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Abbreviations 
2L two-level 
3L-NPC three-level neutral point clamped 
AC alternating current 
ACS active-clamp snubber 
AFBR active full-bridge rectifier 
BJT bipolar junction transistor 
CDR current doubler rectifier 
CTE coefficient of thermal expansion 
CS carrier storage 
DBC direct bonded copper 
DC direct current 
EMI electromagnetic interference 
ETO emitter turn-off thyristor 
FBSOA forward-bias safe operation area 
FWD freewheeling diode 
GTO gate turn-off thyristor 
HB half-bridge 
HV high-voltage 
HS hybrid switch 
IGBT insulated gate bipolar transistor 
IGCT integrated gate-commutated thyristor 
JFET junction gate field-effect transistor 
MOSFET metal–oxide–semiconductor field-effect transistor 
NPT non punch through 
PT punch through 
PWM pulse-width modulation 
RB reverse-blocking 
RBSOA reverse-bias safe operation area 
RC-IGBT reverse-conducting insulated gate bipolar transistor 
RMS root mean square 
SCSOA short-circuit safe operation area 
SOA safe operating area 
SPT soft punch through 
TIM thermal interface material 
PCM phase change material 
VSC voltage-source converter 
VSI voltage-source inverter 
ZVS zero voltage switching 
ZCS zero current switching 
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Symbols 
Aon, Bon turn-on loss coefficients 
Aoff, Boff turn-off loss coefficients 
Am area of the thermal interface material layer 
CE summarised output capacitance of IGBT 
Cf output filter capacitance 
Cr, Cp resonant capacitances 
CT,CB output capacitance of IGBT 
CTr-p equivalent capacitance 
Cs snubber capacitance 
Cs(RC) capacitance of the RC snubber 
D switch duty cycle 
Dmax  maximum switch duty cycle 
Dmin  minimum switch duty cycle 
Dnom  nominal switch duty cycle 
Drect duty cycle of the rectifier switches 
Ds freewheeling state duty cycle 
Econd conduction energy losses 
Eoff turn-off energy losses 
Eon turn-on energy losses 
Eosc energy of oscillations 
Erec reverse-recovery energy 

DS
rec

E  reverse-recovery energy specified in the datasheet 

Esw switching energy losses 
Etot total energy losses 
fosc oscillation frequency 
fout output frequency 
fsw  switching frequency 
fsw(max) maximum switching frequency 
IF(peak) maximum forward current 
iF instantaneous forward current 
IC collector current 

rms
CI  RMS collector current 

IC(max) maximum collector current 
IF(avg) average forward current 
IHS hybrid switch current 

f(min)LI  minimum filter inductor current 

f(max)LI  maximum filter inductor current 

iosc instantaneous oscillating current 
Iosc peak value of the oscillating current 
Iout average output current 
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Irec peak reverse-recovery current 
ISA IGCT current 
ISB IGBT current 
i(t) instantaneous current 

rec
onk  scale factor for the turn-on losses 

reck  scale factor for the reverse-recovery energy 

onGRk
−

 turn-on resistor scale factor 

offGRk
−

 turn-off resistor scale factor 

kL relative filter inductor current ripple 
k(sat) scale factor of the on-state voltage 
kth thermal conductivity of the TIM 
kU relative output voltage ripple 

)( onCEUk
−

 scale factor for the actual turn-on commutation voltage 

)( offCEUk
−

 scale factor for the actual turn-off commutation voltage 

LE equivalent inductance 
Lf output filter inductance 
Lr, Lp resonant inductance 
Np number of trurns of the transformer primary 
Ns number of trurns of the transformer secondary 
Pout  output power 
Pcond conduction power losses 
Poff turn-off power losses 
Pon turn-on power losses 
Ps(RC) power dissipation of the RC snubber 
Ptot total power losses 
Q oscillatory circuit quality factor 

DS
rec

Q  reverse-recovery charge specified in the datasheet 

RE equivalent resistance 
RG-on turn-on gate resistance 
RG-off turn-off gate resistance 

US
onGR −  user-specific turn-on gate resistance 

DS
onGR −  datasheet turn-on gate resistance 

US
offGR −  user-specific turn-off gate resistance 

DS
offGR −  datasheet turn-off gate resistance 

RE equivalent active resistance 
RHF equivalent high-frequency resistance 
RL equivalent load resistance 
Rs(RC) resistance of the RC snubber 
rT slope resistance 
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Rthcs thermal resistance case-to-heatsink 
Rthsa thermal resistance heatsink-to-ambient 
ta active state time 
Tamb ambient temperature 
td dead time 
td(off) turn-off delay time 
tf collector current fall time 
Tj junction temperature 
Tj(max) maximum junction temperature 
toff off-state time 
ton on-state time 
trec reverse-recovery time 
Tsw duration of the switching period 
ttr ttr1 ttr2 ttr3 energy transfer period  
uosc instantaneous oscillating voltage 
Uout  output voltage 

US
onCE

U
−

 user-specific collector-emitter voltage prior to turn-on 
DS
CE

U  datasheet collector-emitter voltage prior to switching transient 

UCE(sat) collector-emitter saturation voltage 
UF(max) maximum forward voltage 
UGE gate-emitter voltage 
Uin  input voltage 
Uin(max)  maximum input voltage 
Uin(min)  minimum input voltage 
Uin(nom)  nominal input voltage 
Uout(max) maximum output voltage 
Uout(min) minimum output voltage 
UPrms  transformer primary RMS voltage 

DS
rec

U  reverse-recovery voltage specified in the datasheet 

Urect output voltage of the active rectifier 
UTr-s amplitude voltage across transformer secondary 
u(t) instantaneous voltage 
UT on-state voltage drop of the IGCT 
UT0 threshold voltage 
ZTr-p magnitude of the circuit impedance 
δ  attenuation coefficient 
γmin snubber capacitor recharge time 
ω0  undamped resonance frequency 
ΔIripple peak-to peak inductor current ripple 
ΔUripple peak-to-peak output voltage ripple 
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1 INTRODUCTION 

1.1 Definition of power electronic converters 

Today, it is crucial to increase the energy efficiency because of higher 
awareness of excessive carbon dioxide emissions, safety of energy and possible 
increase in energy prices. It is expected that the trend toward more efficient and 
advanced systems that transform electrical energy, i.e. convert electrical energy 
from one form to another, will continue and accelerate in the future. Power 
electronics is concerned with processing of electrical power by electronic 
devices with a switching converter as a major element [1]. As an engineering 
branch, power electronics appeared about 50 years ago, with the introduction of 
the thyristor (previously called silicon-controlled rectifier). The basic idea of all 
switching power converters is to divide the input flow of energy into small 
packets, process these packets and deliver the energy in another, modified flow 
to the output [2]. Generally, the converter features a power input (source), 
control input ports and a power output port (load). In a DC/DC converter, the 
DC input voltage is converted to DC output voltage having a larger or smaller 
magnitude, possibly with galvanic isolation of the input and output sides. In an 
AC/DC converter, an AC input voltage is rectified, producing a DC output 
voltage. The DC output voltage as well as AC input current may have adjustable 
value. The DC/AC conversion