PM machine 

speed around 3500 r/min and modulation index around 0.9 are depicted in Fig. 

70c. It can be seen a good matching between the experimental result and the 

analytical equations simulation model. In each case, the phase peak current is set 
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at 30 A, the displacement is close to one and the phase disposition PWM 

modulation with sinusoidal third–harmonic injection is considered. 

 

(a) 

 

(b) 

 

(c) 

Fig. 70. Converter experimental line-to-line input voltage (200 V/div) with superimposed the 

result from the average model: (a) modulation index close to 0.45 (3 levels operation), 

modulation index closes to 0.70 (4 levels operation), modulation index closes to 0.90 (5 levels 

operation). 
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Simulation results shown in Fig. 62 can be compared with the experimental 

behavior depicted in Fig. 71, where both VBUS and ΔvBUS are illustrated. It can be 

seen from Fig. 71 that the VBUS has been achieved removing the DC component 

from the measured DC-bus voltage, resulting in a straightforward comparison 

with the results of Fig. 62. 

 

Fig. 71. Experimental waveform: a) VBUS, b) ΔvBUS. 

The experimental results of the small signal model were carried out according to 

the following procedure. In order to stimulate the system, the sinusoidal 

perturbation has been generated internally to an FPGA. Each perturbation was 

characterized by a proper amplitude, frequency and zero reference phase. 

Afterwards, the output measure to be considered for each TF has been analyzed 

by a Yokogawa WT3000 precision analyzer setup in harmonic mode. Thus, the 

related output harmonic can be obtained with respect to magnitude and phase. 

However, phase synchronization is a hard issue when TFs have to be carried out. 

In order to overcome this issue, the input stimulus and the output measurement 

have been synchronized by a dedicated trigger signal which was internally 

generated by the FPGA and acquired by the WT3000 as zero-phase reference. Fig. 

73 shows the simulation and experimental results of the TFs group that relates 

the control inputs 𝑑̃𝑅𝑑
′  and 𝑑̃𝑅𝑞

′  to the outputs 𝑖̃𝑑, 𝑖̃𝑞 and 𝑣̃𝐵𝑈𝑆. The reported 

TFs are still related to 3rd order systems having the same pole locations but 

different zeros of the previous TFs groups. Solid line is related to the small-signal 

model, whereas cross, circle and black dot are the achieved results from the large 
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signal average model, the linearized switching model and the experimental 

results, respectively. 

 

(a) 

 

(b) 

 

(c) 

Fig. 72. Bode diagrams related to the transfer functions control inputs 𝑑̃𝑅𝑑
′  and 𝑑̃𝑑𝑞

′  to 

outputs 𝑖̃𝑑, 𝑖̃𝑞 and 𝑣̃𝐵𝑈𝑆: small signal model (solid trace), average model (blue cross), 

linearized switching model (red circle) and experimental results (black dot). a) Gid11(s), b) 

Gid12(s), c) Gid21(s). 
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(a) 

 

(b) 

 

(c) 

Fig. 73. Bode diagrams related to the transfer functions control inputs 𝑑̃𝑅𝑑
′  and 𝑑̃𝑑𝑞

′  to 

outputs 𝑖̃𝑑, 𝑖̃𝑞 and 𝑣̃𝐵𝑈𝑆: small signal model (solid trace), average model (blue cross), 

linearized switching model (red circle) and experimental results (black dot). a) Gid22(s), b) 

Gvd11(s), c) Gvd12(s). 
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PART THREE 

5 LEVEL E-TYPE BACK-TO-BACK 

CONVERTER 
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5 INTRODUCTION 

5.1 Operating Principle of the 5L BTB Converter 

The 3Φ5L E-Type Rectifier discussed in the previous chapter is used in the double 

conversion system AC/AC because of the achieved interesting results in terms 

of the efficiency, weight and volume. The basic circuit diagram of the solution 

under consideration is shown in Fig. 74. The complete system consists of a 3Φ5L 

E-Type Rectifier, a split DC-bus, a 3Φ5L E-Type Inverter and a bi-directional DC-

DC converter.  

 
Fig. 74. Basic circuit diagram of the 5L E-Type Back-To-Back Converter plus Voltage Balancing 

Devices plus DC-DC Converter. 

The Inverter is realized by a three-phase bidirectional bridge and a set of 

bidirectional switches connected between the DC-bus and the AC-side. The 

inverter, henceforward named as 5L E-Type Inverter, is controlled in a way to 
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maintain a sinusoidal output voltages uu, uv and uw. The bi-directional DC-DC 

converter is used to manage the power flow between the DC-bus and the 

eventual DC source (battery or PV). 

5.2 The Inverter Characteristics 

The output specifications are defined as in Table 6. 

Table 6. The 5 BTB Converter Output Variables Definition 

Output Apparent Power OUTS  20kVA 

Output Power Factor OUTPF  1 

Output Voltage (Phase to Neutral RMS) OUTV  230 V 

Output frequency OUTf  50 Hz 

Output Current 
3

OUT
OUT

OUT

S
I

V
  28.99 A 

Output Voltage THD THDv < 1% 

 

 

Fig. 75. Block scheme of the inverter as part of the complete conversion system. 

Fig. 75 shows the block scheme related to the output system under examination.  

5.3 The Rectifier Characteristics 

The input specifications for the 5L BTB Converter are defined as in Table 7. 
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Table 7. 5L BTB Converter Input Variables Definition 

Input Power Factor INPF  1 

Input Apparent Power 
OUT

IN OUT

IN

PF
S S

PF
   

Input Voltage (Phase to Neutral RMS) INV  230 V 

Input voltage range (min)INV  176Vac - 276 Vac  

Input Frequency INf  50 Hz 

Maximum Input Current (RMS) (max)

(min)3
OUT OUT

GRID

IN IN

S PF
I

V PF
   

Input current THD THDi < 3% 

DC-bus Voltage  VBUS 680 V ÷ 800 V 

Fig. 76 shows the block scheme related to the input system under examination.  

 

Fig. 76. Block scheme of the input rectifier. 

The 5L E-Type Rectifier is controlled in order to ensure a sinusoidal input current 

and constant DC-bus voltage.  

  



 

 

 Page 106 
 

6 THEORETICAL ANALYSIS OF THE 5-LEVEL E-TYPE 

CONVERTER 

6.1 5L E-Type BTB Converter Characteristics 

Three-phase four wire equivalent circuit diagram of the 5L E-Type BTB 

Converter is presented in Fig. 77. The input current and voltage are defined in 

(7) and (8) with values of the RMS input voltage, RMS input current and 

frequency as in Table 7. 

 

Fig. 77. Circuit diagram of the 5L E-Type BTB Converter. 

The output voltage and current are summarized in (45) and (46), where φOUT is 

the phase displacement between the output voltage and the corresponding 

output current at the fundamental frequency. 

 (t) 2 sin

2
(t) 2 sin

3

4
(t) 2 sin

3

u OUT OUT

v OUT OUT

w OUT OUT

u V t

u V t

u V t



 

 

 


 
   
  


      

 

(45) 
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 (t) 2 sin

2
(t) 2 sin

3

4
(t) 2 sin

3

u OUT OUT OUT

v OUT OUT OUT

w OUT OUT OUT

i I t

i I t

i I t

 

  

  

  


 
    
  


       

 

(46) 

From the output voltage specification, VOUT, we can obtain the modulation depth 

for the inverter, (47). 

0,

2 2 OUT
I

BUS

V
M

V
  (47) 

The 5L E-Type Rectifier characteristic has been obtained in the part two of this 

dissertation. Obviously, output-to-neutral switching voltage uQ(sw), with Q∈ {u, v, 

w}, can be obtained in the same manner. In the 5L E-Type Inverter the top-middle 

and bottom-middle legs are not unidirectional. For this reason, the threshold 

function will not be considered. The switching function of the 5L E-Type Inverter 

SIQy, with y∈ {A, 1, 2, 3, B} is defined by (48). 

0   switch off
 

1    switch onIQyS


 


 (48) 

The output-to-neutral switching voltage uQ(sw) can be obtained as in (49). 

     ( ) 2 , ,1Q sw IQ BUS Ih BUS Ilu S u u  (49) 

The upper and lower DC-bus voltages, uBUS,Ih and uBUS,Il, can be written as in (50). 

      2 1

2

,Il 1 11BUS IQA ICB Q IQ IQACBu S S S Sv v

      3 4

2

, 3 31BUS Ih IQB ICB Q IQ IQBCBu S S S Sv v  

(50) 

Substituting (10) and (50) into (49), the output-to-neutral switching voltage can 

be completely defined as in (51).  

         
 

  ( ) 3 3 1 121 2 3 2 3
4

IQ IQ IQ IQ IQ IQ IQ
BU

IQ IQ
S

Q sw B B A A

V
u S S S S S S S SS  (51) 

When the switching functions SIQA and SIQB are always “on” (switches always 

closed), the equation (51) degenerates into equation (15). As shown in Table 8, 

the output-to-neutral switching voltage can take one of the 5 values; ±VBUS/2, 

±VBUS/4 and 0. 
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Table 8. Output-to-neutral switching voltage versus 

switching function. 

State I SIQA SIQ1 SIQ2 SIQ3 SIQB sQ(sw) 

1 0 0 0 0 0 0 

2 0 0 0 0 1 VBUS/2 

3 0 0 0 1 0 VBUS/4 

4 0 0 0 1 1 0 

5 0 0 1 0 0 0 

6 0 0 1 0 1 0 

7 0 0 1 1 0 0 

8 0 0 1 1 1 0 

9 0 1 0 0 0 -VBUS/4 

10 0 1 0 0 1 VBUS/4 

11 0 1 0 1 0 0 

12 0 1 0 1 1 - VBUS/4 

13 0 1 1 0 0 0 

14 0 1 1 0 1 0 

15 0 1 1 1 0 0 

16 0 1 1 1 1 0 

17 1 0 0 0 0 - VBUS/2 

18 1 0 0 0 1 0 

19 1 0 0 1 0 - VBUS/4 

20 1 0 0 1 1 - VBUS/2 

21 1 0 1 0 0 0 

22 1 0 1 0 1 0 

23 1 0 1 1 0 0 

24 1 0 1 1 1 0 

25 1 1 0 0 0 0 

26 1 1 0 0 1 VBUS/2 

27 1 1 0 1 0 VBUS/4 

28 1 1 0 1 1 0 

29 1 1 1 0 0 0 

30 1 1 1 0 1 0 

31 1 1 1 1 0 0 

32 1 1 1 1 1 0 

6.2 5L E-Type BTB Converter Operating Areas 

The input/output-to-neutral switching voltage (equations (15) and (51)) 

show five voltage levels. According to the Fig. 42, the 5L E-Type BTB Converter 

can operates in four different areas. 
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a) Area 1 

The phase-to-neutral voltages uaN and uuN are negative and the 

input/output-to-neutral switching voltages ua(sw) and uu(sw) can assume the two 

discrete values -½VBUS and -¼VBUS depending on the states of the switches SRa1 

and SIu1, SIuA, Fig. 78. The input phase current ia is negative (the direction is from 

the DC-side to AC-side). The output phase current iu can be both positive and 

negative. 

 

(a) 

 

(b) 

Fig. 78. Converter operating area 1: a) ua(sw)=uu(sw)=-½VBUS, b) ua(sw)=uu(sw)=-¼VBUS. 

b) Area 2 

The phase-to-neutral voltages uaN and uuN are negative and the 
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input/output-to-neutral switching voltage ua(sw) and uu(sw) can assume the two 

discrete values -¼VBUS and 0 depending on the status of the switches SRa2 and SIu1, 

SIu2, Fig. 78b and Fig. 79. In this area, the switch SRa1 is “always on” and the switch 

SIuA is “always off”. The input phase current ia is negative (the direction is from 

the DC-side to AC-side). The output phase current iu can be both positive and 

negative. 

c) Area 3 

The phase-to-neutral voltages uaN and uuN are positive and the input/output 

to-neutral switching voltage ua(sw) and uu(sw) can assume the two discrete values 0 

and ¼VBUS depending on the status of the switches SRa2 and SIu2, SIu3, Fig. 79 and 

Fig. 80a. The input phase current ia is positive (the direction is from the AC-side 

to DC-side). The output phase current iu can be both positive and negative. 

 

Fig. 79. Converter operating area 2: ua(sw)=uu(sw)=0. 

a) Area 4 

The phase-to-neutral voltages uaN and uuN are positive and the input/output 

to-neutral switching voltage ua(sw) and uu(sw) can assume the two discrete values 

¼VBUS and ½VBUS depending on the status of the switches SRa3 and SIu3, SIuB, Fig. 

80a and Fig. 80b. The input phase current ia is positive (the direction is from the 

AC-side to DC-side). The output phase current iu can be both positive and 

negative. 
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(a) 

 

(b) 

Fig. 80. Converter operating area 4: a) ua(sw)=uu(sw)=¼VBUS, b) ua(sw)=uu(sw)= ½VBUS. 

6.3 Power Semiconductors Realization and Selection 

Until now the power devices located into each leg of the 5L E-Type BTB 

Converter have been considered as ideal switches. Namely, when the switch is 

closed, the current flow through the switch is equal to the current of the filter 

inductor and the voltage across the switch terminal is equal to zero. When the 

switch is open, the current flow through the switch is equal to zero and the 
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voltage across the switch is not zero. An ideal switch does not exist, it is just an 

approximation! Let's see how to properly realize and select prospective power 

devices for the 5L E-Type BTB Converter, namely, how to choose the technology, 

the family, the voltage and current rating of the power semiconductors.  

6.3.1 Switches Configuration  

The 5L E-Type Rectifier shows a unidirectional power flow; therefore, the 

switches located in the top/bottom-middle leg-rectifier, SRP1 and SRP3, are voltage 

bidirectional and current unidirectional, Fig. 81. For the bottom-middle leg-

rectifier the current directional is from the DC-bus capacitors to the AC-side; 

whereas, for the top-middle leg-rectifier the current direction is from the AC-side 

to the DC-bus capacitors.  

 
Fig. 81. 5L E-Type BTB Converter switches realization. 1: voltage bidirectional and current 

unidirectional (isw ≥ 0), 2: voltage and current bidirectional, 3: voltage bidirectional and 

current unidirectional (isw ≤ 0), 4: voltage unidirectional and current bidirectional. 

The switch placed in the middle leg-rectifier SRP2 and the switches located in the 

middle, top-middle and bottom-middle leg-inverter, SIQ1 SIQ2 and SIQ3, are 

voltage and current bidirectional, Fig. 81. The devices located in the outer leg-

inverter SIQA and SIQB are voltage unidirectional and current bidirectional, Fig. 

81.According to this analysis, a possible solution for realizing the switches SRP1 
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and SRP3 is the series connection of either IGBT or MOSFET and diode, as 

depicted in Fig. 82a and Fig. 82b. The switches SRP2, SIQ1, SIQ2 and SIQ3 can be 

created by connecting two unidirectional switches IGBT or MOSFET in Common 

Collector CC (or common source) or in Common Emitter CE (or common drain), 

Fig. 82c and Fig. 82d. Additionally, we can realize a hybrid configuration by 

connecting a mixed combination of both IGBT and MOSFET, Fig. 82e.  

 

(a) 

 

 

(b) 

 

 
(c) 

 

 
(d) 

 
(e) 

Fig. 82. Possible configuration of switches: a) voltage bidirectional and current unidirectional 

(isw ≥ 0), b) voltage bidirectional and current unidirectional (isw ≤ 0), c) bidirectional switches 

in CC, d) bidirectional switches in CE, e) hybrid bidirectional switches in CE. 

 

Fig. 83. Potential Configuration of the 5L E-Type BTB Converter. 
 

Consequently, a possible configuration’s devices for the 5L E-Type BTB 

Converter is shown in Fig. 83. As the switches’ configuration is selected, we need 

to understand which devices should be used to assemble the converter. To this 
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purpose, we need to know the devices’ voltage stress and the devices’ current 

stress. 

6.4 The Switch Voltage Rating 

The first step in the design of power electronic converters is to determine the 

voltage rating of potential power semiconductors. This step is important because 

if the rating of the devices is too close to the operating voltage, the risk of failure 

will be large, adversely affecting the converter reliability. On the other hand, if 

the voltage rating is chosen with excessive safety margins, overall efficiency and 

performance will suffer since higher rated devices require thicker silicon, which 

generates higher losses. The switches and diodes voltage rating are a function of 

the maximum blocking voltage VBL(max) across the devices during the 

commutation. In steady state, the maximum blocking voltage depends on the 

total DC-bus voltage VBUS and the number of levels N according to the equation 

(52). 

 

(max)
1

STEADY STATE

BUS
BL

V
V

N



 (52) 

The equation (52) is only valid for some of the devices of the 5L E-Type BTB 

Converter; the blocking voltage VBL(max) at a steady state depends on the power 

devices position into 5L E-Type BTB Converter. Considering the operating 

condition as mentioned in the previous section, namely VIN(rms)=VOUT(rms)=230V, 

fIN=fOUT=50Hz and VBUS=700V, the steady state blocking voltage across the 

diodes DRPA, DRPB, DIQA, DIQB and the switches, SIQA and SIQB with P∈{a, b, c} and 

Q∈{u, v, w}, (see Fig. 83) is depicted in Fig. 84. The fundamental period is shown 

for each waveform of interest. The maximum blocking voltage across these 

devices is VBUS=700V. 
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(a) 

 

(b) 

Fig. 84. Blocking voltage at steady state: a) DRPA, SIQA and DIQA; b) DRPB, SIQB and DIQB. 

 

(a) 
 

(b) 

Fig. 85. Blocking voltage at steady state: a) DRP12, DIQ12, SRP12 and SIQ12; b) DRP31, DIQ31, 

SRP31 and SIQ31. 

 

(a) 

 

(b) 

Fig. 86. Blocking voltage at steady state: a) DRP11, DIQ11 and SIQ11; b) DRP32, DIQ32 and SIQ32. 

The steady state blocking voltage across the diodes DRP12, DIQ12, SRP12 and SIQ12 

and the switches DRP31, DIQ31, SRP31 and SIQ31is shown in Fig. 85. 

 

(a) 

 

(b) 

Fig. 87. Blocking voltage at steady state: a) DRP21, DIQ21, SRP21 and SIQ21; b) DRP22, DIQ22, 

SRP22 and SIQ22. 

The maximum blocking voltage across these devices is ¼VBUS=175V. The 



 

 

 Page 116 
 

maximum blocking voltage of the diodes and switches arranged in the bottom-

middle and top-middle legs, DRP11, DIQ11, SIQ11 and DRP32, DIQ32, SIQ32, is 

¾VBUS=525V, as it results in Fig. 86. 

Table 9. Blocking voltages at steady state for 

the devices in the 5L E-Type BTB Converter. 

Devices Blocking voltages 

5L E-Type Rectifier 

DRPA, DRPB VBUS 

DRP11, DRP32 ¾VBUS 

SRP12, DRP12, SRP31, DRP31 ¼VBUS 

SRP21, SRP22, DRP21, DRP22 ½VBUS 

5L E-Type Inverter 

SIQA, SIQB, DIQA, DIQB VBUS 

SIQ11, SIQ32, DIQ11, DIQ32 ¾VBUS 

SIQ12, SIQ31, DIQ12, DIQ31 ¼VBUS 

SIQ21, SIQ22, DIQ21, DIQ22 ½VBUS 

The maximum blocking voltage of the diodes and switches located in the middle, 

DRP21, DRP22, DIQ21, DIQ22, and SRP21, SRP22, SIQ21, SIQ22, is ½VBUS=350V. The blocking 

voltages at steady state for the devices in the 5L E-Type BTB Converter are 

summarized in Table 9. Besides the blocking voltage at steady state, we have to 

take into account the commutation over-voltage Δv that occurs during the 

commutation. The commutation over-voltage Δv is defined as in (53), where kR 

is the coefficient that takes into account the resonance of the DC-bus circuit, Lξ is 

the commutation inductance (6), disw/dt is the device current slope and VFR is the 

forward recovery voltage of the complementary freewheeling diode. 

 sw
R FR

di
v k L V

dt
    (53) 

 Consequently, the switches and diodes voltage rating are given by the sum of 

two terms: the maximum blocking voltage at steady state and the commutation 

over-voltage, as depicted in equation (54). 

 

(max)  

TRANSIENT
STEADY STATE

sw
sw BL R FR

di
V V k L V

dt
    

(54) 

Actually, the equation (54) is valid when the devices works in active switch 
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mode; whereas when the switch operates in passive switch mode, the equation 

(54) is not valid. 

6.4.1 Passive and Active Switch Mode 

When the device is “OFF”, the voltage rating is set by the circuit and the 

commutation over-voltage Δv does not occur; the voltage rating of the switch is 

equal to the blacking voltage. Let’s call this condition passive switch mode 

(PSM). For example, during the peak negative of the modulating signal the 

equivalent circuit is shown in Fig. 88 (the modulation scheme will be explained 

in the next section). The commutation occurs between SIuA and SIu12. When SIu12 

is “ON” (SIuA is “OFF”) the output voltage is -¼VBUS, the blocking voltage across 

the switch SIuB is ¾VBUS. When SIuA is “ON” (SIu12 is “OFF”) the output voltage is 

-½VBUS, the blocking voltage across the switch SIuB is VBUS. In both cases the 

commutation over-voltage Δv is zero. It can be seen that even switches SIu22 and 

SIu32 operate in PSM. 

Active switch mode (ASM) occurs when the current flows through the devices 

during the commutation. In this case, the voltage rating of the devices is given 

by equation (54). For example, considering the Fig. 88 the switches SIuA and SIu12 

operate in ASM and the commutation over-voltage Δv can occur. It can be 

noticed that each power device in the 5L E-Type BTB Converter are switched 

with the blocking voltage at a steady state equal to ¼VBUS; this means that the 

commutation over-voltage Δv happen with low blocking voltage at a steady state 

(¼VBUS).  
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(a) 

 

(b) 

Fig. 88. Single-phase equivalent circuit diagram of the 5L E-Type Inverter during the peak negative 

of the modulating signal: a) SIu12 is “ON” and SIuA is “OFF, b) SIu12 is “OFF” and SIuA is “ON. 

6.4.2 Few Words about the Devices Technology 

Once the voltage rating has been determined, the next step is the selection of 

the device type and technology according to the voltage rating previously 

determined. Different switch technologies can be selected to create the 5L E-Type 

BTB Converter. The use of 1200V IGBTs could be the best solution for the inverter 

outer switches SIQA, SIQB since they have to sustain the full DC-bus voltage (> 

VBUS). The diodes placed in the outer leg and in the top-middle leg, DRPA, DRPB 

and DRP11, DRP32, can be silicon carbide (SiC) devices, due to their attractive 

characteristic of strongly reduction of the reverse recovery losses. Two switch 

technologies can be proposed for the middle legs: super-junction MOSFET and 

IGBTs. In order to reduce the losses, super-junction 650V MOSFET for the 

switches SRP21, SRP22, and SIQ21, SIQ22 could be used. However, the poor reverse 

recovery characteristics of the internal body diode of the super-junction MOSFET 

makes them difficult to be used in the 5L E-Type Inverter. Thus, the switches 

situated in the middle leg rectifier could be super-junction MOSFET and the 

switches placed in the middle leg inverter should be Si-IGBT with Si or SiC FWD. 
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Finally, we can choose two different semiconductor’s technologies in the bottom-

middle and top-middle leg given two different switch voltage ratings, ¼VBUS and 

¾VBUS. The switches having ¼VBUS voltage ratings, SRP12, SRP31, SIQ12 and SIQ31, 

250 V OptiMOSTM technology could be the best choice to improve the overall 

efficiency. The switches having ¾VBUS voltage ratings SIQ11 and SIQ32, 650V IGBT 

can be the switch of choice. The preferred semiconductor’s technology and 

switches voltage ratings of the 5L BTB Converter have been summarized in Table 

10. 

Table 10. The semiconductor’s technology of the 5L E-Type BTB 

Converter. 

Devices  Rated Voltage [V] Technology 

5L E-Type Rectifier 

DRPA, DRPB, DRP11, SRP32 1200 SiC Diode 

SRP12, DRP31  250 OptiMOSTM 

SRP21, SRP22 650 CoolMOSTM 

5L E-Type Inverter 

SIQA, SIQB, SIQ11, SIQ32 1200 Si-IGBT 

SIQ12, SIQ31 250 OptiMOSTM 

SIQ21, SIQ22 650 Si-IGBT 

6.4.3 Improving the Voltage Rating Devices of the 5L E-Type BTB 

Converter 

Multi-level topologies have been conceived to use devices like IGBTs in 

traction applications in place to thyristors (SCR) and GTOs during 80’s [153]. 

Afterwards, multilevel topologies have also been used in industrial applications 

given the excellent benefits such as the use of power devices with a low voltage 

rating. Thus, the power semiconductors must withstand only reduced DC-bus 

voltages. To this purpose, more power devices have been connected in series 

and/or in parallel to create a specific multi-level topology. In other words, if the 

devices have to withstand the total DC-bus voltage, we can use more switches in 

series connection. The devices in series connection are crossed by the same 

current flow, this means that the conduction losses would increase. As a result, 
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we are improving the switches voltage rating; however, on the other hand, we 

are getting worse the conduction losses. We have seen in the previous section, 

that the more stressed devices in the 5L E-Type BTB Topology are located in the 

outer, bottom-middle and top-middle leg, DRPA, DRPB and SIQA, SIQB, Fig. 89a. Can 

we do something to improve the 5L E-Type BTB Converter? The answer is yes! 

We can make a small modification in the 5L E-Type BTB Converter using two 

series connection switches in order to obtain a great improvement from the point 

of view of the switches voltage rating. 

 

(a) 

 

(b) 

Fig. 89. 5L E-Type BTB Converter: a) High switches voltage rating, b) topology change. 

The main idea is to swap the devices in the top-middle leg, SIQ31↔SIQ32 and 

SRP31↔DRP32, and insert a short circuit between the points A-B, C-D, E-F and GH, 

Fig. 89b. Given the diodes DRaA↔DRa11, DRaB↔DRa31 and IGBTs SIuA↔SIu11, 

SIuB↔SIu31 have the same function, the diodes DRPA and DRPB and the IGBTs SIQA 

and SIQB are removed and new devices are inserted into outer legs (SRPA, SRPB, 

SIuA, SIuB, see Fig. 89b). The new converter called New 5L E-Type BTB Converter 

(N5L E-Type BTB Converter) can be drawn as in Fig. 90. The N5L E-Type BTB 

Converter presents the same input/output-to-neutral switching voltage, 

equations (15) and (51), and the same characteristic shown in the previous 

configuration of Fig. 42. 
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Fig. 90. New 5L E-Type BTB Converter. 

The voltage stress of the switches SRPA, SRPB, SIQA and SIQB is reduced. Fig. 91 and 

Fig. 92 show the blocking voltages of the switches in the N5L E-Type BTB 

Converter.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 91. Steady state blocking voltages of the switches in the N5L E-Type BTB Converter: a) 

SRPA, SIQA, DRPA and DIQA, b) SRP12, SIQ12, DRP12 and DIQ12, c) SRP32, SIQ32, DRP32 and DIQ32, d) SRPB, 

SIQB, DRPB and DIQB. 
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(a) 

 

(b) 

 

(c) 
 

(d) 

Fig. 92. Steady state blocking voltages of the switches in the N5L E-Type BTB Converter: a) 

DRP11, DIQ11 and SIQ11, b) DRP31, DIQ31 and SIQ31, c) SRP21, SIQ21, DRP21 and DIQ21, d) SRP22, SIQ22, 

DRP22 and DIQ22. 

The maximum blocking voltage across SRPA, SRPB, SIQA and SIQB is ¼VBUS. The 

maximum voltage stress is ¾VBUS for devices DRP31, DRP11, SIQ31 and SIQ11. As 

mentioned for the previous 5L E-Type BTB Topology even in the New 5L E-Type 

BTB Converter all power semiconductors are switched with the blocking voltage 

at a steady state equal to ¼VBUS. Power devices DRP31, DRP11, SIQ31 and SIQ11 

operate in PSM, as a consequence commutation over-voltage Δv does not occur 

and the voltage rating of the switch is equal to the blacking voltage (¾VBUS).  

Furthermore, as it will be explained later, the New 5L E-Type BTB Converter 

shows a short commutation loop for high modulation index. In other words, only 

two power devices in the rectifier side, SRPB, SRP32 (or SRPA, SRP12), and two power 

devices in the inverter side, SIQB, SIQ32 (or SIQA, SIQ12), are involved in the 

commutation loop during the positive (or negative) peak of the modulation 

index. As a consequence, we have lower commutation inductance, which results 

in low commutation over-voltage Δv. Thus, the 250 V OptiMOS could be used 

for the switches SRPA, SRPB, SIQA and SIQB, due to the low voltage ratings. The 

preferred semiconductor’s technology and switches voltage ratings of the N5L 
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BTB Converter have been summarized in Table 11. 

Table 11. The semiconductor’s technology of the N5L E-Type BTB Converter. 

Devices  Rated Voltage [V] Technology 

5L E-Type Rectifier 

DRP11, DRP31 650 SiC Diode 

SRPA, SRPB, SRP12, SRP32  250 OptiMOSTM 

SRP21, SRP22 650 CoolMOSTM 

5L E-Type Inverter 

SIQ11, SIQ31 650 Si-IGBT 

SIQA, SIQB, SIQ12, SIQ32 250 OptiMOSTM 

SIQ21, SIQ22 650 Si-IGBT 

6.5 Modulation Scheme of the N5L E-Type BTB Converter 

The N5L E-Type Converter is controlled using the multilevel-PWM. In 

particular, the phase disposition carrier control technique has been selected for 

the proposed topology [155]. The modulation scheme uses four different carriers; 

all the carrier signals, ct1, ct2, ct3 and ct4, have the same amplitude and frequency, 

and are in phase with each other, Fig. 93. It can be seen that An,car is the amplitude 

of the carriers and mn,car is the offset of the carriers (with n=1,2,3,4). In this case, 

A1,car=A2,car=A3,car=A4,car=½ and m1,car=-¾, m2,car=-¼, m3,car=¼, m4,car=¾. Each 

carrier controls two different power devices in opposite phase as listed in Table 

12. The modulating signals of the 5L E-Type Rectifier and 5L E-Type Inverter, 

mP,R(t) and mQ,I(t), depend on the type of PWM modulation that is chosen. A pure 

sinusoidal modulating signal, mP,R(t) (or mQ,I(t)), is shown in Fig. 93 for the sake 

of simplicity. The equations for the sinusoidal PWM modulation techniques are 

summarized in (55) and (56), where M0,R and M0,I are the rectifier and inverter 

modulation depth, -1≤ M0,R ≤1, -1≤ M0,I ≤1, established in (9) and (47), ωIN and 

ωOUT are the input and output frequency and  is the input to output voltage 

displacement. 
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Fig. 93. Modulating scheme of the N5L E-Type BTB Converter. 

Table 12. Carriers versus power devices. 

Carriers Rectifier Devices  Inverter Devices  

ct1 SRPA, SRP12 SIQA, SIQ12  

ct2 SRP22 SIQ22, SIQ11  

ct3 SRP21 SIQ31, SIQ21  

ct4 SRPB, SRP32 SIQB, SIQ32 
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Considering the single-phase “a” and “u”, the modulating signal ma,R(t) and mu,I(t) 

reach a 0.5 value (see Fig. 93) with an angle given by the equations (57) and (58). 

1,

2 , 1

0,

1
arcsin

2
R

R

R

M


  

 
   

 

 







 (57) 

0

,

2 1

,I

1

,

1
arcsin

2
I

I

M
 

  

 
    

 

 







 (58) 

 The devices switching states depend on the modulation index mP,R(t) and mQ,I(t); 
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in particular, we can distinguish 4 regions both for the rectifier -1≤mP,R(t)<-0.5, -

0.5≤mP,R(t)<0, 0≤mP,R(t)≤0.5, 0.5<mP,R(t)≤1 and for the inverter -1≤mQ,I(t)<-0.5, -

0.5≤mQ,I(t)<0, 0≤mQ,I(t)≤0.5, 0.5<mQ,I(t)≤1. According to this, Table 13 and Table 

14 illustrates the switches states versus modulation index mP,R(t) and mQ,I(t). 

Table 13. 5L E-Type Rectifier Switching Conditions. 

 -1≤mP,R(t)<-0.5 -0.5≤mP,R(t)<0 0≤mP,R(t)≤0.5 0.5<mP,R(t)≤1 

SRPA 
OFF if mP,R(t)>ct1(t) 

ON if mP,R(t)<ct1(t) 
OFF OFF OFF 

SRP12 
ON if mP,R(t)> ct1(t) 

OFF if mP,R(t)<ct1(t) 
ON ON ON 

SRP22 OFF 
ON if mP,R(t)>c t2(t) 

OFF if mP,R(t)<ct2(t) 
ON ON 

SRP21 ON ON 
ON if ct3(t)>mP,R(t) 

OFF if ct3(t)<mP,R(t) 
OFF 

SRP32 ON ON ON 
ON if ct4(t)>mP,R(t) 

OFF if ct4(t)<mP,R(t) 

SRPB OFF OFF OFF 
OFF if ct4(t)>mP,R(t) 

ON if ct4(t)<mP,R(t) 

Table 14. 5L E-Type Inverter Switching Conditions. 

 -1≤mQ,I(t)<-0.5 -0.5≤mQ,I(t)<0 0≤mQ,I(t)≤0.5 0.5<mQ,I(t)≤1 

SIQA 
OFF if mQ,I(t)>ct1(t) 

ON if mQ,I(t)<ct1(t) 
OFF OFF OFF 

SIQ11 ON 
OFF if mQ,I(t)>ct2(t) 

ON if mQ,I(t)<ct2(t) 
OFF OFF 

SIQ12 
ON if mQ,I(t)>ct1(t) 

OFF if mQ,I(t)<ct1(t) 
ON ON ON 

SIQ21 ON ON 
ON if ct3(t)>mQ,I(t) 

OFF if ct3(t)<mQ,I(t) 
OFF 

SIQ22 OFF 
ON if mQ,I(t)>ct2(t) 

OFF if mQ,I(t)<ct2(t) 
ON ON 

SIQ32 ON ON ON 
ON if ct4(t)>mQ,I(t) 

OFF if ct4(t)<mQ,I(t) 

SIQ31 OFF OFF 
OFF if ct3(t)>mQ,I(t) 

ON if ct3(t)<mQ,I(t) 
ON 

SIQB OFF OFF OFF 

OFF if ct4(t)>mQ,I(t) 

ON if 

ct4(t)<mQ,I(t)(t) 

6.5.1 Switching Duty Cycle of the N5L E-Type BTB Converter 

Using a sinusoidal multi-level PWM modulation techniques for the N5L E-
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Type BTB Converter, the modulating signals mP,R(t) and mQ,I(t), and the 

switching conditions of the devices are defined in the previous section (equations 

(55), (56) and Table 13 and Table 14). According to equations (55), (56) and Fig. 

90, the duty cycle of the devices can be defined as in (59) and (60), where the 

amplitude of the carriers An,car and the offset of the carrier mn,car (with n=1,2,3,4) 

are shown in Fig. 93.  

  ,
, ,

,

t
1

( )
2
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RP n car P R
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A
d t m m

A

  
    

  
 (59) 

  ,
, ,
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t
1

( )
2
n car

IQ n car Q I
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d t m m

A

  
    

  
 (60) 

Considering the single-phase “a” and “u”, substituting equations (55), (56) into 

(59) and (60), the duty cycle for each power semiconductor in both the rectifier 

and the inverter have been obtained in (61)-(74), where θR=ɷINt and θI=ɷOUTt-. 
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6.5.2 Commutation Loops and Current Paths of the N5L E-Type BTB 

Converter 

In this section, we will determine the current paths in a fundamental period 

based on the operating status of the switches in the N5L E-Type BTB Converter. 

Let us consider a single-phase “a” and “u”, the rectifier’s PF close to one, the 

inverter’s PF non-unitary and  is supposed equal to zero. The input and output 

phase current are defined as in (75) and (76), where ωIN and ωOUT are the input 

and output frequency, φOUT is the phase displacement between the phase output 

voltage and output current. In these conditions, the 5L E-Type Rectifier works in 

two areas, 1) and 2) ua<0, ia<0 and 3) and 4) ua>0, ia>0; the 5L E-Type Inverter 

works in four areas, 1) uu<0, iu<0; 2) uu<0, current can be both iu>0 and iu<0; 3) 
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uu>0, current can be both iu>0 and iu<0; 4) uu>0, iu>0, as shown Fig. 94. As 

previously discussed, the devices switching states are a function of the 

modulation index. 
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(76) 

 
(a) 

 
(b) 

Fig. 94. Operating areas: a) 5L E-Type Rectifier, b) 5L E-Type Inverter. 

When 0≤ωIN≤α1 and 0≤ωOUT≤φOUT, the rectifier and inverter modulation indexes 

are within 0 and 0.5 (0≤mP,R(t)≤0.5 and 0≤mQ,I(t)≤0.5); the 5L E-Type Rectifier 

operate in area 3 and the 5L E-Type Inverter works in area 3 (ia<0). Considering 

the switches notation in Fig. 95, the current paths, the devices blocking voltage 

and the input/output-to-neutral switching voltage ua(sw) and uu(sw) are depicted 

in Fig. 96 and Fig. 97.  

 
(a) 

 

(b) 

 

(c) 

Fig. 95. Switches notation: a) commutation switch, b) close switch, c) open switch. 

As soon as the inverter’s current is positive, the current paths are depicted in Fig. 

98. When α1<ωIN≤π-α1 and φOUT<ωOUT≤π-α1 , the rectifier and the inverter 

modulation indexes are 0.5<mP,R(t)≤1 and 0.5<mQ,I(t)≤1; the current paths 

changes as it is shown in Fig. 99 and Fig. 100. Fig. 99 and Fig. 100 shows the 

devices blocking voltage and the input/output-to-neutral switching voltage ua(sw) 

and uu(sw).  
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(a) 

 

(b) 

Fig. 96. Current path Rectifier: a) ua(sw)=0 V, b) ua(sw)=¼VBUS V. Area 3, 0≤ωIN ≤α1 & π-α1≤ωIN≤π 

and 0≤mP,R(t)≤0.5. 

 

(a) 

 

(b) 

Fig. 97. Current path Inverter: a) uu(sw)=0 V, b) uu(sw)=¼VBUS V. Area 3 with negative current, 

0≤OUT≤φOUT and 0≤mQ,I(t)≤0.5. 

When π-α1<ωIN≤π, π-α1<ωOUT≤π, 0≤mP,R(t)≤0.5 and 0≤mQ,I(t)≤0.5 (area 3 with 

iu>0), the current paths are the same shown in Fig. 96 and Fig. 98. Afterwards, 

the rectifier voltage is negative and the rectifier’s current is negative, whereas the 

inverter’s current is positive.  
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(a) 

 

(b) 

Fig. 98. Current path Inverter: a) uu(sw)=0 V, b) uu(sw)=¼VBUS V. Area 3 with positive current, 

φOUT≤ωOUT≤α1 & π-α1≤ωOUT≤π and 0≤mQ,I(t)≤0.5. 

Thus, the 5L E-Type Rectifier and Inverter work in area 2. In area 2 ωIN is 

π<ωIN≤π+α1 and ωOUT is π<ωOUT≤π+φOUT, the rectifier and the inverter 

modulation indexes are -0.5≤mP,R(t)<0 and -0.5≤mQ,I(t)<0.  

 

(a) 

 

(b) 

Fig. 99. Current path Rectifier: a) ua(sw)=¼VBUS V, b) ua(sw)= ½VBUS V. Area 4, α1<ωIN≤π-α1, 

0.5<mP,R(t)≤1. 

In these areas, the current paths are shown in Fig. 101, Fig. 102. The 

input/output-to-neutral switching voltage ua(sw) and uu(sw) change from 0 V to -
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¼VBUS. For a given time, the inverter’s current is negative and the 5L E-Type 

Inverter operates in area 2 (ωOUT> φOUT).  

 

(a) 

 

(b) 

Fig. 100. Current path Inverter: a) uu(sw)=¼VBUS V, b) uu(sw)= ½VBUS V. Area 4, α1<ωOUT≤π-α1, 

0.5<mQ,I(t)≤1. 

 

(a) 

 

(b) 

Fig. 101. Current path Rectifier: a) ua(sw)=0 V, b) ua(sw)=-¼VBUS V. Area 2, π<ωIN≤π+α1 & 2π-

α1<ωIN≤2π and -0.5≤mP,R(t)<0. 

The current paths are depicted in Fig. 103. When π+α1<ωIN≤2π- α1 and 

π+α1<ωOUT≤2π-α1, the rectifier and the inverter modulation indexes are 

- 1≤mP,R(t)<-0.5 and -1≤mQ,I(t)<-0.5; the current path changes as in Fig. 104 and 

Fig. 105. The input/output-to-neutral switching voltages ua(sw) and uu(sw) change 
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from -¼VBUS V to -½VBUS. Finally, when 2π-α1<ωIN≤2π and 2π-α1<ωOUT≤2π, the 

rectifier and the inverter modulation indexes are -0.5≤mP,R(t)<0 and -0.5≤mQ,I(t)<0 

(area 2 with iu<0); the current paths are the same as shown in Fig. 101 and Fig. 

103. It can be noticed that this analysis is valid as long as φOUT≤α1. 

 

(a) 
 

(b) 

Fig. 102. Current path Inverter: a) uu(sw)=0 V, b) uu(sw)=-¼VBUS V. Area 2 with positive current, 

π<ωOUT≤π+φOUT and -0.5≤mQ,I(t)<0. 

 

(a) 

 

(b) 

Fig. 103. Current path Inverter: a) uu(sw)=0 V, b) uu(sw)=-¼VBUS V. Area 2 with negative current, 

π+φOUT<ωOUT≤π+α1 & 2π-α1<ωOUT≤2π and -0.5≤mQ,I(t)<0. 
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(a) 

 

(b) 

Fig. 104. Current path Rectifier: a) ua(sw)=-¼VBUS V, b) ua(sw)=- ½VBUS V. Area 1, 

 π+α1<ωIN≤2π-α1, and -1≤mP,R(t)<-0.5. 

 

(a) 

 

(b) 

Fig. 105. Current path Inverter: a) uu(sw)=-¼VBUS V, b) uu(sw)=- ½VBUS V. Area 1, 

π+α1<ωOUT≤2π-α1 and -1≤mQ,I(t)<-0.5. 

6.6 Comparison of the Commutation Loops 

The New 5L BTB E-Type Topology shows benefits in the voltage rating, as 

well it achieves the commutation loop improvements. When the rectifier and the 

inverter modulation indexes are 0≤mP,R(t)≤0.5, 0≤mQ,I(t)≤0.5, -0.5≤mP,R(t)<0 and -
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0.5≤mQ,I(t)<0, the commutation loop of the “New” 5L BTB E-Type Converter and 

the “Old” 5L BTB E-Type Converter are the same, as it can be seen from Fig. 106.  

 

(a) 

 

(b) 

Fig. 106. Commutation loop with 0≤mP,R(t)≤0.5 and 0≤mQ,I(t)≤0.5: a) New 5L BTB E-Type BTB 

Converter, b) Old 5L BTB E-Type BTB Converter. 

 

(a) 

 

(b) 

Fig. 107. Commutation loop with 0.5<mP,R(t)≤1 and 0.5<mQ,I(t)≤1: a) New single-phase 5L BTB 

E-Type BTB Converter, b) Old single-phase 5L BTB E-Type BTB Converter. 

Fig. 107 shows the “New” 5L BTB E-Type Converter and the “Old” 5L BTB E-

Type Converter when their modulation indexes are included between 

0.5<mP,R(t)≤1 and 0.5<mQ,I(t)≤1 and -1≤mP,R(t)<-0.5 and -1≤mQ,I(t)<-0.5. It can be 

noticed that the commutation loop of the “New” 5L BTB E-Type Converter 
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involves two power devices in the rectifier side (SRaB, SRa32) and two power 

devices in the inverter side (SIuB, SIu32). On the contrary, the commutation loop of 

the “Old” 5L BTB E-Type Converter includes three power devices in the rectifier 

side (DRaB, SRa31, DRa32) and three power devices in the inverter side (SIuB, SIu31, 

SIu32). Thus, the “New” 5L BTB E-Type BTB Converter show a better 

commutation loop compared with the “Old” 5L BTB E-Type BTB Converter. 

Additionally, as explained in the previous section, some devices of the “New” 

topology present the better voltage rating compared to the “Old” topology. The 

“New” topology power devices located in the outer-leg SRaA, SRa12, SRaB, SRa32, and 

SIuA, SIu12, SIuB, SIu32 have ¼VBUS voltage ratings. On the other hand, the voltage 

rating of the “Old” topology power semiconductors located in the top-middle 

leg SRa31, SIu31 and DRa32, SIu32 are ¼VBUS and ¾VBUS, respectively. The “Old” 

topology device located in the outer-leg SIuB has VBUS voltage rating. Given the 

symmetry of the 5L BTB E-Type Topology respect to the middle-leg, we can 

assert the same at bottom-side of the circuit. According to this analysis, the 

commutation inductance Lξ of the “New” 5L BTB E-Type Converter is reduced. 

6.7 Device Current Stress 

In this section, the analytical approach is presented to calculate the average (AVG) 

and the RMS current flowing through the power semiconductors in the N5L E-

Type BTB Converter. For the sake of simplicity, only the phase “a” of the N5L E-

Type Rectifier and the phase “u” of the N5L E-Type Inverter have been 

considered. Let us assume the input and output current as in (77) and (78). 

2
(t) 2 sin

3
a IN INi I t  

 
  

 
 (77) 

2
(t) 2 sin

3
u OUT OUT OUTi I t   

 
   

 
 (78) 

The current flow through the switches has an pulsive waveform as depicted in 

Fig. 108. The AVG and RMS current over one fundamental period can be found 
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by equations (79) and (80), where Tsw is the switching period and T0=nTsw is the 

fundamental period. 

 
Fig. 108. Switching waveform through devices during one period T0. 

 
2 2 2

2 2 2 1 1 2 2
1 1 2 2

0

...
...

1 n n
RMS sw sw n n sw

I D I D I D
I D T I D T I

T n
I D T

  
      (79) 

  1 1 2 2
1 1 2 2

0

...
...

1 n
AVG sw sw n n s

n
w

D D D
D T D T D T

T

I I I
I I I I

n

 
      (80) 

The equations (79) and (80) can be written as follows in (81) and (82). 

2
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I I n d n
n 

   (82) 

The corresponding equations in time domain defined are defined in (83) and 

(84) with reference to the fundamental period, where dd is the duty cycle of the 

power device. 
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When the switching frequency is high, the current shape in one switching 

interval is almost constant, and the error will be small [156]. Substituting the 

equations (77) and the rectifier duty cycles equation (61)-(66) into (83) and (84), 

the RMS and AVG current through the power devices of the 5L E-Type Rectifier 

can be obtained in (85)-(88), where θR=ɷINt. 
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In the same manner replacing the equations (78) and the inverter duty cycles 

equations (67)-(74) into (83) and (84), the RMS and AVG current through the 

power devices of the 5L E-Type Inverter are reported in (89)-(92), where θI= ɷOUTt.  
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(92) 

It can be noticed the current symmetry into power semiconductors compared to 

the middle leg. Performing some algebraic operations, the AVG and RMS current 

analytical expression related to the devices of the N5L E-Type BTB Converter can 

be written as in (93).  
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(93) 

In (93) the index “i” is related to devices located in the 3ΦN5L E-Type Rectifier 
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and “j” is linked to devices placed in the 3ΦN5L E-Type Inverter. The coefficients 

of the AVG and RMS current (aRMS,i, bRMS,i, aAVG,i, bAVG,i, aRMS,j, bRMS,j, aAVG,j, bAVG,j) 

are reported in Table 15 and Table 16. 

Table 15. RMS and AVG Current Coefficients of the 3ΦN5L E-Type Rectifier 

i Devices Coefficient 

1 DRP11, DRP31 

 ,1 1 13 6 in 23sRMSa      

  
2

,1 1 18 cos( ) 2 cos( ) 1RMSb      

 ,1 12cosAVGa   

,1 1 12 sin(2 )AVGb     

2 SRPA, SRPB,  

 ,2 1 13 6 in 23sRMSa      

    2
,2 1 14cos cos 3RMSb      

 ,2 12cosAVGa    

 ,2 1 1sin 2 2AVGb      

3 SRP12, SRP32 

  ,3 1 1

3
2 sin 2

2
RMSa       

    
22

,3 1 1 1 12 cos( ) cos ( ) 3 cos( ) 2 cos( ) 1RMSb         


 

 ,3 14cosAVGa 
 

,3 1 14 2sin(2 )AVGb     
 

4 SRP21, SRP22 

 ,4 1 1sin
1

2 2
2

RMSa       

   
2

,4 1 12 cos( ) 1 cos( ) 2RMSb       

  ,4 12 1 cosAVGa    

,4 1 1sin(2 ) 2AVGb     

  

https://it.wikipedia.org/wiki/Phi_(lettera)
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Table 16. RMS and AVG Current Coefficients of the 3ΦN5L E-Type Inverter 

j Devices Coefficient 

1 SIQ31, SIQ11 

     2
,1 1 1 13 6 sin 2 sin 23 6 cosRMS OUTa        

 

 

     

2 2
2 1 1

,1

1 1 1

3
4sin 6sin 2sin

            sin 3 6cos( ) 8cos 3co

2

s

2

2

RMS OUT OUT OUT

OUT OUT OUT

b
 

  

     

   
       

   





  



 

   ,1 14cos cosAVG OUTa    

    ,1 1 1 12sin cos 4 2sin(2 ) 2AVG OUT OUTb       
 

2 SIQA, SIQB  

      ,2 1 1 16 sin 2 3 1 cos 23 in3 s 2RMS OUTa      

         3 2 3
,2 1 1 18cos 24cos cos 12cos cosRMS OUT OUTb       

 

   ,2 12cos cosAVG OUTa   
 

   ,2 1 1cos sin 2 2AVG OUTb          

3 SIQ12, SIQ32 

   ,3 1 1

3
2 sin 2 cos 2

2
RMS OUTa          

   

   

,3 1

1 1

1
3 12 cos( ) 4cos cos 2

2

           6cos 2 cos( ) 2 cos(3 )cos 2

RMS OUT OUT

OUT OUT

b   

   

     

    

   ,3 18cos cosAVG OUTa    

     

   
,3 1

1

2sin 2 cos 2 cos

            3sin(2 )cos cos

AVG OUT OUT OUT OUT

OUT OUT

b     

   

   

 
 

4 SIQ21, SIQ22 

 ,4 1 1 13 cos 2 cos( )sin( )3RMS OUTa     
 

   

 

,4 1 1

3
1

6 6cos( ) 2cos 2 6cos 2 cos( )

            4cos 2 cos ( )

RMS OUT OUT

OUT

b    

 

     


 

   ,4 12 2cos cosAVG OUTa   
 

     

 
,4 1 12cos sin(2 )cos 2 cos

            2 cos

AVG OUT OUT OUT

OUT OUT

b     

 

    


 

Finally, we can estimate the current stress for each device of the N5L E-Type BTB 

Converter from the numerical point of view. Considering VIN)=VOUT=230 V, 
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VBUS=700 V, M0,R=M0,I=0.93, cosφOUT=1, Table 17 shows the AVG and RMS 

current value for each power semiconductor as a function of the output power. 

It can be noticed as the most stressed devices are DRP11, DRP31 and SIQ11, SIQ31. 

Having defined the voltage rating and the current stress for each device, it is 

possible to choose the potential discrete components of the N5L E-Type BTB 

Converter. After that, AVG and RMS equations will be used to evaluate both the 

conduction and the switching loss in the N5L E-Type BTB Converter. 

Table 17. RMS and Average current for the N5L E-Type BTB Converter. 

Operating Parameters: VIN(rms)= VOUT(rms)=230 V, VBUS=700 V, M0,R=M0,I=0.93, cosφOUT=1. 

  

  

Pout=3kW Pout=5kW Pout=10kW Pout=15kW Pout=20kW 

IOUT(rms)=4.35 A IOUT(rms)=7.25 A IOUT(rms)=14.49 A IOUT(rms)=21.74 A IOUT(rms)=28.99A 

AVG

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

5L E-Type Rectifier 

DRP11, 

DRP31 
1.85 3.04 3.08 5.07 6.15 10.14 9.23 15.21 12.31 20.28 

SRPA, 

SRPB 
0.84 2.20 1.43 3.67 2.86 7.34 4.28 11.01 5.71 14.69 

SRP12, 

SRP32 
0.99 2.10 1.65 3.50 3.30 6.99 4.95 10.49 6.59 13.99 

SRP21, 

SRP22 
0.11 0.45 0.19 0.74 0.37 1.48 0.56 2.23 0.74 2.97 

5L E-Type Inverter 

SIQ11, 

SIQ31 
1.85 3.04 3.08 5.07 6.15 10.14 9.23 15.21 12.31 20.28 

SIQA, 

SIQB 
0.86 2.20 1.43 3.67 2.86 7.34 4.28 11.01 5.71 14.69 

SIQ12, 

SIQ32 
0.99 2.10 1.65 3.50 3.30 6.99 4.95 10.49 6.59 13.99 

SIQ21, 

SIQ22 
0.11 0.45 0.19 0.74 0.37 1.48 0.56 2.23 0.74 2.97 
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7 LOSSES ANALYSIS 

7.1 Loss Mechanism: General Case 

In this section, the losses mechanism for the power semiconductor devices will 

be explained. The criteria that seriously affect the power semiconductor selection 

and the reasonable design of the power electronic converter are the conduction 

and switching losses calculation and the heat transfer issues for the power 

devices. An ideal switch is a two-terminal device in which the input is the control 

terminal and the output is the power terminal, Fig. 109a. The voltage vsw and 

current isw across the switch can be both positive and negative; thus, the switch 

can work in one of four quadrants, Fig. 109b. When the control signal is 0 the 

switch is open (OFF-state); the switch voltage is unlimited and the switch leakage 

current is zero. On the contrary when the control signal is 1 the switch is close 

(ON-state); the switch current is unlimited and the switch-on-state voltage is zero. 

 

(a) 

 

(b) 

Fig. 109. a) Ideal switch, b) polarity of the voltage and current. 

Additionally, the transition from to ON-state to OFF-state and OFF-state to ON-

state is instantaneous, which means that the slope disw/dt and slope dvsw/dt are 

unlimited. Consequently, there are no conduction and switching losses in the 

ideal switch. As mentioned in the previous chapter, an ideal switch does not 
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exist. Due to non-ideal switches, the power semiconductor devices suffer from 

conduction and switching losses.  

 

Fig. 110. Total losses in a switching device. 

For the sake of clarity, the total losses in a switching device can be divided in 

three main categories and then in some other sub-categories, Fig. 110.  

 

(a) 

 
(b) 

Fig. 111. a) Basic switching cell of power electronics, b) Voltage, current and losses of the 

power semiconductor over one switching period. 

Driving losses is a minimal part of the total power losses and their contribution 
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will be evaluated in the next step. Let us consider the basic switching cell of a 

power converter composed of two switches and two freewheeling diodes, Fig. 

111a. The switching cell load current is I0. We can recognize two different 

commutation scenarios; in the first one, the load current commutes from the D1B 

to the opposite switch SW1A, in the second one the load current commutes from 

the switch SW1B to the opposite diode D1A. In the first commutation scenario, 

when the control signal of SW1a is ON (s(t)=ON), the switching current flow in 

SW1a rises with slope disw/dt and the diode reverse voltage elevates with a rate 

that strongly depends on the performance of the diode and the opposite switch 

gate driver, Fig. 111b. The diode returns current flows as additional current in 

the switch (but not within the load) which increases the turn-on losses in the 

switch. During the turn-off of SW1a, when the control signal is OFF (s(t)=OFF), 

the switching voltage vsw rises with slope dvsw/dt that is determined by the gate 

driver [166]. Fig. 111b shows the voltage vsw(t), current isw(t) and power loss 

pswitch(t) across the power semiconductor SW1A over one switching period Tsw. It 

can be seen that the power loss is composed by four areas along to one switching 

period Tsw: 1) 0≤t<t1, turn-on, 2) t1≤t<t2, conduction state, 3) t2≤t<t3, turn-off and 

4) t≥t3, blocking state. The total power dissipated through one device along the 

switching period can be obtained as in the equation (94). 

       
1 2 3 0

1 2 3

3) 4)  1) 2)  

0

1
( )

Turn off Blocking stateTurn on conduction state

t t t T

switch sw sw sw sw sw sw sw swt t t
sw

P t v i dt v i dt v i dt v i dt
T

 
 

        
 
 

     (94) 

7.2 Conduction Losses 

Conduction losses occur while the power device is in the on-state and is 

conducting the current. Therefore, the power loss during conduction is 

computed by multiplying the device voltage drop with the flowing current in the 

on-state.  



 

 

 Page 146 
 

 
Fig. 112. Power semiconductor output characteristic: real curve (blue line) and linear curve 

(black line). 

Since the first-order approximation of the real curve data (IC-VCE, IF-VF and ID-

VDS) from the device datasheet in some cases [156] has almost the same accuracy 

of the second or third approximation, the conduction power losses can be 

reasonably obtained from the first-order approximation. Fig. 112 shows a linear 

approximation of the power semiconductor output characteristic. Vsw(1) and Vsw(2) 

are the voltage across the devices at rated Isw,N and half rated ½Isw,N current, 

respectively. Thus, the forward on-state properties in semiconductors can be 

approximated by the series of the forward voltage drop Vsw(0) (VCE(0) and VD(0) for 

respectively IGBTs and diodes, obviously VDC(0) is zero) and the ohmic resistance 

rsw (rCE, rD and rDS for respectively IGBTs, diodes and MOSFETs), according to the 

expression (95), where the forward voltage drop Vsw(0) and the ohmic resistance 

rsw can be expressed as in (96).  

(0)( ) ( )sw sw sw swv t V r i t   (95) 

(0) (1) (2)2sw sw swV V V  , 
(2) sw(1)

,

2
sw

sw

sw N

V V
r

I


  (96) 

Both value Vsw(0) and rsw have been obtained directly from the IGBTs, MOSFETs 

and diodes datasheet. The achieved parameters consider the effects of the 

temperature on the power semiconductors. Since the switching period is much 

smaller than the period of the fundamental component, the conduction losses of 

the power devices can be calculated as in (97), where IAVG and IRMS are the 

average and RMS current flowing through the power semiconductors over one 

fundamental period T0, respectively (see equation (83) and (84)). 
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 

 
 (97) 

7.3 Switching Losses 

In order to calculate the switching losses, it is essential to estimate the turn-

on and turn-off energy losses at the operating point for each device, as IGBT, 

MOSFET and diode. To this purpose, we can use the turn-on and turn-off energy 

loss data corresponding to the phase voltage and current waveforms test points 

provided in the device datasheet. Investigation of analytical expressions for both 

switching and conduction losses have been developed in [64], [156]. Turn-on and 

turn-off losses have been computed using equations (98) and (99) respectively. 

1

0

1
( ) ( )

t

on sw sw

sw

P v t i t dt
T

    (98) 

3

2

1
( ) ( )

t

off sw swt
sw

P v t i t dt
T

    (99) 

At the rated conditions, the expression for the average switching losses in the 

device can be written as in (100), where EAVG is the average switching energy 

over fundamental period T0. The average switching energy EAVG is defined as in 

(101), where i0(t) is the switch commutation current, VBUS(t) is the voltage across 

the switch (VBUS or a fraction of VBUS), Eon(Tj, VCE, IC), Eoff(Tj, VCE, IC), are the turn-

on and turn-off energy at the rated condition and IN and VN are the current and 

voltage at the rated condition, respectively. 

sw sw AVGP f E   (100) 

     
  

0

00
0

1 1
, , , , ( ) ( )

T

AVG on j CE C off j CE C BUS

N N

E E T V I E T V I V t i t dt
V I T

 (101) 

Using data-sheet of switching energy supplied by the manufacturers, the turn-

on Eon(Tj, VCE, IC) and turn-off energy Eoff(Tj, VCE, IC) of IGBTs can be obtained 

(see APPENDIX). Differently, the turn-on energy and turn-off energy of 
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MOSFETs are not reported on data-sheet. To this purpose, the turn-on and the 

turn-off switching time have been estimated according to application note [170]. 

Thus, the average switching energy EAVG for MOSFETs can be written as in (102)

, where ton and toff are the turn-on and the turn-off switching time (see 

APPENDIX). 

   
 

  , , , ,
2

on off

T on j DS D off j DS D DS D

t t
E E T V I E T V I V I  

 

7.4 Diode reverse recovery  

The recovery losses in the freewheeling diodes have been approximated through 

the first order equation (103), where Err,AVG is the average switching energy over 

fundamental period T0. The average switching energy Err,AVG is defined as in 

(104), where Err(Tj, VCE) is the reverse recovery energy. 

,sw sw rr AVGP f E   (103) 

  0

, 00

,
( ) ( )

Trr j sw

rr AVG BUS

N

E T V
E V t i t dt

I
   (104) 

7.5 Blocking losses 

The blocking losses can be computed from equation (105), where dsw is the 

duty cycle of the switches and Isw(ζ) is the switch leakage current. The blocking 

losses are significantly lower than the conduction and switching losses. As a 

result, the blocking losses are usually neglected. 

 
3

( )

1
( ) ( ) 1

4

swT
BUS

off sw sw sw swt
sw

V
P v t i t dt d I

T
      (105) 

However, in some cases, such as in high voltage and high temperature 

applications, the blocking losses may become significant. In this case, if the 

switch cooling system is not properly designed taking into account also the 

blocking losses, the device may fail due to the thermal run-away phenomena. 
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8 INPUT-OUTPUT FILTER CONFIGURATION 

8.1.1 Filters Design Objective 

The input and output filters requirements are the input current THDi less 

than 3% and output voltage THDv less than 1%, respectively. The THDi and THDv 

limit must not be exceeded in the worst case of minimum filter capacitance and 

maximum input voltage. The input and output filters design objectives are: 

• Minimized cost, size and losses of the filters passive components (capacitors 

and magnetics). 

• Minimized current stress of the filter capacitors under condition of 

maximum input and output voltages. 

8.1.2 Concept of Interleaving  

The interleaving is a form of paralleling technique where a single converter 

is replaced by NC converters connected in parallel, with their switching instants 

to be phase shifted equally or interleaved over a switching period. The 

interleaved topology has been recently gaining popularity [157] for different 

power applications such as electric and hybrid electric vehicles [158], 

communication power supplies, power factor correction for small handheld tools 

[159], and power boost circuit for photovoltaic systems [160]. Why do we need 

interleaved topology in power conversion? Most of the double conversion 

systems AC-DC/DC-AC employ LC filters or LCL filters [161], [162]. As the 

converter power level increases the switching frequency tends to decrease in 

order to limit the switching losses. Consequently, high-power electronic 

converters present large filter components. The main drawbacks of having large 

filter components are the slow-down of the system’s dynamic response, resulting 

from the use of large inductors as well the system’s output power factor 

reduction [163]. Additionally, large capacitors provide both high currents that 
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reduce the system’s output power factor and produce an easy path for harmonic 

currents caused by grid voltage harmonics, which increases the output current 

total harmonic distortion [164].  

As mentioned in the part one of this dissertation, the need to improve the 

efficiency, power density and reduce cost of both the AC-DC/DC-AC systems 

and input/output filter more and more multi-level topologies have been 

proposed in literature. In order to further improve the efficiency and to reduce 

the size and cost of the input/output filters, interleaving topology has been 

introduced. Using interleaving topology each parallel converter is modulated 

with 2π/NC shifted signal, where NC is the number of the interleaved cells. By 

introducing a phase shift between the switching instants of the parallel 

converters of each phase, the amplitude of the total ripple current is reduced, as 

shown in Fig. 113. 

 

Fig. 113. Current ripple versus modulation index m. 

Additionally, the harmonics content of the voltage improves due to the 

elimination of harmonics below fswNC. If the current ripple is reduced and the 

voltage harmonics content improves, the interleaved topology allows to reduce 

considerably the size of the required filter capacitance. Besides, sharing the 

current among a number of channels enables the use of smaller lower current 

power devices than those used in a conventional converter; the smaller devices 

can switch at a significantly higher frequency than the larger ones, thus allowing 

a reduction in inductor size. 
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The DC-bus capacitors are not an ideal loss-free device. The losses are a function 

of the Equivalent Series Resistance, ESR. We know that ESR decreases inversely 

with frequency. In general, using the interleaved topology, the frequency is NC 

times greater than that of a single converter; thus, the ESR in the DC-bus 

capacitors of the interleaved converter should be less than the single converter. 

Consequently, the losses in the DC-bus capacitors of the interleaved converter 

are reduced. As just mentioned is not true. In this case, DC-bus capacitors losses 

mainly depend on the fundamental frequency current. The interleaved topology 

has effect only on high frequency current not on fundamental frequency current. 

8.2 N5L E-Type BTB Interleaved with Inter-Cell Transformer 

The interleaved topology can be realized with the Inter-Cell Transformer (ICT), 

which is a magnetic coupling device ideally able to equally distribute the phase 

current in paralleled legs. The ICT is nothing else than a transformer without 

leakage inductance. The main advantage of using interleaving topology with ICT 

is the elimination of the harmonics up to fswNC, where NC is the number of the 

interleaved cells, from the input and/or output voltage. In this case, we have 

two-cell structure in interleaving. Fig. 114 shows the simplified single-phase 

circuit diagram of the input and output filters using two-cell structure in 

interleaving coupling through an ICT device. Accordingly, if the switching 

frequency of converter is 24 kHz, the voltage harmonics are eliminated up to 48 

kHz. Which means that the ICT offers the advantage of reduction of size and cost 

of the input and output filters.  

The input filter is composed by the input filter inductance LIN(P), the input filter 

capacitance CIN(P) and the Inter-Cell Transformer ICTIN(P) connected between leg 

1 and leg 2 of the single-phase N5L E-Type Rectifier. The output filter consists of 

the output filter inductance LOUT(Q), the output filter capacitance COUT(Q), and the 

Inter-Cell Transformers ICTOUT(Q) connected between leg 1 and leg 2 of the single-

phase N5L E-Type Inverter. Fig. 115 shows the complete circuit diagram of the 
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New 5L E-Type BTB Converter including the input/output filters. 

 
Fig. 114. Simplified single-phase circuit diagram of the input and output filters with two-cell 

interleaved with ICT. 

The first advantage of using the ICT is that the phase current is equally 

distributed in each leg. Sharing the current among a number of channels enables 

the use of smaller lower current power devices than those used in a conventional 

converter. Table 18 illustrates the AVG and RMS current linked to the power 

semiconductors of one leg N5L E-Type BTB Converter with a number of 

interlaced cells NC equal to 2. As it can be seen, the AVG and RMS current values 

are half of the current value shown in Table 17. The power devices with a reduced 

current rating can be chosen, and smaller devices can switch at a significantly 

higher frequency than the larger ones. 

 
Fig. 115. Complete circuit diagram of the New 5L E-Type BTB Converter. 
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Table 18. RMS and Average current for the N5L E-Type BTB Converter. 

Operating Parameters: VIN(rms)= VOUT(rms)=230 V, VBUS=700 V, M0,R=M0,I=0.93, cosφOUT=1, NC=2. 

  

  

Pout=3kW Pout=5kW Pout=10kW Pout=15kW Pout=20kW 

IOUT(rms)=4.35 A IOUT(rms)=7.25 A IOUT(rms)=14.49 A IOUT(rms)=21.74 A IOUT(rms)=28.99A 

AVG

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

AVG 

[A] 

RMS 

[A] 

5L E-Type Rectifier 

DRP11, 

DRP31 
0.92 1.52 1.54 2.53 3.08 5.07 4.61 7.60 6.15 10.14 

SRPA, 

SRPB 
0.43 1.10 0.71 1.84 1.43 3.67 2.14 5.51 2.86 7.34 

SRP12, 

SRP32 
0.49 1.05 0.82 1.75 1.65 3.50 2.47 5.24 3.30 6.99 

SRP21, 

SRP22 
0.06 0.22 0.09 0.37 0.19 0.74 0.28 1.11 0.37 1.48 

5L E-Type Inverter 

SIQ11, 

SIQ31 
0.92 1.52 1.54 2.53 3.08 5.07 4.61 7.60 6.15 10.14 

SIQA, 

SIQB 
0.43 1.10 0.71 1.84 1.43 3.67 2.14 5.51 2.86 7.34 

SIQ12, 

SIQ32 
0.49 1.05 0.82 1.75 1.65 3.50 2.47 5.24 3.30 6.99 

SIQ21, 

SIQ22 
0.06 0.22 0.09 0.37 0.19 0.74 0.28 1.11 0.37 1.48 

8.3 Input Rectifier Analysis  

Let’s consider a single-phase of the N5L E-Type Rectifier and input filter, as 

depicted in Fig. 116. The switches located in the leg 1, SRa∈ {SRaA, SRa12, SRa21, SRa22, 

SRa32, SRaB} are driven by the switching functions sRa(t)∈ {sRaA, sRa12, sRa21, sRa22, 

sRa32, sRaB}. Using the duty cycles obtained in the section 6.5.1, the switching 

functions sRa(t) are defined over a switching period as in (106), where Tsw=1/fsw 

is the basic switching period. The switches arranged in the leg 2, SꞌRa∈{SꞌRaA, SꞌRa12, 

SꞌRa21, SꞌRa22, SꞌRa32, SꞌRaB}, are driven by the switching function sꞌRa(t)= sRa(t-½TSW). 

The switching functions sRa(t) and sꞌRa(t) are generated by the pulse width 

modulators PWMR1 and PWMR2, Fig. 116. The modulation scheme of the 

interleaved N5L E-Type Rectifier is depicted in Fig. 117. 
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Fig. 116. Single-phase circuit diagram of the N5L E-Type Rectifier and input filter. 

The carrier signals, ct11, ct12, ct13 and ct14 (solid line), are related to the leg 1 and 

the carrier signals ct21, ct22, ct23 and ct24 (dashed line), are linked to the leg 2. 
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(106) 

Each carrier controls two different power devices in opposite phase as listed in 

Table 19. The input-to-neutral switching voltage of the leg 1 and leg 2, ua(sw),1 and 
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ua(sw),2, can be written as in (107), where θ(ia) is the threshold function defined in 

(11). The equivalent input voltage ua(sw) is given by equation (108).  

 
Fig. 117. Modulating scheme of the interleaved N5L E-Type Rectifier. 

Table 19. Carriers versus power devices of the N5L E-Type Rectifier. 

Carriers ct11 ct12 ct13 ct14 ct21 ct22 ct23 ct24 

 Leg 1 Leg 2 

 SRPA, 

SRP12 

SRP22 SRP21 SRPB, 

SRP32 

SꞌRPA, 

SꞌRP12 

SꞌRP22 SꞌRP21 SꞌRPB, 

SꞌRP32 

It can be seen that the equivalent input voltage ua(sw) is composed by nine-level 

voltage. 
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(108) 

In general case, using interleaved topology, the number of the output voltage 

levels, NL(OUT), is given by the equation (109), where NL is number of the level of 

the converter and NC is the number of the interleaved cells. 

 (OUT) 1 1L L CN N N     (109) 

8.4 Output Inverter Analysis  

The analysis carried out for the rectifier stage is valid even for the inverter 

stage. Fig. 118 shows the single-phase N5L E-Type Inverter and output filter. The 



 

 

 Page 156 
 

switches located in the leg 1, SIu∈ {SIuA, SIu11, SIu12, SIu21, SIu22, SIu31, SIu32, SIuB} are 

driven by the switching functions sIu(t)∈ {sIuA, sIu11, sIu12, sIu21, sIu22, sIu31, sIu32, sIuB}.  

 

Fig. 118. Single-phase N5L E-Type Inverter and output filter. 

The switching functions sIu(t) are defined over a switching period Tsw as in (110), 

where the duty cycles have been obtained in section 6.5.1. The switches 

organized in the leg 2, SꞌIu∈{sꞌIuA, sꞌIu11, sꞌIu12, sꞌIu21, sꞌIu22, sꞌIu31, sꞌIu32, sꞌIuB}, are driven 

by the switching function sꞌIu(t)= sIu(t-½TSW). The switching functions sIu(t) and 

sꞌIu(t) are generated by the pulse width modulators PWMI1 and PWMI2, Fig. 118. 

The modulation scheme of the interleaved N5L E-Type Inverter is equal to the 

one we shown in Fig. 117. Each carrier controls two different power devices in 

opposite phase as listed in Table 20. 

Table 20. Carriers versus power devices of the N5L E-Type Inverter. 

Carriers ct11 ct12 ct13 ct14 ct21 ct22 ct23 ct24 

 Leg 1 Leg 2 

 SIuA, 

SIu12 

SIu22 SIu21 SIuB, 

SIu32 

SꞌIuA, 

SꞌIu12 

SꞌIu22 SꞌIu21 SꞌIuB, 

SꞌIu32 
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 

 
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1         0 ( )T
(t)  

0        ( )T T
Iu

Iu

S SW

Iu

S SW SW

t d t
s

d t t

 
 

 
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1         0 ( )T
(t)

0        ( )T T
Iu

Iu

S SW

Iu

S SW SW

t d t
s

d t t

 
 

 
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1         0 ( )T
(t)

0        ( )T T
Iu

Iu

S SW

Iu

S SW SW

t d t
s

d t t

 
 

 

 

1         0 ( )T
(t)

0        ( )T T
IuB

IuB

S SW

IuB

S SW SW

t d t
s

d t t

 
 

 

 

(110) 

The output-to-neutral switching voltage of the leg 1 and leg 2, vu(sw),1 and vu(sw),2, 

are given in (111). The equivalent output voltage vu(sw) is reported in (112). As 

well as for the input-to-neutral switching voltage, even the equivalent output 

voltage uu(sw) is composed by nine-level voltage.  

   

 

21 22

1 1

( ),1 31 32 31 31 32

1 2 1 1 2 ,OUT 11 1 1

2 3
4

            2

1 1

4
3 ( )

I I I I I I I I I

BUS
I I

BUS
u sw u u u u u uB

I I A

u u uB

u u u u u u u IuI I I A

V
u s s s s s s s

s s s s s s
V

t

s

s

s

s

   

   

 (111) 

( ),2 ( ),1 ,OUT1 ,OUT 2
4

( ) ( ) ( ) ( )
2 2 4
sw sw

u sw u
BUS

sw Iu I
BUS

u

T T
u t u t s t s

V
t

V
    

( ),1 ( ),2

( ) ,OUT1 ,OUT 2

( ) ( )
( ) ( ) ( )

2 8

u sw u sw

u sw
BUS

Iu Iu

u t u t
u t s t s t

V
      

(112) 

Input Filter Analysis 

The input inductor current is defined as in (113), where IIN is the fundamental 
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current and iLa(t) is high frequency current ripple. 

   (t) 2 sinLa IN IN Lai I t i t   (113) 

Let’s assume an ideal ICT. In this condition, all flux generated by the primary 

winding and/or the secondary winding links all the turns of every windings, 

including itself. Thus, considering the ICT as fully symmetrical and the switching 

cells as identical, the output inductor current is shared equally between leg 1 and 

leg 2, ia1=ia2 (see Fig. 119). 

 

Fig. 119. Single-phase equivalent circuit diagram of the input filter. 

The input cell (or leg) current can be written as in (114), where IIN is the 

fundamental current and iLa(t) is high frequency current ripple. 

       1 2

(t) 2 1
sin

2 2 2
La

a a IN IN La

i
i t i t I t i t      (114) 

It can be noted from the equation (114) that the current ripple of each 

transformer winding is ½ of the output inductor current ripple. The equivalent 

circuit diagram of the input rectifier is depicted in Fig. 120. The circuit consists 

of the grid voltage source va, the grid equivalent impedance ZGrid, the input filter 

inductance LIN(a), the input filter capacitance CIN(a) and the rectifier equivalent 

input voltage va(sw) (108).  

 
Fig. 120. Equivalent circuit diagram of the input filter. 

Maximum peak-to-peak current ripple [165], iLa,max, is given in (115).  
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,max

( )

1

4 16
BUS

La

sw IN a

V
i

f L

 
   

 
 (115) 

The selection of the input inductance and capacitance values are based on several 

criteria. 

8.4.1 RMS current ripple 

The RMS current ripple over a fundamental period has been expressed in 

(116).  

 
2

, ,max
,

0

1
0.9

2 3 2 3

T
La pp La

La RMS

i t i
i dt

T

   
    

 
  (116) 

Substituting (115) into (116), yields the filter minimum inductance (117). 

,

,

1 0.9

4 16 2 3

BUS
IN a

sw La RMS

V
L

f i



 (117) 

8.4.2 The input current THD 

The input current total harmonic distortion THDi is defined in (118), where 

Ia(k) is the harmonic RMS current of order k and Ia(1) is the first harmonic 

(fundamental) RMS current. 

2
a( )

2

a(1)

100
k

k

i

I

THD
I







 

(118) 

Assuming the rectifier input (grid) current is properly controlled in a way to 

eliminate all the harmonics up to fundamental frequency, the THDi is defined by 

the switching frequency current ripple only, (119), where IN,RMS is the nominal 

RMS current.  

,

,

100 La RMS
i

N RMS

i
THD

I


  (119) 

The current ripple iLa is a periodic function of period ½Tsw (where Tsw=1/fsw) and 

it can be expanded in Fourier series. It could be proven, the current ripple can be 
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approximated by an equivalent first harmonic (120), where iLa,RMS is the RMS 

current ripple (116).  

   ,2 sin 2La La RMS swi t i t    (120) 

The grid RMS current ripple can be approximated by equation (121), where A(1) 

is the filter attenuation at the first harmonic. Substituting (119) into (121) yields 

the filter desired attenuation (122). Substituting (115) and the filter attenuation 

function into (122) yields the filter parameters (123). 

 
 

, ,max

0.9 1

2 3
La RMS La

A
i t i


    (121) 

  ,

,max

2 3
1

90
i N RMS

La

THD I
A

i

 



 (122) 

( ) ( ) 4 2 3
,

1 100 0.9

4 2 2 3

BUS
Grid IN a IN a

sw i N RMS

V
L C L

f THD I
  (123) 

8.4.3 The capacitor current stress  

The capacitor current is composed of two components, namely the 

fundamental frequency current and the equivalent switching frequency current 

ripple. Total RMS current is (124), where VIN is the RMS input voltage. 

Substituting (115) and (116) into (124), yields minimum required filter 

inductance (125).  

 
( ),

2
2

,max ( )

0.9

2 3IN a RMSC La IN IN a INI i V C 
 

   
 

 (124) 

   
( ),

( ) 2 2

( )

0.9 1 1

4 162 3
IN a RMS

BUS
IN a

sw
C IN IN a IN

V
L

f
I V C 





 
(125) 

8.4.4 The inductor current 

The inductor current is defined in (126). The fundamental frequency RMS 

current is given in (127). 
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     

 

( ) ,max

( )

0.9
2 sin 2 sin 2

2 3

                      2 cos

LIN a IN IN La sw

IN IN a IN IN

i t I t i t

V C t

 

 

   



 (126) 

Substituting (126) into (117), yields (128), where the minimum filter inductance 

satisfies the maximum allowed RMS current for the filter inductor. 

     
2 22

, ( ) ,La RMS IN IN IN a IN La RMSI I V C i     (127) 

 
, 2

2 2
, ( )

0.9 1 1

4 162 3

BUS
IN A

sw
La RMS IN IN IN a IN

V
L

f
I I V C 



 

 
(128) 

8.5 The Input Capacitor and Inductor Selection 

From the above analysis, the initial value for the calculations of the input filter is 

the maximum allowed current ripple on the filter inductor and filter capacitors. 

The capacitance CIN(a) is chosen starting from the acceptable reactive power of the 

filter.  The capacitance value is calculated in order to limit the capacitor reactive 

power at 1% of the full load power. This value allows maintaining high power 

factor even in the case of light load.  

( ) 0.01
2

IN
IN a

IN IN

I
C

f V
  (129) 

The grid inductance LGrid is given as the system parameter and we have no 

influence on it. The inductance LIN(a) can be selected considering the maximum 

value obtained by the equation (117) and (123). 

,

4 2
( ) ,

,

3

1 0.9

4 16 2 3
max

1 100 0.9

4 2 2 3

BUS

sw La RMS

IN A

BUS

sw Grid IN a i N RMS

V

f i
L

V

f L C THD I





 





 (130) 

The inductance LIN(a) has to be selected for maximum peak-to-peak current ripple 

given as the inductor design parameter. 
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Table 21. Input parameters of the three-phase N5L E-Type BTB Converter 

Input RMS Voltage VIN [V] 230 

Input RMS Current IIN [A] 28.99 

Input Frequency fIN [Hz] 50 

Input Current THDi [%] 3 

Grid Inductance LGrid [µH] 50 

Power Factor - 1 

Maximum peak-to-peak current ripple, iLa,max [A] 8.7 

RMS current ripple iLa,RMS [A] 2.26 

Considering the input parameters shows in Table 21 and equation (129) and 

(130) the design results are summarized in the table below. 

Table 22. Input Filter capacitor and inductance selection. 

Criteria Equation Value 

Acceptable reactive power ( ) 0.01
2

IN
IN a

IN IN

I
C

f V
  4.01 µF 

RMS current ripple, LIN(a) 
,

,

1 0.9

4 16 2 3

BUS
IN A

sw La RMS

V
L

f i



 55.40 µH 

Input Current THDi, LIN(a) 4 2 3
( ) ,

,

1 100 0.9

4 2 2 3

BUS
IN A

sw Grid IN a i N RMS

V
L

f L C THD I
  15.79 µH 

According to this analysis, the input inductance LIN(a) and the input capacitor 

CIN(a) are chosen equal to 60 μH and 4.7 μF, respectively.  

8.6 Output Filter Analysis 

In Section 8.4 the structure of the output inverter has been analyzed. Let’s 

consider an equivalent circuit of the 1ΦN5L E-Type Inverter and output filter, 

Fig. 121. 

 
Fig. 121. Equivalent circuit of the 1ΦN5L E-Type Inverter and output filter. 

The output inductor current is defined as in (131), where IOUT is the fundamental 

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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current and iLu(t) is high frequency current ripple. 

   (t) 2 sinLu OUT OUT Lui I t i t   (131) 

Assuming an ideal ICT and identical switching cells, the output cell (or leg) 

current can be written as in (132). 

       1 2

(t) 2 1
sin

2 2 2
Lu

u u OUT OUT Lu

i
i t i t I t i t      (132) 

For sake of simplicity let’s consider the equivalent circuit diagram of the output 

filter, Fig. 122. The equivalent output filter circuit consists of the equivalent 

voltage source of the inverter vu(sw) (see equation (112)), the output inductance 

LOUT(u) and the output capacitor COUT(u). 

 

Fig. 122. Equivalent circuit diagram of the output filter. 

The equation (115) is valid also for the output stage; thus, the peak-to-peak 

maximum current ripple, iLu,max, can be written in (133).  

,max

(u)

1

4 16
BUS

Lu

sw OUT

V
i

f L

 
   

 
 (133) 

The main design objective is to select the inductance LOUT(a) and capacitance 

COUT(a) to achieve the output voltage THDv required. To do this, several criteria 

have been considered. 

8.6.1 RMS current ripple, capacitor current stress and inductor 

current 

The equations (117),(125) and (128) can also be obtained for the output stage 

filter. Therefore, the output equivalent inductance as a function of the RMS 

current ripple, the capacitor current stress and inductor current have been 
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obtained in (134), (135) and (136), where VOUT is the RMS output voltage, IOUT 

is the RMS output current and ωOUT is the output frequency. 

( )

,RMS

1 0.9

4 16 2 3

BUS
OUT a

sw Lu

V
L

f i



 (134) 

 
( ),

( ) 2
2

( )

0.9 1 1

4 162 3
OUT u RMS

BUS
OUT u

sw
C OUT OUT u OUT

V
L

f
I V C 





 
(135) 

     
( ) 22 2

, ( )

0.9 1 1

4 162 3

BUS
OUT a

sw
Lu RMS OUT OUT OUT u OUT

V
L

f
I I V C 



 

 
(136) 

8.6.2 The output voltage THD 

The output voltage total harmonic distortion THDv is defined by (137), 

where Uu(k), is a harmonic RMS of order k and Uu(1) is the first fundamental RMS 

voltage. 

2
( )

2

(1)

100
u k

k

v

u

U

THD
U







 

(137) 

,

,RMS

100 u RMS
v

N

u
THD

U


  (138) 

Let’s assume the output voltage is properly controlled and all the harmonics of 

the fundamental frequency are eliminated by the control. In that case, the THDv 

is defined by the equivalent switching frequency voltage ripple (138), where 

vu,RMS(t) is the output voltage RMS ripple and UN,RMS is the nominal RMS 

voltage.  

If the switching frequency is sufficiently higher than the fundamental frequency, 

the expression (139) can be obtained.  

( )

,, max

0.
(t)

2 34

9
(t)u RMS

sw OUT u

Luu
C

i


    (139) 

Substituting (133) into (139) yields the inductor/capacitor pair (140) for given 

THDv criteria. 
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( ) ( ) 7 2
,RMS

1 100 0.9

4 2 3

BUS
OUT u OUT u

v Nsw

V
C L

THD Uf
  (140) 

8.6.3 Peak to peak output voltage ripple 

The output voltage peak to peak ripple is given by (141). From (141), the 

maximum allowed peak to peak current ripple for given output voltage peak to 

peak ripple and filter capacitor COUT(u) has been computed (142). Substituting 

(133) into (142), yields the capacitor/inductor pair (143). 

,

,

( )

1

16

u pp

u pp

sw OUT u

i
u

f C


   (141) 

,ma , ( )x 16u pp O uu sw UTu f Ci    (142) 

( ) ( ) 8 2
,

1

4 2
BUS

OUT u OUT u

sw u pp

V
C L

f u



 (143) 

8.7 The Output Capacitor and Inductor Selection 

The maximum capacitance COUT(u) is selected according to the criterion of 

maximum reactive power of the filter. The filter capacitor is selected according 

to reactive power value of 1% of the full load power. 

( )

0

0.01
2

OUT
OUT u

OUT

I
C

f V
  (144) 

The inductance LOUT(u) has to be selected for maximum peak-to-peak current 

ripple given as the inductor design parameter. The inductance LOUT(u) can be 

selected considering the maximum value obtained by the equation (134), (140) 

and (143). Considering the input parameters shows in Table 23and equation (144) 

and (145) the design results filter capacitor and inductance of the are 

summarized in Table 24. 
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,RMS

( ) 7 2
,RMS( )

8 2
, ( )

1 0.9

4 16 2 3

1 100 0.9
max

4 2 3

1

4 2

BUS

sw Lu

BUS
OUT u

v Nsw OUT u

BUS

sw u pp OUT u

V

f i

V
L

THD Uf C

V

f u C










 






 (145) 

Table 23. Output parameters of the three-phase N5L E-Type BTB Converter 

Output RMS Voltage VOUT [V] 230 

Output RMS Current IOUT [A] 28.99 

Output Frequency fOUT [Hz] 50 

Output Voltage THDv [%] 1 

Output Power Pout [kW] 20 

Power Factor - 1 

Maximum peak-to-peak current ripple, iLu,max [A] 8.7 

RMS current ripple iLu,RMS [A] 2.26 
 

 

Table 24. Input Filter capacitor and inductance selection. 

Criteria Equation Value 

Acceptable reactive power ( ) 0.01
2

OUT
OUT u

sw OUT

I
C

f V
  4.01 µF 

RMS current ripple, LOUT(u) ( )

,RMS

1 0.9

4 16 2 3

BUS
OUT a

sw Lu

V
L

f i



 55.40 µH 

Output Voltage THDv, 

LOUT(u) 
( ) 7 2

,RMS( )

1 100 0.9

4 2 3

BUS
OUT u

v Nsw OUT u

V
L

THD Uf C
  44.98 µH 

Peak to peak output voltage 

ripple, LOUT(u) 
( ) 8 2

, ( )

1

4 2
BUS

OUT u

sw u pp OUT u

V
L

f u C



 5.54 µH 

According to this analysis, the output inductance LOUT(u) and the output capacitor 

COUT(u) are chosen equal to 60 μH and 4.7 μF, respectively.  

8.8 ICT Analysis  

In this section we will address the analysis of the ICT. The key factor to select 

the ICT core is the area-product (AP) factor. The AP factor is given in (146), 

where AE is the core effective cross-section area and AW is the core winding 
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window area. 

4 mE WAP A A    
 (146) 

Considering the equivalent circuit of the 1ΦN5L E-Type Inverter and output 

filter and the equation (110), the ICT total flux can be written as in (147), where 

VBUS is the DC-bus voltage, n is the number of turns, AE is the core effective cross-

section area (m2), fsw is the switching frequency (kHz) and kd is a coefficient that 

depends on the duty cycle d. 

 

 max

1
1 2 (2 )

4

 

2 4

     1 2 (2 )

peak

E E sw

BUSV
d d floor d

n

B

B
nA A

d d

f

floor d


    


  

     

 (147) 

Starting from the peak flux density Bpeak we can obtain the core cross-section AE 

as in (148). 

 
  2

3

1
 m

4 4 1
1 2 (2

0
)E

peak sw

BUSV
d d flooA

n
r

B f
d


         (148) 

In this case, the ICT works with a fraction of the DC-bus voltage (¼VBUS) and 

having two cells interleaved the worst condition occurs when the duty cycle is 

0.5. Thus, the cross-section area can be written as in (149). 

 
2

3

0.5

1
 m

4 8 10
BUS

E

peak sw
d

V
A

nB f 



     (149) 

The core winding window is defined in (150), where IRMS is the winding RMS 

current (A), J is the current density (A/m2) and kFL is the winding coefficient.  

2 RMS
W

FL

nI
A

Jk
  (150) 

The factor kFL depends on the wire profile and winding technique. When the ICT 

winding is made with a flat wire kFL is included in the range 0.6-0.8. On the other 

hand, when the ICT winding is made with a litz wire kFL is included in the range 

0.2-0.4. Substituting (149) and (150) into (148), we can obtain the AP factor as 

in (151).  

424  m
8

BUS

RMS

peak sw FL

V
nI

AP
nB f Jk

     (151) 
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Then, having the area-product we can pre-select the appropriate ICT core. After 

that, we can compute the number of turns and the cross-section of the winding 

wire as given in (152) and (153), respectively. 

4
8

BUS

E peak sw

V

n
A B f

  (152) 

2
W FL

cu

A k
A

n
  (153) 

8.8.1 ICT losses 

The ICT core losses PICT,C can be defined by the Steinmetz’s equation as in (154), 

where Bpeak is the flux density peak, (T), kp, α, and β are the coefficients given by 

the core manufacturer, fsw is the switching frequency, (kHz) and mC is the core 

mass, (kg). 

 ,ICT C C p peak swP m k B f
  (154) 

The winding losses are given by the currents flowing through the windings. The 

winding resistance R0 depends by the winding geometry and the number of 

turns. The winding resistance at low frequency R0(DC) can be obtained as in (155), 

where ρ is resistivity that depends on the material of the conductor and its 

temperature, LW is the wire length of the winding and Acu is cross-section of the 

winding wire. 

0( )
W

DC

cu

L
R

A
  (155) 

Thus, the windings losses at steady state can been obtained as in (156), where 

IRMS is the winding RMS current. 

2
,1 ,2 0( )CU CU DC RMSP P R I   (156) 

The total ICT losses are given in (157) 

  2
0( )2ICT C p peak sw DC RMSP m k B f R I

   (157) 

In order to determine the best trade-off between total losses, cross section area as 

well as shape and the number of turns, the optimized ICT design procedure has 
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been carried out.  

8.8.2 ICT Thermal Model 

As shown in [157], the ICT core and winding temperatures at steady state can be 

obtained as in (158), where: 

• PC are the core losses,  

• PCU1 are the first winding losses,  

• PCU2 are the second winding losses,  

• RCC is the thermal resistance core to ambient (K/W),  

• RW1W1 is the thermal resistance first winding to ambient (K/W),  

• RW2W2 is the thermal resistance second winding to ambient (K/W), 

• RW1C, RW1W2, RCW1, RCW2, RW2W1, RW2C are the mutual thermal 

impedances(K/W). 

The thermal model of the ICT is shown in Fig. 123.  

1 1 1 1 1 2 1 2

1 1 2 2

2 1 2 1 2 2 2 2

W CU W W C W C CU W W amb

C CU CW C CC CU CW amb

W CU W W C W C CU W W amb

P R P R P R

P R P R P R

P R P R P R

 

 

 

   

   

   

 (158) 

 
Fig. 123. Thermal model of the ICT. 

The thermal resistances strongly depend on the ICT geometry core and winding 

geometry, cooling method, and temperature [157]. 

8.9 Inductor Analysis 

The selection process of the inductors LIN and LOUT is the same as the design 

for the ICT. The inductance LIN and LOUT are designed in order to obtain 60 µH 
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at the nominal load, as analyzed in the previous sections (see Table 22 and Table 

24). The core selection criteria are based on the AP factor. The core cross-section 

AE are given in (159), where i0peak is the peak current of the inductor, L0 is the 

inductance at the peak current, n is the number of turns and Bpeak is the core peak 

flux density. 

2
0 0peak

E

peak

L i
A

nB
  (159) 

The winding window is defined in (160), where IL,RMS is the winding RMS 

current, J is the current density and kFL is the winding coefficient.  

,L RMS
W

FL

nI
A

Jk
  (160) 

If we consider the input inductance, from the equation (113) we can obtain the 

winding RMS current as (161), where IIN is the input RMS current and iLa,RMS is 

the input RMS current ripple over a fundamental period as defined in (116). 

2 2
, ,L RMS IN La RMSI I i    (161) 

considering the equation (131), similar expression of the winding RMS current 

can be achieved, as in (162) where IOUT is the output RMS current and iLu,RMS is 

the output RMS current ripple over a fundamental period. 

2 2
, ,L RMS OUT Lu RMSI I i    (162) 

Let’s suppose that IIN=IOUT=I0 and iLa,RMS=iLu,RMS=iL0,RMS. Substituting (159), 

(160), (161) yields to the inductor AP factor, as in (163). 

2 2 2
0 0 0 0,peak L RMS

peak FL

L i I i
AP

B Jk

 
  (163) 

Starting from the choice of the peak flux density Bpeak, the current density J, the 

inductance L0 and the winding coefficient kFL, we can compute the AP factor and 

select the inductor core. After that, we can calculate:  

• the number of turns as in (164), where L0 is the inductance at the peak 

current and AL is the inductance factor (nH/n2) provided by the 

manufacturer; 



 

 

 Page 171 
 

0

L

L
n

A
  (164) 

• the cross-section of the winding wire as in (165). 

W FL
cu

A k
A

n
  (165) 

8.9.1 Inductor Losses 

The inductor losses are split in core losses and copper losses. As well as for 

ICT core losses, the inductor losses are given by the Steinmetz's equation 

defined in (154). The copper losses are obtained in (166), where R0L(DC is the 

winding resistance at a low frequency given in (167) and I0 is the RMS current 

flow through the inductor. 

2
0 ( ) 0CU L DCP R I  (166) 

0 ( )
W

L DC

cu

L
R

A
  (167) 

In equation (167) ρ is the resistivity that depends on the material of the conductor 

and its temperature, LW is the wire length of the windings and Acu is cross-section 

of the winding wire. The total inductor losses are given in (168), where Bpeak is 

the flux density peak, (T), kp, α, and β are the coefficients given by the core 

manufacturer, fsw is the switching frequency, (kHz) and mC is the core mass, (kg). 

  2
0( ) 0L C p peak sw L DCP m k B f R I

   (168) 

8.9.2 Inductor Thermal Model 

As shown in [157], the inductor core and winding temperatures at steady state 

can be obtained as in (169), where PC is the core losses, RC is the thermal 

resistance core to ambient (K/W), RW is the thermal resistance winding to 

ambient (K/W), and RCW is the thermal resistance core to winding (K/W). 

C CC C CW CU ambR P R P     (169) 
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W CW C WW CU ambR P R P     

The thermal mode of the inductor is shown in Fig. 124. The thermal resistances 

strongly depend on the inductor geometry core and winding geometry, cooling 

method, and temperature [157]. 

 

Fig. 124. Thermal model of the inductor. 
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9 DC-BUS ANALYSIS 

9.1 Introduction 

The DC-bus capacitor is selected on the basis of several criteria: 

1. DC-bus capacitor RMS current 

2. DC-bus voltage ripple 

The analysis starts with the RMS current computation in the DC-bus capacitors. 

This current is determined by the modulation depth and by the amplitude and 

the phase angle of the inverter output, assuming a sinusoidal inverter output 

current and a constant DC-bus voltage. The DC-bus capacitors should be able to 

handle the voltage ripple under all N5L E-Type BTB Converter operating 

conditions. In this design, as well as in advanced design (such as active back-to-

back topology), the transition time from the normal operation to the battery 

mode is in the order of hundreds of microseconds. Therefore, given the short 

transition time, the hold-up time is not considered as a critical requirement and 

it can be neglected in the design. 

9.2 DC-Bus Capacitors Voltage Balancing 

As mentioned in chapter I, the main issue of the E-Type and T-Type 

multilevel topologies and their variants is the unequal voltage sharing among 

the series connected capacitors that results in DC-bus capacitors unbalancing. 

The same thing happens in the N5L E-Type BTB Converter. Let’s consider the 

equivalent circuit diagram of the DC-bus capacitors, Fig. 125. It is possible to 

identify three nodes:  

1) Bottom-node,  

2) Middle-node,  

3) Top-node.  

The rectifier and inverter inject currents i1, i2, and i3 into the DC-bus, where the 
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injected currents are given in (170). 

11 1( ) ( ) ( )R Ii t ii t t  , 22 2( ) ( ) ( )R Ii t ii t t  , 33 3( ) ( ) ( )R Ii t ii t t   (170) 

In the 3-phase 3-wire converter, the middle-node average current i2(AVG) depends 

on the modulation offset m0 [39] according to the equation (171), where T is the 

fundamental period and K0 is a coefficient that is related to the rectifier and 

inverter currents.  

 2 2 02 0

0

1
T

R Ii i dt m
T

i K    (171) 

The N5L E-Type BTB Converter is composed of 3-phase and 4-wire. Thus, the 

modulation index offset m0 is zero. Consequently, the condition (172) can be 

achieved. 

1 2 3 4CB CB CB CBv v v v    (172) 

 

Fig. 125. Equivalent circuit of the converter DC Bus capacitors. 

The equation (172) does not guarantee that the voltages across CB1 (CB3) and CB2 

(CB4) are equal. The average values of the bottom-node current i1 and the top-node 

average current i3 are zero only in an ideal case when the rectifier and inverter 

modulation depths are identical. Therefore, it is not possible to control the top-
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node and bottom-node currents, i1(AVG) and i3(AVG) through the modulation offset. 

The currents i1(AVG) and i3(AVG) must be controlled using an additional circuit. For 

this reason, the Series Resonant Balancing Circuit (SRBC) [63] can be used to 

balance the bottom and the top side partial DC-bus voltages vCB1=vCB2 and 

vCB3=vCB4. 

9.3 DC-bus instantaneous current 

Let’s assume that three SRBC are connected across the DC-bus capacitors, as 

shown in Fig. 126a. Two SRBC rejects the currents i1(t) and i3(t) (SRBC 1 and SRBC 

3) and the third SRBC (SRBC 2) is used to balance the neutral current. In this 

condition, we can achieve four equal currents in the DC-bus capacitors, iCB1= 

iCB2= iCB3=iCB4=iBUS. As a consequence, we have an equal distribution of the partial 

node voltage across CB1, CB2, CB3, CB4, namely vCB1=vCB2 =vCB3=vCB4. Fig. 126b 

shows the simplified circuit of the DC-bus capacitors. 

 

(a) 

 

(b) 

Fig. 126. a) Equivalent circuit diagram of the converter DC-bus capacitors, b) simplified 

circuit of the DC-bus capacitors. 

Let’s assume that one current load flows through only one phase, as shown in 

(173). 
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 (t) 2 sin

(t) 0

(t) 0

u OUT OUT OUT

v

w

i I t

i

i

   







 

(173) 

The DC-bus instantaneous current iBUS(t) over a fundamental period T0 is 

depicted in Fig. 127.  

 
Fig. 127. DC-bus instantaneous current iBUS(t) waveform, with VOUT=230V, cosφOUT =1 and 

VBUS=700V, M0=0.93, fOUT=50 Hz, fsw=24 kHz, IOUT=28.99 A. 

DC-bus instantaneous current is composed by two terms: low frequency current 

iLF, related to the fundamental frequency and its harmonics, and high frequency 

current iHF linked to the switching frequency current and its harmonics. 

9.3.1 Low frequency current 

The relationship between the instantaneous DC-bus and the load power is given 

in (174). 

( ) (t) (t) (t) (t) (t) (t)BUS BUS out u u v v w wV i t P v i v i v i     (174) 

Substituting the (173) into (174), the instantaneous output power delivered to 

an asymmetrical load is given in (175). 

        ( ) ( ) ( ) ( ) cos cos 2BUS BUS out u u OUT OUT OUT OUTV i t P t v t i t V I t  (175) 

It can be seen from (175) that the instantaneous output power is the well known 

to be a DC component plus a second harmonic component. Accordingly, from 

the equation (175), the DC-bus instantaneous current can be obtained as in (176), 

where IOUT is the RMS output current, ωOUT is the output frequency and φOUT is 

the phase displacement between the output voltage and the corresponding 

output current at the fundamental frequency. 
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       ,( ) ( ) cos cos 2OUT OUT
BUS BUS LF OUT OUT

BUS

V I
i t i t t

V
 (176) 

From equation (176) it possible to identify two main components: average 

component and double fundamental frequency. 

9.3.2 Switching frequency current 

The expression compact of the instantaneous current depends on the switching 

function sk(t) and output current IOUT,k as shown in (177), where k is the index of 

the kth converter. In this case k=1,2. 



 ,
1

( ) ( ) ( )
CN

BUS k OUT k
k

i t s t i t ,  (177) 

In general, the switching function defined in (106) and (110) can be expended 

in Fourier Series as in (178), where p is the index of the pth harmonic order and 

d is the duty cycles. 

   


 






 
    

 


1

2 1 2
( ) sin cos 2 1k sw

p C

s t d pd p f t k
p N

, k=1, 2, (178) 

The output current of the kth converter is defined in (179), where φOUT is the 

phase displacement between the output voltage and the corresponding output 

current at the fundamental frequency. 

   , ( ) 2 sinOUT k OUT OUT OUTi t I t  (179) 

Substituting the equation (178) and (179) into (177) and assuming the same 

inductor and switches of the converter cells, it possible to obtain the compact 

form of the DC-bus instantaneous current. However, the analytical 

determination of the high frequency DC-bus current is quite difficult; 

consequently, we will only give one of the most significant expressions. Fig. 128 

shows the harmonic content of the DC-bus instantaneous current iBUS(t). In this 

condition, the high frequency DC-bus current can be written as in (180). 

   , ( ) 2 1.8 sin 2 48000BUS HFi t t  (180) 
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Fig. 128. Harmonic content of the DC-bus capacitors current iBUS(t), with M0=0.93, fOUT=50 

Hz, fsw=24 kHz, IOUT=28.99 A, ξ=2, NC=2.. 

9.3.3 DC-bus Capacitors Current 

The low frequency current has strong impact on the capacitor losses, size, life 

time and cost. In order to optimize the system design (size and cost), low 

frequency current has to be reduced as much as possible. Let’s assume that the 

SRBC compensates all the DC-bus current harmonics except 100 Hz component. 

From the equation (176), the low frequency DC-bus capacitors current iCBUS,LF(t) 

can be obtained in (181). 

 , ( ) cos 2OUT OUT
CBUS LF OUT

BUS

V I
i t t

V
  (181) 

The RMS value of the double fundamental frequency is written in (182). 

,( ) 100 2

OUT OUT
CBUS RMS Hz

BUS

V I
I

V
  (182) 

Considering the VOUT=230V, cosφOUT =1 and VBUS=700V, the DC-bus capacitors 

RMS current versus output power is listed in Table 25. 
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Table 25. DC-bus capacitors RMS current versus output power. 

Pout [kW] RMS output current IOUT [A] ,( ) 100CBUS RMS Hz
I  [A] 

6.67 28,99 6,73 

5 21,74 5,05 

3.34 14,49 3,37 

1.67 7,25 1,68 

1 4,35 1,01 

9.3.4 The capacitor RMS current scaled to the base frequency 

The capacitor composite RMS current is computed as in (183), where In is nth 

harmonic RMS current and kn is a coefficient given by the capacitor manufacturer. 

2

, ( )
1

n
CS BUS RMS

n n

I
I

k





 
  

 
  (183) 

In this case, considering the coefficient k100Hz=1, the capacitor equivalent RMS 

current is given in (184). 

2

,( ) 100
, ( ) ,( ) 100

100

CBUS RMS Hz
CS BUS RMS CBUS RMS Hz

Hz

I
I I

k

 
  
 
 

 (184) 

9.3.5 Capacitor current requirements 

The DC-bus capacitors can be composed by NP parallel capacitors and four 

series connected capacitors (NS=4). Consequently, from the equation (184), we 

can obtain the requirement current per single capacitor  

,( )

1, ( )

CBUS RMS

C BUS RMS

p

I
I

N
  (185) 

Table 26. Requirement current per single capacitor versus output power. 

Pout [kW] Requirement current per a capacitor IC1,BUS(RMS) [A] 

6.67 1,12 

5 0,84 

3.34 0,56 

1.67 0,28 

1 0,17 
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Table 26 shows the requirement current per single capacitor versus output power. 

9.4 DC-bus Capacitors selection 

Low frequency voltage ripple is caused by the low frequency capacitor current. 

The dominant low frequency current is 2nd harmonic which flows to the DC-bus 

capacitors. Peak to peak voltage ripple can be approximated as in (186), where 

CBUS is the partial DC-bus capacitor (CBUS=CB1=CB2=CB3=CB4). 

 
1, ( )

2 2

2 100
BUS P S C BUS RMS

BUS

V N N I
C

   (186) 

From equation (186), we can compute the required minimum partial DC-bus 

capacitor, as shown in (187). 

 
1, ( )

2 2

2 100
BUS P S C BUS RMS

BUS

C N N I
V




 (187) 

Considering peak to peak voltage ripple ΔVBUS equal to 100 V, the minimum 

partial DC-bus capacitor value CBUS versus output power is listed in Table 27. 

Table 27. Minimum total capacitance value CBUS versus output power. 

Pout [kW] 
Requirement current per single capacitor 

IC1,BUS(RMS) [A] 

Minimum partial DC-bus capacitor 

CBUS [µF] 

6.67 1,12 1212,61 

5 0,84 909,46 

3.34 0,56 606,30 

1.67 0,28 303,15 

1 0,17 181,89 

According to this analysis, the manufacturer, part number and parameters of the 

selected capacitor are listed in Table 28. 

Table 28. Main parameters of the selected capacitor. 

Manufacturer United Chemi-Con 

Part number EKXJ221ELL221MUP1S 

Working Voltage 220 V 

Cap Value 220 µF 

Case size 14.5×35.5 mm 

Dissipation Factor, tanδ (at 120 Hz) 0.2 

Rated ripple current 1.095 A 
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9.5 The DC-bus capacitor losses and temperature 

The DC-bus capacitor losses can also be computed as in (188), where RESR(100Hz) 

is the capacitor ESR at the base frequency of 100Hz and IC1,BUS(RMS) is the capacitor 

composite current. 

 
2

1, ( )100BUS C BUS RMSESR Hz
P R I   (188) 

The total loss of the DC-bus capacitors is reported in (189). The capacitor ESR, RESR, 

at 100 Hz is given in (190), where Xc is the reactance of the capacitor in ohms. 

   
2

1, ( )100P S C BUS RMSBUS TOTAL ESR Hz
P N N R I   (189) 

tanESR cR X   (190) 

In Table 29 are listed the total losses of DC-bus capacitors versus output power. 

Table 29. Total losses DC-bus capacitors versus Pout with tanδ=0.22 (at 100Hz and 20°C). 

Pout [kW] Requirement current per single capacitor IC1,BUS(RMS) [A] Caps total losses [W] 

6.67 1,12 40,10 

5 0,84 22,56 

3.34 0,56 10,02 

1.67 0,28 2,51 

1 0,17 0,90 

The temperature is important for the working life of the DC-bus. The case 

temperature, Tc, is given from equation (191), where Ta is the ambient 

temperature, and Rth,c-a is the case to ambient thermal resistance. 

  2
, 1, ( )100c a th c a C BUS RMSESR Hz

T T R R I    (191) 

The case to ambient thermal resistance, Rth,c-a, can be obtained from equation 

(192), where A is the capacitor active surface [m2] and v is the cooling air velocity 

[m/s]. 

  
, 0.66

1

5 17 0.1
th c aR

A v
 

 
 (192) 

From datasheet, we can obtain the capacitor active surface as 
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2 2

214.5 14.5
2 2 35.5 + =1781.36 [mm ]

2 2 2 2
L B

d d
A A A l   

       
             

       
  

If we set the case temperature, we can obtain the thermal resistance Rth,c-a and the 

cooling air velocity of the cooling system. 

9.6 Capacitors Life-time 

Electrolytic capacitors are characterized by operating life time that strongly 

depends on the operating RMS current, applied voltage and operating 

temperature [167]. The life time is defined as in (193), where T0 is the life time 

at manufacturer given conditions, T0 is the maximum rated temperature, Ta is the 

capacitor ambient temperature, T0 is the capacitor core temperature rise, A is a 

coefficient that takes into account the load current effect, UC is the capacitor 

operating voltage and UCN is the capacitor rated voltage. 

 20 01
10 10

0 2
a

L

nT T T
K

CK K
T T

CN

U
A

U
 

 
  

  
 

 (193) 

From equivalent current (194) and the selected capacitor nominal current we 

compute the capacitor load factor as in (194). 

C1, ( )

( )

BUS RMS

L

CN RMS

I
K

I
  (194) 

where ICN(RMS) is the capacitor nominal current at given conditions. The capacitor 

life-time characteristic is usually given as plot of the loading coefficient versus 

the capacitor temperature and life time expectancy. As can be seen from the 

datasheet of the KXJ Series capacitor, the rated endurance of the capacitors 

results in 12000 hours at the temperature of 105°C. 



 

 

 Page 183 
 

PART FOUR  

CONCEPT DESIGN OF THE PROPOSED 

TOPOLOGY 
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10 PERFORMANCE ASSESSMENT OF THE CONVERTER 

The N5L E-Type BTB Converter has been designed on the basis of analytical 

relationships. Analytical equations expressing the power losses associated to the 

switching devices in the N5L E-Type BTB Converter are very advantageous in 

the design procedure. In this section, we will present the performance of the 

three-phase N5L E-Type BTB Converter (3ΦN5L E-Type BTB Converter) using two-cell 

interleaved 

10.1 N5L E-Type BTB Converter Devices Selection 

The devices conduction and switching losses for the 3ΦN5L E-Type BTB 

Converter using two-cell interleaved are evaluated considering a mixed 

combination of both IGBT and MOSFET, as depicted in Fig. 129. Part number, 

voltage rating, current rating, technology and manufacturers of the 3ΦN5L E-

Type BTB Converter devices are listed in Table 30. 

 

Fig. 129. 3ΦN5L E-Type BTB Converter using two-cell interleaved. 

Using the previously achieved analytical equations for the calculation of RMS 

and average currents and the datasheet provided by manufacturers, the 

conduction and switching losses in each device have been obtained. 

  

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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Table 30. 3ΦN5L E-Type BTB Converter configuration 

3ΦN5L E-Type Rectifier 

Device Part Number 

Rated 

Voltage 

[V] 

Rated 

Current 

[A] 

RDS(on),

max 

[mΩ] 

Technology Manufacturers 

SRPA, SRPB, 

SRP12, SRP32 
IPT210N25NFD 250 V 69 A 21 OptiMOSTM 3 Infineon 

DRP31, DRP11 STPSC40065C 650 V 40 A - 
Schottky SiC 

Diode 

STMicroelectro

nics 

SRP21, SRP22 IPL60R104C7 650 V 20 A 104 CoolMOSTMC7 Infineon 

3ΦN5L E-Type Inverter 

SIQA, SIQB, 

SIQ12, SIQ32 
IPT210N25NFD 250 V 69 A 21 OptiMOSTM 3 Infineon 

SIQ31, SIQ11 IKW75N65EL5 650 V 75 A - Si-IGBT Infineon 

SIQ21, SIQ22 IKW20N60T 600 V 20 A - Si-IGBT Infineon 

10.2 Semiconductor Devices Losses 

The operating point of the converter are: Vin=230V, Vout=230V, cosφOUT=1, 

VBUS=700V, Tj=100°C. Additionally, neglecting the voltage drop of the power 

devices the modulation depth of the 5L E-Type Rectifier M0,R is approximately 

equal to the modulation depth of the 5L E-Type Inverter M0,I, namely 

M0,R=M0,I=M0=0.93. The losses related to the power devices (filters, DC-bus and 

additional losses are excluded) of the 3ΦN5L E-Type Rectifier and 3ΦN5L E-Type 

Rectifier versus output power for different value of switching frequency, 12 

kHz,16 kHz, 20 kHz, 24 kHz and 30 kHz are depicted in Fig. 130.  

  

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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(a) 

 

Fig. 130. a) Losses versus output power related to the power devices at 12 kHz,16 kHz, 20 

kHz, 24kHz and 30 kHz. a) 3ΦN5L E-Type Rectifier, b) 3ΦN5L E-Type Inverter. 

Losses number values of the N5L E-Type Rectifier and inverter are reported in 

Table 31. 
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Table 31. Power devices losses number values. 

Pout 

[kW] 

Phase-leg 

Output Current 

[RMS] 

Losses [W] 

fsw=12 kHz fsw =16 kHz fsw =20 kHz fsw =24 kHz fsw =30kHz 

3ΦN5L E-Type Rectifier 

20 14,49 132,88 133,90 134,93 135,95 137,49 

15 10,87 87,57 88,34 89,11 89,88 91,04 

10 7,25 50,33 50,84 51,35 51,87 52,64 

5 3.62 21,14 21,39 21,65 21,91 22,29 

3 2,17 11,72 11,87 12,02 12,18 12,41 

3ΦN5L E-Type Inverter 

20 14,49 118,13 121,75 125,37 128,99 134,41 

15 10,87 77,84 80,56 83,28 86,00 90,08 

10 7,25 44,73 46,55 48,38 50,20 52,93 

5 3.62 18,80 19,72 20,64 21,57 22,95 

3 2,17 10,44 11,00 11,56 12,11 12,95 

Fig. 131 and Fig. 132 shows the power devices efficiency of the 3ΦN5L E-Type 

Rectifier and 3ΦN5L E-Type Inverter versus output power at 12 kHz, 16 kHz, 20 

kHz, 24kHz and 30 kHz respectively. 

 

Fig. 131. Power devices efficiency 3ΦN5L E-Type Rectifier versus output power at 12 kHz,16 

kHz, 20 kHz, 24kHz and 30 kHz. 
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Fig. 132. Power devices efficiency 3ΦN5L E-Type Inverter versus output power at 12 kHz,16 

kHz, 20 kHz, 24kHz and 30 kHz. 

Table 36 shows the efficiency values of the rectifier and inverter. 

Table 32. Power devices efficiency number values (without filters, DC-bus and additional losses). 

Pout 

[kW] 

Phase-leg 

Output Current 

[RMS] 

Efficiency [%] 

fsw=12 kHz fsw =16 kHz fsw =20 kHz fsw =24 kHz fsw =30kHz 

3ΦN5L E-Type Rectifier 

20 14,49 99,34 99,33 99,33 99,32 99,31 

15 10,87 99,42 99,41 99,41 99,40 99,39 

10 7,25 99,50 99,49 99,49 99,48 99,47 

5 3.62 99,58 99,57 99,57 99,56 99,55 

3 2,17 99,61 99,60 99,60 99,59 99,59 

3ΦN5L E-Type Inverter 

20 14,49 99,41 99,39 99,37 99,36 99,33 

15 10,87 99,48 99,46 99,44 99,43 99,40 

10 7,25 99,55 99,53 99,52 99,50 99,47 

5 3.62 99,62 99,61 99,59 99,57 99,54 

3 2,17 99,65 99,63 99,61 99,60 99,57 

Fig. 133 depicts the losses and power devices efficiency (excluding filters, DC-

bus and additional losses) of the 3ΦN5L E-Type BTB Converter versus output 

power at 12 kHz,16 kHz, 20 kHz, 24kHz and 30 kHz, respectively. Numeric 

values of losses and efficiency are listed in Table 36. 

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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(a) 

 

 

(b) 

Fig. 133. a) Power devices losses and efficiency versus output power at 12 kHz,16 kHz, 20 

kHz, 24kHz and 30 kHz of the 3ΦN5L E-Type BTB Converter. a) Losses, b) Efficiency. 
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Table 33. Power devices losses and efficiency number values of the 3ΦN5L E-Type BTB Converter, 

(without filters, DC-bus and additional losses) 

Pout 

[kW] 

Phase-leg 

Output 

Current [RMS] 

Losses [W] 

fsw=12 kHz fsw =16 kHz fsw =20 kHz fsw =24 kHz fsw =30kHz 

20 14,49 251,01 255,65 260,29 264,94 271,90 

15 10,87 165,41 168,90 172,39 175,88 181,12 

10 7,25 95,06 97,39 99,73 102,07 105,57 

5 3.62 39,94 41,11 42,29 43,47 45,24 

3 2,17 22,15 22,86 23,58 24,29 25,36 

  Efficiency [%] 

20 14,49 98,75 98,73 98,70 98,68 98,65 

15 10,87 98,90 98,88 98,85 98,83 98,80 

10 7,25 99,05 99,03 99,01 98,98 98,95 

5 3.62 99,20 99,18 99,16 99,13 99,10 

3 2,17 99,26 99,24 99,22 99,19 99,16 

Finally, Fig. 134 and Fig. 135 shows the losses and efficiency versus switching 

frequency of the 3ΦN5L E-Type BTB Converter at 3 kW, 5 kW, 10 kW, 15 kW and 

20 kW, respectively.  

 

Fig. 134. Losses versus switching frequency at 3 kW, 5 kW, 10 kW, 15 kW, 20 kW of the 

3ΦN5L E-Type BTB Converter. 

  

https://it.wikipedia.org/wiki/Phi_(lettera)
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Fig. 135. a) Efficiency versus switching frequency at 3 kW, 5 kW, 10 kW, 15 kW, 20 kW of the 

3ΦN5L E-Type BTB Converter. 

10.2.1 Remarks on the Efficiency Results 

Let’s analyze the trend of the rectifier and inverter efficiency curves. The 

analytical efficiency is given in (195). The efficiency trend versus output power 

of the 3ΦN5L E-Type Rectifier depicted in Fig. 131 is almost linear. Why this 

linear trend? 3ΦN5L E-Type BTB Rectifier is only formed by power MOSFETs. 

MOSFETs conduction losses are due to the ohmic resistance (rsw) behavior of the 

devices; therefore, the term Vsw(0)IAVG is zero in the equation (195), where EAVG 

are the average of the switching losses.  

 e cov   

2
0 ,

1 1

1

1

Switching Losses R ery LossesCunduction Losses
switch

sw AVG sw RMS sw AVG sw rr AVGout

out

P
V I r I f E f EP

P

  


  



 

(195) 

When the output power is increasing the switching and recovery losses are 

minority over the value of the conduction losses. As can be seen from Table 34, 

the switching and recovery losses of the 3ΦN5L E-Type Rectifier are less than 10% 

compared to the conduction losses when the output power is higher than 3 kW. 
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Table 34. Conduction, switching and recovery losses of the 3ΦN5L E-Type BTB 

Rectifier at 24 kHz. 

Pout [kW] 
Conduction 

losses [W] 

Switching and 

recovery losses 

[W] 

Percentage Report 

20 129,80 6,16 6,16 is 4.75% of 129,80 

15 85,27 4,62 4,62 is 5.42% of 85,27 

10 48,79 3,08 3,08 is 6.31% of 48,79 

5 20,37 1,54 1,54 is 7.56% of 20,37 

3 11,25 0,92 0,92 is 8.18% of 11,25 

Thus, the efficiency can be written approximately as in (196), there exists a linear 

relationship between the efficiency of the Rectifier and the output power. When 

the output power increases, keeping constant the output voltage, the output 

current is increased and the efficiency is reduced.  

2

( )

1 1

11 swsw RMS
RMS

OUT rmsout

rr I
I

VP

  



 
(196) 

The 3ΦN5L E-Type Inverter is composed by IGBTs and MOSFETs. It can be 

notated that the efficiency curves of the inverter show a full linear trend with 

output power as the rectifier, as depicted in Fig. 132. The reason is the same as a 

previously case. 

Table 35. Conduction, switching and recovery losses of the 3ΦN5L E-Type BTB 

Inverter at 24 kHz. 

Pout [kW] 
Conduction 

losses [W] 

Switching and 

recovery losses 

[W] 

Percentage Report 

20 107,28 21,71 21,71 is 20.24% of 107,28 

15 69,67 16,33 16,33 is 23.44% of 69,67 

10 39,26 10,94 10,94 is 24.44% of 39,26 

5 16,03 5,53 5,53 is 27.87% of 16,03 

3 8,76 3,36 3,36 is 38.36% of 8,76 

The switching and recovery losses are not negligible compared to the conduction 

losses. As can be seen from Table 35, when the output power is 3 kW the 

switching and recovery losses are 38.36% of conduction losses, whereas at 20 kW 

the switching and recovery losses are 20.24% of conduction losses. Consequently, 

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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it does exist a full linear relationship between the efficiency of the Inverter and 

the output power. 

10.3 Thermal Stress 

After losses have been calculated, temperatures during stationary operation can 

be calculated with the aid of the thermal resistances Rth. Temperature calculation 

is performed starting with the ambient temperature from the outside to the 

inside, as shown in Fig. 136.  

 

Fig. 136. Temperature calculation under stationary conditions. 

The ambient air temperature Ta for cooling electronic equipment depends on the 

operating environment in which the component is expected to be used. Typically, 

it ranges from 35 to 45°C, if the external air is used, and from 50 to 60°C, if the 

component is enclosed or is placed in a wake of another heat generating 

equipment. In this project, Ta has been chosen equal to 40°C. If we set the heatsink 

temperature approximately equal to 95°C, we can obtain the heat sink thermal 

resistance Rth(s-a), as given in equation (197), where PT is the total power losses or 

rate of heat dissipation in watt. The total power, PT, represents the rate of heat 

dissipated by the electronic component during operation. The sink temperature 

represents the maximum temperature of the heat sink at the location closest to 

the device. 
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
   (197) 

From equation (198) has been obtained the case temperature, where the Rth(c-s) 

represents the thermal resistance across the interface between the case and the 

heat sink and is often called the interface resistance.  

 ( )c T trans T diods e sth cT P PR T     (198) 

This value can be improved substantially depending on the quality of mating 

surface finish and/or the choice of interface material. The interface resistance 

Rth(c-s) is controlled in a variety of manners with different heat conducting 

materials. The interface resistance is dependent on four variables: the thermal 

resistivity ρ of the interface material (m∙°C/W), the average material thickness t 

(m), the area of the thermal contact footprint A (m2), and the ability to replace 

voids due to finish or flatness (sink or chip) with a better thermal conductor than 

air. The interface thermal resistance is then expressed as Rth(c-s)= ρ·t/A. Precise 

value of this resistance, even for a given type of material and thickness, is difficult 

to obtain, since it may vary widely with the mounting pressure and other case 

dependent parameters. However, some useful data can be obtained directly from 

material manufacturers or from heat sink manufacturers. Considering 

Mica/grease as an interface material with a thickness equal to 0.003 inch, the 

thermal resistance value is equal to 0.1 °C/W.  

Modules with base plate show good thermal coupling between their components 

and the thermal resistance Rth(c-s) is specified for the entire module, which is why 

all sources of power loss in the module are added up to calculate the case 

temperature. The junction temperature is finally calculated from the losses of the 

single component by equation (199), where Rth(j-c) is the thermal resistance 

between the junction and the case of the device. 

(j c)T cthjT TRP    (199) 

The resistance Rth(j-c) is specified by the device manufacturer. Although the Rth(j-c) 

value of a given device depends on how and where the cooling mechanism is 
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employed over the package, it is usually given as a constant value. According to 

this analysis and considering an output power of about 20 kW, the Table 36 has 

been obtained. 

Table 36. Steady-state thermal model 3ΦN5L E-Type Rectifier and 3ΦN5L E-Type Inverter. 

Ta [°C] 40 

Ts [°C] 95 

3ΦN5L E-Type Rectifier 

Rths(a-s) [°C/W] 1.21 

Tc(outer-leg) [°C] 95.30 

Tj(SRPA), Tj(SRPB) [°C] 95.70 

Tj(DRPA), Tj(DRPB) [°C] 95.30 

Tc(top middle-leg) [°C] 95.80 

Tj(DRP31), Tj(DRP11) [°C] 99.80 

Tj(SRP32), Tj(SRP12) [°C] 96.10 

Tc(middle-leg) [°C] 95.00 

Tj(SRP21) [°C] 95.40 

Tj(DRP22) [°C] 95.24 

3ΦN5L E-Type Inverter 

Rths(a-s) [°C/W] 1.28 

Tc(outer-leg) [°C] 95.25 

Tj(SIQA), Tj(SIQB) [°C] 95.46 

Tj(DIQA), Tj(DIQB) [°C] 95.29 

Tc(top middle-leg) [°C] 95.71 

Tj(SIQ32), Tj(SIQ12) [°C] 96.14 

Tj(DIQ32) ), Tj(DIQ12) [°C] 95.71 

Tj(SIQ31), Tj(SIQ11) [°C] 96.77 

Tj(DIQ31), Tj(DIQ11) [°C] 95.71 

Tc(middle-leg) [°C] 95.12 

Tj(SIQ22) [°C] 95.92 

Tj(DIQ21) [°C] 95.44 

10.4 Losses and Efficiency Converter Power Stage 

In this section, we will present the estimated losses connected to input and 

output filters, gate driver, fan and control board. Finally, the total losses and 

efficiency of the overall converter power stage have been obtained. System 

operating point is reported below: 

• VIN=230V,  
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• VOUT=230V,  

• cosφOUT=1, 

• VBUS=700V,  

• fsw=24kHz,  

• Tj=100°C, 

• Symmetrical load condition.  

As the load is symmetrical load, the currents in the DC-bus capacitors are zero. 

Accordingly, the capacitor losses are zero.  

10.4.1 Input and Output Filter Losses 

The losses related to the three-phase input and output filters are shown in Fig. 

137. The losses value is listed in Table 37. These results have been carried out 

considering the input and output capacitance losses, CIN(P) and CIN(Q) with P∈ {a, 

b, c} and Q∈ {u, v, w}, negligible.  

 
Fig. 137. Three-phase input and output filters losses at 24 kHz. 

Table 37. Three-phase input and output filters 

losses value versus output power at 24 kHz. 

Pout [kW] Losses [W] 

20 64,33 

15 45,85 

10 32,66 

5 24,74 

3 23,05 
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10.4.2 Aux, Fan and Control Board Losses 

In Table 38 are listed the fan estimation losses versus output power. 

Table 38. Fan estimation losses value versus output power. 

Pout [kW] Fan Losses [W] 

20 40 

15 30 

10 20 

5 10 

3 6 

Total aux losses have been estimated according to preliminary analysis and 

design. Table 39 shows the total aux losses computed under nominal load 

condition.  

Table 39. Total Aux losses 

Switch Device 
QG 

[nC] 

VCC+VEE 

[V] 

fsw 

[kHz] 

fswE 

[kHz] 
hPS 

PGD 

[mW] 

GD 

IC, 

PIC 

Total 

per 

GD 

PGD,t 

[W] 

Rectifier Gate Driver 

SRPA, SRPB, 

SRP12, SRP32 
IPT210N25NFD 65 15 24 7.2 0.7 10.03 35 45.03 

SRP21, SRP22 IPL60R104C7 42 15 24 7.2 0.7 6.48 35 41.48 

Inverter Gate Driver 

SIQA, SIQB, 

SIQ12, SIQ32 
IPT210N25NFD 65 15 24 7.2 0.7 10.06 35 45.03 

SIQ31, SIQ11 IKW75N65EL5 436 15 24 7.2 0.7 67.27 35 102.27 

SIQ21, SIQ22 IKW20N60T 120 15 24 7.2 0.7 18.51 35 53.51 

Total GD Consumption per cell and phase, PGD,cell [W] 0.75 

Total GD Consumption per a 20kW converter, PGD,tot [W] 4.53 

Control Board Losses [W] 

FPGA[W] 2.5 

Signal Conditioning Circuit [W] 2 

Rest of Circuit [W] 2.5 

Total Aux Consumption per a 20kW Converter [W] 

(Aux. power supply 20W rated power, output voltage 15V, efficiency 90%) 
12.81 

The gate driver (GD) output power has been estimated as in (200), where hPS is 

the efficiency of the power supply and fswE is the equivalent switching frequency. 
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
   (200) 

Total gate driver output power is defined as (201), where PIC is the GD IC 

consumption. The preliminary design of the GD makes use of the IC 

1EDI20N12AF-Infineon. 

 ,t ,ICGD GD outPPP  (201) 

Thus, the total GD consumption per cell and phase PGD,cell and total GD 

Consumption per a 20kW converter, PGD,tot have been obtained as in (202). 

,cell ,t(i)
i

GD GDP P  

, ,cell6GD total GDP P   

(202) 

10.4.3 Total Losses and Efficiency 

Losses and efficiency versus power load of the 3ΦN5L E-Type BTB Converter 

including the input and output filters, fan, control board and gate driver at 24 

kHz have been obtained. The results are depicted in Fig. 138.  

 
Fig. 138. Losses and Efficiency power stage versus output power at 24 kHz. 
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The green line is related to the efficiency, whereas the blue line is linked to 

the losses. Please notice the peak efficiency is 98.26%, while the full load 

efficiency is about 98.03%. Losses and efficiency number values of the power 

stage are reported in Table 40. 

Table 40. Losses and Efficiency Power Stage 

versus output power value at 24 kHz. 

Pout [kW] Losses [W] Efficiency [%] 

20 384,26 98,08 

15 266,74 98,22 

10 169,73 98,30 

5 93,22 98,14 

3 68,35 97,72 

10.5 3D Model of the Converter Power Stage 

3D Model of the overall Converter is depicted in Fig. 139 

  
Fig. 139. 3D Model of the Converter Power Stage. 

In this model, it possible to recognize the following components 

• Three-phase 3ΦN5L E-Type BTB Converter  

• Driver Circuit board 

• Input and output filters board 

• DC-bus capacitors 

• Power Supply Unit  

• Current and voltage Measure sensors 

• Heat Sink 
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10.6 Volume and Weight Estimation 

Other characteristics such as volume and weight for each part of the 

converter as well as specific power and power density of the converter can be 

relevant for the development of the new power conversion system. Fig. 140 

shows the estimated volume and weight for each part of the 3ΦN5L E-Type BTB 

Converter as power semiconductors, DC-bus, input and output filter, heat sink, 

PCB and current sensors. 

  
Fig. 140. Estimated volume and weight versus 3ΦN5L E-Type BTB Converter’s part. 

Volume and weight numeric values of the 3ΦN5L E-Type BTB Converter 

hardware sections are listed in Table 41. 

Table 41. Volume and weight number values versus 3ΦN5L E-Type BTB Converter’s part. 

 Volume [dm3] Weight [kg] 

Power Semiconductors 0,098 0,32 

DC-bus 0,17 0,24 

I/O Filter 0,55 2,39 

Heat Sink 0,99 1,8 

PCB 0,3 1 

Current Sensors 0,12 0,24 

In order to provide a better measure of the technological advancement for 3ΦN5L 

E-Type BTB Converter, most important figures of merit such as total volume, 

power density, total weight and specific density have been obtained. The power 
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density, ρdensity, is defined as the nominal output power by the total volume Vol. 

N
density

P

Vol
   (203) 

The total volume Vol is given by the sum of the single converter component, as 

in (204) 

i
i

Vol Vol  (204) 

Finally, the specific power density of the 3ΦN5L E-Type BTB Converter is 

evaluated as in (205), where G is total weight of converter. 

N
specific

P

G
   (205) 

The estimated values for the figures of merit related to the overall 3ΦN5L E-Type 

BTB Converter are summarized in Table 42. 

Table 42. Development trend of the 3ΦN5L E-Type BTB Converter. 

Total Volume, Vol  dm3 2,36 

Power Density, ρdensity  kVA/dm3 8,47 

Total Weight, G  kg 6,18 

Specific Power, ρspecific  kVA/kg 3,24 

10.7 Discussion on Power Losses and Efficiency 

The achieved results in previously section show peak efficiency values for the 

overall system (98.30), go farther than the one indicated in the target of the project 

(98.25%). However, this is not the end of the design story and some solutions are 

under investigation to further improve the theoretical peak efficiency and full 

load efficiency as well.  

The estimated efficiency strongly depends on the power semiconductor 

parameters obtained from datasheet (i.e. forward voltage drop Vsw(0), ohmic 

resistance rsw etc…). Additionally, the auxiliary losses take into account the 

controller, gate driver and measuring chain losses. As reported in Table 39, the 

estimated total auxiliary losses are about 12.81 W and a constant value of 15 W 

has been used in the efficiency calculation. However, this value could be 

significantly affected by several factors as ICs consumption and power supply 
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efficiency (currently estimated as 90%). As a result of the mentioned tolerances 

in the calculation process, experimental tests could lead to somehow different 

results, but in any case, very close to the envisaged targets. It is important to 

understand the losses distribution in each device, in order to conceive suitable 

strategies to be performed during the experimental activity, if needed. To this 

purpose, Fig. 141 shows the filters, auxiliary and fan losses versus the output 

power. Power semiconductors losses distribution versus output power is shown 

in Fig. 142a and Fig. 142b, respectively for conduction and switching losses.  

 

Fig. 141. Filters, auxiliary and fan losses vs. the output power. 

It can be seen from Fig. 142a that on one side the IPT210N25NFD, STPSC40065C 

and IKW75N65EL5 devices show the dominant conduction losses, on the other 

side, the IPT210N25NFD, IKW20N60T and IKW75N65EL5 devices have the most 

significant switching losses, Fig. 142b. It must be noticed that the devices’ losses 

take into account all the losses within the device package; then, the switches’ 

losses take into account both body diode and antiparallel diode losses. 
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(a) 

 
(b) 

Fig. 142. Power Semiconductors Losses vs. output power: a) Conduction losses, b) Switching 

losses. 

On the basis of the carried out investigation, we have the chance to operate on 

different factors in order to affect the efficiency value. Some of these are 

described in the following. 

A. The devices SRP21, SRP22, SꞌRP21 and SꞌRP22, with P∈ {a, b, c}, are CoolMOSTMC7 

(IPL60R104C7), as highlighted in Fig. 143. 
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Fig. 143. 3ΦN5L E-Type BTB Converter. 

The IPL60R104C7 CoolMOSTMC7 devices could be replaced by 

IPL60R065C7 CoolMOSTMC7 (650V, 65mΩ). The IPL60R065C7 device has 

the same footprint and it shows a better ohmic resistance rDS0 with respect 

to the IPL60R104C7 power semiconductor. As a result, the sum of the 

switching and the conduction losses related to the devices located in the 

middle-leg can be reduced at full load as shown in Table 43. 

Table 43. Middle-leg losses into 3ΦN5L E-Type Rectifier. 

 IPL60R065C7 IPL60R104C7 

SRP21, SRP22, SꞌRP21, SꞌRP22 5.74 W 7.5 W 

B. The losses of the semiconductor devices in the Converter Power Stage 

have been estimated considering a junction temperature of 100°C, 

regardless of the loading conditions. However, the parameters of some 

devices strongly depend on the temperature. Particularly, the RDS(on) of the 

OptiMOSTM3 and CoolMOSTMC7 devices, SRPA, SRPB, SRP12, SRP32, SIQA, SIQB, 

SIQ12, SIQ32 and SRP21, SRP22 (switches are highlighted in red in Fig. 144), 

changes with the junction temperature. The MOS resistance RDS(on) 

increases when the junction temperature increases. As an example, Fig. 

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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145 shows the peak and the full load efficiency of the Converter versus the 

junction temperature of only the OptiMOSTM3 and CoolMOSTMC7 devices 

(the other devices losses are still calculated at the fixed temperature of 100 

°C). 

 

Fig. 144. 3ΦN5L E-Type BTB Converter: main temperature-dependent devices. 

 

Fig. 145. Peak and full load efficiency versus junction temperature of the 

OptiMOSTM3 and CoolMOSTMC7 devices. 

In general terms, the junction temperature is lower at partial load (it is 

fixed at half load in the example) compared to the full load operating 

https://it.wikipedia.org/wiki/Phi_(lettera)
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condition. Thus, an operating junction temperature below 100°C at partial 

load could reduce the conduction losses due to the smaller RDS(on) of the 

devices highlighted in red in Fig. 144. Further investigation is required to 

find the optimal solution between the heat-sink temperature and the 

needed fan speed (i.e. power consumption). 

C. The switching frequency could be reduced if necessary. The filters have 

been designed in order to meet current ripple requirement even if the 

switching frequency slows down from 24kHz to 20kHz. 

It is possible to combine the described options (A, B, C) in order to improve the 

efficiency. The peak efficiency and the full load efficiency versus the options are 

listed in Table 44.  

Table 44. Peak Efficiency and Full Load Efficiency versus Improvement Option. 

 System Condition Peak Efficiency [%] Full Load Efficiency [%] 

1 DL1 98,30 98.08 

2 Tj=80°C 98.33 98.14 

3 fsw=20 kHz 98.33 98.10 

 1+2+3 98.36 98.16 

As a result, during the experimental tests, the efficiency can be improved acting 

on two options, if needed. No hardware modifications are required as the options 

are implemented through the control system. 

A. Junction temperature. The control system could act in order to have the 

heatsink temperature to the optimal value for the different operating 

conditions. 

B. Switching frequency. The switching frequency can be reduced or even 

modulated in the range 24 kHz to 20 kHz at different load conditions in 

order to optimize the efficiency. 
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PART FIVE  

CONTROL STRATEGY ASPECTS 
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11 3ΦN5L E-TYPE BTB CONVERTER CONTROL STRATEGY 

11.1 Adaptive Control Strategy 

Two different control strategies have been used to obtain the craved input 

and output waveforms.  

11.1.1 3ΦN5L E-Type Rectifier Control Strategy 

A control structure related to the entire feedback chain rectifier is shown in 

Fig. 146. In this case, the DC-bus voltage is regulated by external circuit. The only 

quantities to track are the input currents (iref,a, iref,b, iref,c). 

  

Fig. 146. Control loop structure 1ΦN5L E-Type Rectifier. 

As it can be seen from Fig. 146, the regulator current is the 3-Degree of 

freedom multi-resonant controller (MRC) [168]. The transfer function GRC(n)(s) is 

defined in (206), where n is the number of harmonics, kir(n), θ(n), ωcr(n), and ω0(n) 

are the gain, phase, width and resonance frequency of the controller, respectively; 

h is intended as the maximum harmonic order that is included in the multi- 

resonant controller. 

 
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The multi- resonant controller is discretized on-line and the coefficients updated 

are downloaded on the FPGA. The single-phase phase-locked loop (PLL) system 

used to derive the grid phase 𝜃𝑔𝑟𝑖𝑑 has been implemented according the method 

shows in [169]. The block scheme of the single-phase PLL is depicted in Fig. 147. 

 

Fig. 147. Block scheme of the single-phase PLL. 

The block orthogonal signal generator (OSG) provides the two-quadrature 

signals uα=Vscos(θgrid) and uβ=Vssin(θgrid), where Vs is the module of the grid 

voltage phasor. The signal error e, provides by the vector product block, is given 

in (207), where sin(𝜃𝑔𝑟𝑖𝑑) and cos(𝜃𝑔𝑟𝑖𝑑) are the sine and the cosine of estimated 

grid angle provided by the PLL system. 
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 (207) 

The loop filter block, composed by proportional integral regulator (PI) and 

integrator, performs the estimation of the phase angle of the grid voltage 

phasor 𝜃𝑔𝑟𝑖𝑑. Finally, the last block determines the values of the sine and cosine 

of phase angle which can be obtained through a numerical procedure or a look-

up table. 

11.1.1 3ΦN5L E-Type Inverter Control Strategy 

The block scheme of the inverter control loop is depicted in Fig. 148. The 

inverter control strategy is called “Concurrent control”. In this control strategy 

two reference signals are tracking: output voltage and current. This is 

particularly useful in UPS applications due to a potential short-circuit. In other 

words, the 3ΦN5L E-Type Converter must be able to withstand three times the 
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nominal current on the single phase per 60 milliseconds before shutdown the 

converter (turned-off switches). 

 

Fig. 148. Control loop structure Inverter. 

Consequently, the control always adjusts the voltage reference. When an 

overcurrent is detected (with an overcurrent circuit) the control structure adjusts 

the current reference per 60 milliseconds before opening all the switches. The 

reference signals, iref,u and uref,u are defined in (208), where V*OUT and I*OUT are the 

output RMS voltage and RMS current. 

  *
, 2 sinref u OUT OUTu V t ,     

*
, 3 sgnref u OUT OUTi I sin t  (208) 

The control algorithm has been implemented using the repetitive controller plus 

PI controller. The implementation of a time delay in repetitive controller is a 

complicated point in continuous-time. Fortunately, in discrete time it is an easier 

task. If the reference signal period T0 is a multiple of the sampling period Tsw, the 

digital implementation is reduced to a circular queue. Fig. 149 shows the block 

scheme of the repetitive controller and its control transfer function in the discrete 

domain is given in (209), where z-N is the delay line, with N=T0/Tsw, kRC is the 

repetitive learning gain and QR(z) is the robustness filter. Since the switching 

frequency is 24 kHz and fundamental frequency is 50 Hz, the number N is 480. 

Re ( )
1 ( )

N

p RC N
R

z
G z k

Q z z







 (209) 
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The use of the robustness filter QR(z) is to modify the internal model, which 

effectively increases the system stability margin.  

 

Fig. 149. Block scheme of the repetitive controller. 

The transfer function of the PI controller is given in (210), where kp, ki denote the 

coefficients for the proportional and integral terms, respectively. 

( ) I
PI P

k
G s k

s
   (210) 

Additionally, both in the rectifier and inverter there is an additional loop in order 

to obtain an equal current distribution between the two ICT’s windings. 

11.2 Control algorithm implementation 

The rectifier and inverter control algorithm have been implemented in 

LabVIEW. The resulting program is composed by three targets: FPGA, real-time 

(RT) and host. The most demanding tasks, like control loops, PWM signals, 

protections and connecting devices, runs on the FPGA. The less demanding tasks 

such as Graphical User Interface (GUI) are executed on the RT. Finally, the non-

deterministic tasks such as handling the GUI runs on the host target. The block 

diagram of the implemented control algorithm is depicted in Fig. 150. 

 

Fig. 150. Block scheme control algorithm on LabVIEW. 
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Communication between host and RT target is physically realized by the 

Ethernet link. If, for any reason the Host fails, RT and FPGA targets continue 

running without any issue, as well they can perform specifics user defined tasks. 

FPGA is not able to communicate directly to the host, for this reason the RT 

system is always the link between them. 

11.2.1 FPGA Target 

The FPGA code structure is illustrated in Fig. 151. Each block runs in 

different frequencies. 

 
Fig. 151. FPGA code structure. 

The Virtual Instruments (VI) starts performing once the initialization task. In this 

task are initialized the Digital Analogic Converter (DAC), Analogic Digital 

Converter and Digital I/O which are present on the Ped-board. The switching 

frequency and dead-time are set in ticks according to the equations (211) and 

(212). 

 [ ]
[ ]

2 [ ]
SW

SW

Core Clock kHz
f ticks

f kHz



 (211) 

[ ]  [ ]
[ ]

2

DT s Core Clock MHz
DT ticks

 
  (212) 

Fig. 151 shows the FPGA modulator and scheduler with also the FIFO Item used 

to synch the control loop. The scheduler is the same for both the rectifier and 

inverter. PWM modulator is realized by an up/down counter and it is capable 

to insert the required dead-time between any pair of switches. At the beginning 

of the PWM period, the control task is called with the possibility to introduce a 

down sampling. Additionally, FPGA accomplishes measure acquisition directly 

controlling the PED-Board ADCs, overcurrent, over voltage, over temperature 
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scaling and protections, as shown in Fig. 153. 

 

Fig. 152. PWM modulator and scheduler. 

 

Fig. 153. Acquisition measures tasks. 

As it can be seen from Fig. 153, the estimated grid phase 𝜃𝑔𝑟𝑖𝑑 is obtained using 

the subVI named “Pll.vi” and “Kalman.vi” whose input parameters are provided 

by Real-Time Target. The multi-resonant controller and the repetitive control 

plus PI controller have been implemented on FPGA, Fig. 154. 
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(a) 

 
(b) 

 

(c) 

Fig. 154. a) Multi-resonant controller code; b) MRC Sub-VI code 

c) Repetitive Control plus PI code. 

11.2.2 Real-Time Target 

RT target receives data from the FPGA and mainly manages the Graphical User 

Interface (GUI). The GUI is illustrated in Fig. 155. It can be noticed how the high-

level target is able to manage and illustrate to the user the rectifier or inverter 
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operating conditions: currents, voltage, faults, on-line discretization of 

controllers and FPGA and RT executions time.  

 

Fig. 155. Discretization parameters on Real-Time target. 

Discretization of the multi-resonant controller amplitude MRC(n) and phase θ(n), 

regulator proportional and integral gain and repetitive control coefficients, kR1, 

kR2 are operated by the RT target. The resulting outputs are sent to the FPGA. 

Furthermore, the discretization of the repetitive control parameters occurs on the 

real-time target. 

11.3 Open Loop Results 

The open-loop tests of the 1ΦN5L BTB E-Type Rectifier and Inverter have 

been performed in order to verify the correct operation of the PWM modulator 

and PLL. To this purpose, the control board shown in Fig. 53 has been used. The 

estimated grid phase 𝜃𝑔𝑟𝑖𝑑 and the current reference iref,a are shown in Fig. 156. 

The effectiveness of the proposed PWM modulator has also been tested, 

acquiring the modulating signal and the control signals of the related power 

devices. 

https://it.wikipedia.org/wiki/Phi_(lettera)
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Fig. 156. Estimated grid phase 𝜃̂𝑔𝑟𝑖𝑑 (green line) and current reference iref,a (yellow). 

The comparison between the experimental and simulation control signals linked 

to each power semiconductor of the single-phase rectifier and inverter are shown 

in the following figures. 

- Rectifier Modulator 

 

Fig. 157. PWM signal SRaA: experimental results (2 V/div). 
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Fig. 158. PWM signal SRaA: simulation results. 

 

(a) 

 

(b) 

Fig. 159. PWM signal SRa12. a) experimental results (2 V/div), b) simulation results. 
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(a) 

 
(b) 

Fig. 160. PWM signal SRa21. a) experimental results (2 V/div), b) simulation results. 

 

Fig. 161. PWM signal SRa22: experimental results (2 V/div). 
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Fig. 162. PWM signal SRa22: simulation results. 

 

(a) 

 

(b) 

Fig. 163. PWM signal SRaB. a) experimental results (2 V/div), b) simulation results. 
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(a) 

 

(b) 

Fig. 164. PWM signal SRa32. a) experimental results (2 V/div), b) simulation results. 

- Inverter Modulator 

 

Fig. 165. PWM signal SIu12: experimental results (2 V/div). 
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Fig. 166. PWM signal SIu12: simulation results. 

 

(a) 

 

(b) 

Fig. 167. PWM signal SIuA. a) experimental results (2 V/div), b) simulation results. 
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(a) 

 
(b) 

Fig. 168. PWM signal SIu22. a) experimental results (2 V/div), b) simulation results. 

 
Fig. 169. PWM signal SIu11: experimental results (2 V/div). 
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Fig. 170. PWM signal SIu11: simulation results. 

 

(a) 

 

(b) 

Fig. 171. PWM signal SIu31. a) experimental results (2 V/div), b) simulation results. 
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(a) 

 

(b) 

Fig. 172. PWM signal SIu21. a) experimental results (2 V/div), b) simulation results. 

 

Fig. 173. PWM signal SIuB: experimental results (2 V/div). 

  



 

 

 Page 225 
 

 

Fig. 174. PWM signal SIuB: simulation results. 

 
(a) 

 

(b) 

Fig. 175. PWM signal SIu32. a) experimental results (2 V/div), b) simulation results. 
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Furthermore, the dead-time of 1µs has been implemented into control algorithm. 

Fig. 176 shows the control signals in opposite phase between SIuB and SIu32. 

Looking at Fig. 176, it can be noticed the effective dead-time of the devices. 

 

Fig. 176. Control signals with dead-time between SIuB and SIu32. 

11.4 Closed-Loop Results 

The closed-loop control algorithm has been validated using the co-

simulation capabilities between NI Multisim and LabVIEW. The co-simulation 

process of the system is represented in Fig. 177.  

 

Fig. 177. Co-simulation Process. 

The NI Multisim is a modeling tool of the electronic circuit which can be 
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interfaced with the LabVIEW. The power circuit of the 3ΦN5L BTB E-Type 

Converter has been built in NI Multisim environment. Fig. 178a shows the 

3ΦN5L E-Type Rectifier built in NI Multisim. 

 

(a) 

 

(b) 

Fig. 178. a) Screenshot of the 3ΦN5L BTB E-Type Rectifier built in NI Multisim; b) screenshot of 

the simulation loop between the FPGA and Multisim. 

Communication between implemented control algorithm in FPGA target and the 

https://it.wikipedia.org/wiki/Phi_(lettera)
https://it.wikipedia.org/wiki/Phi_(lettera)
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converter built in Multisim is realized inside the “Control and Simulation Loop” 

in Host target, as shown in Fig. 178b.  

 

(a) 

 
(b) 

Fig. 179. a) Input Inductor Current; b) Input current. 

 

Fig. 180. Output Voltage. 

Fig. 179 and Fig. 180 show the input inductor current iLIN(a), input current ia and 

the output voltage uu, respectively. The input current and output voltage 
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harmonics contents up to 50th order normalized with respect to the fundamental 

harmonic are depicted in Fig. 181. According to the IEEE STD 519-2014 and IEC 

61000-2-4 international standards, the total harmonic distortion of the input 

current THDi and output voltage THDu, estimated considering the harmonic 

components up to the 50th order, are equal to 1.10 % and 0.66 %, respectively. 

 

(a) 

 

(b) 

Fig. 181. Harmonic contents: a) input current ia, b) output voltage uu. 

Finally, the output and reference currents under the short-circuit condition are 

shown in Fig. 182. The 1ΦN5L BTB E-Type Inverter is generally controlled 

https://it.wikipedia.org/wiki/Phi_(lettera)
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through the voltage control mode during the normal operation. When the short 

circuit fault occurs, the phase voltage decreases and the phase current increases 

(peak current). In this condition, the control changes in “current control mode” 

and the phase current iu starts to track its reference iref,u. 

 
Fig. 182. Short circuit capability. 

The reference signal iref,u is a square wave with the fundamental frequency of 50 

Hz and the amplitude equal to 3 times the RMS phase current. After 60 

milliseconds, the converter is turned off by opening all the switches. 
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CONCLUSIONS 

The first part of the dissertation has dealt with the background of the multi-

level topologies and then a review of the 5 level BTB multi-level converters and 

patents in industrial applications has been carried-out. Particularly, motivations 

and requirements for multi-level conversion have been clearly explained. Each 

one of multi-level BTB topologies has its own pros and cons which give a great 

flexibility to select the right topology for each application. The main advantages 

of the three-phase multi-level converter topologies can be briefly summarized: 

• lower common mode voltage,  

• smoother waveform with lower THD,  

• less distorted input current and lower switching frequency, 

• lower switching loss. 

Three-phase multi-level converters have also some drawbacks like a higher 

number of active components which results in lower reliability. Furthermore, 

additional circuits can be used to balance the capacitor voltages and long 

commutation path can cause high total commutation inductance, which means 

high over-voltages. All this leads to circuit higher cost and to circuit control 

higher complexity. However, the drawbacks resulting from the use of three-level 

or multi-level converters can be neglected in comparison to their numerous 

advantages. Finally, a description of the three-phase BTB systems and multi-level 

converters protected by patents has been performed in order to identify existing 

solutions in the industrial environment. 

After examining the multi-level converter topologies, the T-Type multi-level 

converter has been identified as the most promising configuration, thanks to its 

specific features in terms of current path and commutation inductance. Thus, the 

3Φ5L E-Type Rectifier for high-speed electrical drive has been analyzed in great 

details. The working principle of the rectifier has been explained. The 3Φ5L E-

Type Rectifier has been carefully studied by considering the combination of high 
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speed IGBT, SiC Schottky diodes, and Si rapid switching diodes. The thermal 

model of power semiconductors has been created taking into account the 

parameters provided by the manufactures and employing multidimensional 

look-up tables in Plexim/PLECS environment. Consequently, the efficiency and 

losses distribution in relation to the function of the operating conditions have 

been estimated. Moreover, the voltage balancing issue of the rectifier has been 

addressed and a hardware solution which involves two SRBC has been analyzed. 

At the end of this study, the prototype of the rectifier and SRBC have been built. 

The single-phase rectifier is composed of Semitop4 power module and the SRBC 

is accomplished by Semitop3 60A-600V power module (manufacturer 

Semikron®). The rectifier control strategy for the regulation of both DC-bus 

voltage and the input sinusoidal current has been successfully implemented 

using a graphical programming environment called LabVIEW. The tuning 

procedure of the control loops is based on the achieved large and small signal 

mathematical modelling of the converter. The rectifier and PMSG have been 

controlled by the proper control platform, whose board is named PED-Board, 

realized thanks to a collaboration between E.D. Elettronica Dedicata S.r.l. and 

Roma Tre University. 

The converter prototype coupled to the PMSG has been widely tested at variable 

rotation speed and constant torque. Achieved results have been compared with 

simulation results in order to prove the validity of the performed comparison. 

Results have really shown a good accordance between experimental and 

simulation results, thus validating the theoretical analysis of the rectifier. 

Afterwards, the 3Φ5L E-Type Rectifier has been used in BTB configuration 

with a 3Φ5L E-Type Inverter. Then, the analysis of the 3Φ5L E-Type Back-to-Back 

Converter has been performed. The investigation has been extended to a new 

3Φ5L E-Type BTB power converter as a new solution for extreme efficiency and 

power density. In order to obtain a great improvement from the switches voltage 

rating point of view, a small modification in the 5L E-Type BTB Converter has 
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been done. The advantages of the new 3Φ5L E-Type Back-to-Back topology over 

the previous 3Φ5L E-Type Back-to-Back configuration can be highlighted as 

follows: 

• the voltage ratings of the power semiconductors are lower, 

• the commutation loop and current path are smaller. 

The selection process of power semiconductors of the proposed N3Φ5L E-Type 

BTB Converter has been also addressed. The analytical equations of the duty 

cycles, AVG and RMS current for each power device have been obtained. The 

origin of the losses mechanism of the power semiconductors has been described 

in details. The concept of the interleaving converter using an ICT has been then 

explained. The design and selection of passive components, such as the input 

filter, output filter and DC-bus capacitors, have been described by a proper step-

by-step procedure. The use of the two-cell interleaved topology offers 

advantages as the reduction of size, losses and cost of the input and output filters, 

as well as reduction of current stress of the DC-bus capacitors, enabling a better 

utilization of the power semiconductors. Finally, using the AVG and RMS 

analytical equations previously obtained, the conduction and switching losses of 

the N3Φ5L E-Type BTB Converter have been fully addressed. An appropriate 

design of the N3Φ5L E-Type BTB Converter is of utmost importance and 

practical interest to evaluate the converter conduction and switching power 

losses. At the end, thermal management of the N3Φ5L E-Type BTB Converter has 

been discussed. According to the preliminary analysis and design, the targets on 

efficiency and power density are met. Taking into account suitable options in 

managing the heatsink temperature and the switching frequency, it seems 

possible to improve the theoretical peak efficiency above 98.30%. 

Finally, the control strategy of the N3Φ5L E-Type BTB Converter has been 

implemented in LabVIEW environment. Then, in order to verify the control 

strategy effectiveness and performance, the N3Φ5L E-Type BTB Converter has 

been realized in NI Multisim environment and the co-simulation between NI 
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Multisim and LabVIEW has been performed. Co-simulation results show the 

correct functioning of the implemented strategy and the targets on the THDv, 

THDi and a short circuit capability equal to three times nominal current for 60 

ms are met. 
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12 ANALYTICAL LOSSES CALCULATION 

The conduction and switching losses have been calculated using a first-order 

approximation from the data-sheet characteristic curve provided by 

manufacturer. In the following, the conduction and switching losses values are 

related to the single power devices 

12.1 MOSFET - IPT210N25NFD 

12.1.1 Conduction Losses 

MOSFET conduction losses can be calculated using an approximation with 

the drain source on-state resistance as in (213), where VDS and ID are drain-

source voltage and the drain current, respectively.  

   ( )DS D DS on D DV I R I I   (213) 

The RDS(on) can be read from the data-sheet as in Fig. 183.  

 
Fig. 183. RDS(on) versus Tj from data-sheet with ID=69 A, VGS=10 V. 

The on-state resistance at Tj=100° is given in (214). 

 ( ) @100 0.035 DS onR C    (214) 
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Applying the equation (97), the conduction losses of the power devices SRaA (or 

SRaB, SIuA, SIuB) and SRa12 (or SRa32, SIu12, SIu32) as listed in Table 45 and Table 46, 

respectively. 

Table 45. Conduction losses SRaA (or SRaB, SIuA, SIuB) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 3,33 7,91 2,19 

15 15,37 2,50 5,93 1,23 

10 10,25 1,66 3,95 0,55 

5 5,12 0,83 1,98 0,14 

3 3,07 0,50 1,19 0,05 

 

Table 46. Conduction losses SRa12 (or SRa32, SIu12, SIu32) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 2,86 6,38 1,42 

15 15,37 2,15 4,78 0,80 

10 10,25 1,43 3,19 0,36 

5 5,12 0,72 1,59 0,09 

3 3,07 0,43 0,96 0,03 

12.1.2 Switching Losses 

The switching losses of the MOSFETs have been estimated starting from the 

turn-on ton and turn-off toff switching time [170]. The turn-on ton and turn-off toff 

switching time are given in (215), where tir is the rise-time of the current, tvf is 

the fall-time of the voltage, tvr is the rise-time of the voltage and tif is the fall-time 

of the current.  

2

ir vf

on

t t
t


 , 

2

vr if

off

t t
t


  (215) 

According to the application note [170], the ton and toff are equal to 6,01 ns and 

8,64 ns, respectively. Using the equations (100) and (102), the switching losses 

of the power devices SRaA (or SRaB, SIuA, SIuB) and SRa12 (or SRa32, SIu12, SIu32) are 

listed in Table 47. 

  



 

 

 Page 258 
 

Table 47. Switching losses SRaA (or SRaB, SIu12, SIu32) and SRa12 (or SRa32, SIuA, 

SIuB) versus output power. 

Pout [kW] IOUT-leg [A] 
Switching losses SRaA 

(or SRaB, SIu12, SIu32) [W] 

Switching losses SRa12 (or 

SRa32, SIuA, SIuB) [W] 

20 20,50 0 0,34 

15 15,37 0 0,25 

10 10,25 0 0,17 

5 5,12 0 0,08 

3 3,07 0 0,05 

12.1.3 Body Diode Losses 

The on-state voltage Vd0 and the resistance rd parameters have been read in the 

MOSFET datasheet as shown in Fig. 184. The Vd0 and rd value are given in (216). 

 0 @100 0.5 VdV C  ,  
0.62 0.5

@100 0.013 
10 1

dr C


   


 (216) 

In this case, the dead time has not been considered; consequently, the conduction 

losses related to the body diode are neglected. 

 
Fig. 184. Diode output characteristic. 

Reverse recovery charge Qrr and reverse recovery energy Err at Vsw=¼VBUS=175 

V have been read in the MOSFET datasheet and reported in (217) and (218), 

respectively. 

  6175 175
(@175 ) @125 0.406 10 0.568

125 125
rr rrQ V Q V C   

       
   

 (217) 
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  ( ) 99.4
4
BUS

rr sw rr sw

V
E V Q V J

 
  
 

 (218) 

Using the equation (103), the switching losses related to the DRaA (or DRaB, DIuA, 

DIuB) and DRa12 (or DRa32, DIu12, DIu32) devices have been reported in Table 48.  

Table 48. Switching losses DRaA (or DRaB, DIuA, DIuB) and DRa12 (or DRa32, DIu12, DIu32) versus 

output power. 

Pout [kW] IOUT-leg [A] 
Switching losses DRaA (or 

DRaB, DIu12, DIu32) [W] 

Switching losses DRa12 (or 

DRa32, DIuA, DIuB) [W] 

20 20,50 0,19 0 

15 15,37 0,14 0 

10 10,25 0,10 0 

5 5,12 0,05 0 

3 3,07 0,03 0 

12.2 MOSFET - IPL60R104C7 

12.2.1 Conduction Losses 

The RDS(on) as a function of temperature can be read from the data-sheet as in Fig. 

183.  

 
Fig. 185. RDS(on) versus Tj from data-sheet with ID=9.7 A, VGS=10 V. 

The on-state resistance value at Tj=100° is given in (219). 

 ( ) @100 0.17 DS onR C    (219) 

Applying the equation (97), the conduction losses of the power devices SRa21 (or 
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SRa22) are listed in Table 49. 

Table 49. Conduction losses SRa21 (or SRa22) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 0,33 1,36 0,31 

15 15,37 0,25 1,02 0,18 

10 10,25 0,17 0,68 0,08 

5 5,12 0,08 0,34 0,02 

3 3,07 0,05 0,20 0,01 

12.2.2 Switching Losses 

According to the application note [170], the turn-on ton and turn-off toff switching 

time are equal to 10 ns and 10.6 ns, respectively. Using the equations (100) and 

(102), the switching losses of the power devices SRa21 (or SRa22) are reported in 

Table 50. 

Table 50. Switching losses SRa21 (or SRa22) versus output power. 

Pout [kW] IOUT-leg [A] Switching losses [W] 

20 20,50 0,09 

15 15,37 0,07 

10 10,25 0,04 

5 5,12 0,02 

3 3,07 0,01 

12.2.3 Body Diode Losses 

The on-state voltage Vd0 and the resistance rd parameters have been read in the 

MOSFET data-sheet as shown in Fig. 184. The Vd0 and rd value are given in (220). 

 0 @100 0.55 VdV C  ,  
0.83 0.58

@100 0.028 
10 1

dr C


   


 (220) 
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Fig. 186. Diode output characteristic from data-sheet. 

Using the equation (97), the conduction losses related to the DRa21 (or DRa22) have 

been reported in Table 51.  

Table 51. Conduction losses DRa21 (or DRa22) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 0,33 1,36 0,23 

15 15,37 0,25 1,02 0,17 

10 10,25 0,17 0,68 0,10 

5 5,12 0,08 0,34 0,05 

3 3,07 0,05 0,20 0,03 

Since the DRa21 (or DRa22) is always on, its switching losses are zero. 

12.3 Diode - STPSC40065C 

With reference to Fig. 194, the on-state voltage Vd0 and the resistance rd values 

are given in (221). 

 0 @100 0.85 VdV C  ,  
 

1.25 0.98
@100 0.0135 

2 15 5
dr C


   


 (221) 
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Fig. 187. Diode output characteristic from data-sheet per device. 

Applying the equation (97), the conduction losses related to the DRa11 (or DRa31) 

have been reported in Table 51.  

Table 52. Conduction losses DRa11 (or DRa31) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 6,19 10,16 6,66 

15 15,37 4,65 7,62 4,73 

10 10,25 3,10 5,08 2,98 

5 5,12 1,55 2,54 1,40 

3 3,07 0,93 1,52 0,82 

Due to the silicon carbide technology, the recovery losses are negligible. 

12.4 IGBT- IKW75N65EL5 

12.4.1 Conduction Losses  

The linear approximation of the output characteristics IC-VCE from the device 

datasheet is depicted in Fig. 188. With reference to Fig. 188, the VCE0 and RCE0 

values can easily be calculated by the equation (222). 

 0 @100 0.6 VCEV C  ,  
0.85 0.72

@100 0.01 
25 12.5

CEr C


   


 (222) 

Considering the AVG and RMS current reported in Table 18 and equation (97), 

the conduction losses versus output power related to the single-leg device SIa11 
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(or SIa31) are shown in Table 53. 

 
Fig. 188. IGBT output characteristic, Tvj=175°C. 

Table 53. Conduction losses SIa11 (or SIa31) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 6,19 10,16 4,75 

15 15,37 4,65 7,62 3,37 

10 10,25 3,10 5,08 2,12 

5 5,12 1,55 2,54 0,99 

3 3,07 0,93 1,52 0,58 
 

12.4.2 Switching Losses 

The switching losses have been obtained starting from the turn-on Eon and 

turn-off Eoff energy curve characteristics shown in Fig. 189. The turn-on Eon and 

turn-off Eoff energy are functions of the current flowing through the IGBT, 

junction temperature and blocking voltage. To this purpose, the junction 

temperature coefficient of turn-on and turn-off energy have been obtained from 

Fig. 189a, (223). 

(@100 ) 1.9
( ) 0.9

(@150 ) 2.1
on

on j

on

E C
k T

E C


  


, 

(@100 ) 4.1
( ) 0.82

(@150 ) 5

off

off j

off

E C
k T

E C


  


 (223) 

From the Fig. 189b, the blocking voltage coefficient of turn-on and turn-off 

energy have been obtained in (224). 
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(@175 ) 0.5
( ) 0.24

(@400 ) 2.1
on

on CE

on

E V
k V

E V
   , 

(@175 ) 2.1
( ) 0.41

(@400 ) 5.1

off

off CE

off

E V
k V

E V
    (224) 

Finally, from the Fig. 189c, the turn-on and turn-off energy can be written in 

  32.1 0.62
, , ( ) ( ) 10 0.0063

75 25
on j CE C on j on CEE T V I k T k V mJ 

    
 

,

  35.1 2.5
, , ( ) ( ) 10 0.018

75 25
off j CE C off j off CEE T V I k T k V mJ 

    
 

 
(225) 

Having the turn-on and turn-off energy and using the equation (100) and (101), 

the switching losses linked to the single-leg device SIa11 (or SIa31) are listed in Table 

54. 

 

(a) 

 

(b) 

 

(c) 

Fig. 189. (a) Switching energy vs Tvj; (b) Switching energy vs VCE; (c) Switching energy vs IC.  
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Table 54. Switching losses SIa11 (or SIa31) versus output power. 

Pout [kW] IOUT-leg [A] Switching losses [W] 

20 20,50 0,59 

15 15,37 0,44 

10 10,25 0,29 

5 5,12 0,15 

3 3,07 0,09 

12.4.3 Freewheeling Diode Losses 

The conduction losses of the anti-parallel diode can be estimated using the 

output characteristic approximation depicted in Fig. 190. 

 

Fig. 190. Freewheeling Diode output characteristic. 

On-state voltage Vd0 and resistance rd values are given in (226). 

 0 @100 0.75 VdV C  ,  
1.075 0.91

@100 0.013 
25 12.5

dr C


   


 (226) 

The reverse recovery energy Err can be achieved starting from the reverse 

recovery charge Qrr. The reverse recovery charge as a function of the junction 

temperature is given from datasheet of the IGBT manufacturer. In order to obtain 

the reverse recovery charge at Tj=100°C, it can be used a linear approximation as 

in (227). The reverse recovery charge can be calculated as in (228). 

       2 2 1

2 2 1

rr j rr j rr j rr j

j j j j

Q T Q T Q T Q T

T T T T

 


 
 (227) 
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  6175 175
( , ) @100 2.006 10 0.87

400 400
rr j sw rrQ T V Q C C   

        
   

 (228) 

Thus, recovery energy Err is given in (229). 

 , ( , ) 175.25
4
BUS

rr j sw rr j sw

V
E T V Q T V J

 
  
 

 (229) 

Using the equation (97) and (103), the conduction and switching losses can be 

obtained. If the power factor is close to 1 the losses related to the freewheeling 

diode DIa31 are equal to zero. 

12.5 IGBT - IKW20N60T 

The conduction and switching losses related to the IGBT IKW20N60T can be 

calculated in the similar manner of the IGBT IKW75N65EL5. 

12.5.1 Conduction Losses  

The output characteristics IC-VCE from the device datasheet is depicted in Fig. 191. 

 
Fig. 191. IGBT output characteristic, Tvj=175°C. 

The VCE0 and RCE0 values are given in (230). 

 0 @100 0.8 VCEV C  ,  
1.375 0.99

@100 0.038 
15 5

CEr C


   


 (230) 

Considering the equation (97), the conduction losses versus output power 

related to the single-leg device SIa21 (or SIa22) are shown in Table 55. 
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Table 55. Conduction losses SIa21 (or SIa22) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] 

20 20,50 0,33 1,36 0,33 

15 15,37 0,25 1,02 0,24 

10 10,25 0,17 0,68 0,15 

5 5,12 0,08 0,34 0,07 

3 3,07 0,05 0,20 0,04 

12.5.2 Switching Losses 

With reference to the Fig. 193a and Fig. 193b, the energy coefficients are given 

in (231) and (232), respectively. 

(@100 ) 0.38
( ) 0.75

(@175 ) 0.51
on

on j

on

E C
k T

E C


  


, 

(@100 ) 0.55
( ) 0.86

(@175 ) 0.64

off

off j

off

E C
k T

E C


  


 (231) 

(@175 ) 0.21
( ) 0.42

(@400 ) 0.5
on

on CE

on

E V
k V

E V
   , 

(@175 ) 0.41
( ) 0.65

(@400 ) 0.63

off

off CE

off

E V
k V

E V
    (232) 

From the Fig. 193a, the turn-on and turn-off energy can be written in 

  30.67 0.15
, , ( ) ( ) 10 0.008

25 5
on j CE C on j on CEE T V I k T k V mJ 

    
 

, 

  30.77 0.25
, , ( ) ( ) 10 0.015

25 5
off j CE C off j off CEE T V I k T k V mJ 

    
 

 
(233) 

During the positive half-wave of the modulating signal, SIa21 is always on. 

Consequently, the switching losses related to the SIa21 device is equal to zero. 

 

(a) 
 

(b) 

Fig. 192. (a) Switching energy vs Tvj; (b) Switching energy vs VCE. 
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Fig. 193. Switching energy vs IC.  

12.5.3 Freewheeling Diode losses 

With reference to Fig. 194, the on-state voltage Vd0 and the resistance rd values 

are given in (234). 

 0 @100 0.85 VdV C  ,  
1.64 1.2

@100 0.044 
15 5

dr C


   


 (234) 

 
Fig. 194. Freewheeling Diode output characteristic. 

Reverse recovery charge Qrr and reverse recovery energy Err at Tj=100°C can be 

calculated as in (235) and (236), respectively. 

  6175 175
( , ) @100 0.885 10 0.387

400 400
rr j sw rrQ T V Q C C   

        
   

 (235) 

 , ( , ) 67.73
4
BUS

rr j sw rr j sw

V
E T V Q T V J

 
  
 

 (236) 
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Using the equation (97) and (103), the conduction and switching losses have 

been reported in Table 56.  

Table 56. Conduction losses DIa21 (or DIa22) versus output power. 

Pout [kW] IOUT-leg [A] IAVG [A] IRMS [A] Conduction losses [W] Switching losses [W] 

20 20,50 0,33 1,36 0,25 0,08 

15 15,37 0,25 1,02 0,17 0,06 

10 10,25 0,17 0,68 0,10 0,04 

5 5,12 0,08 0,34 0,05 0,02 

3 3,07 0,05 0,20 0,03 0,01 

 


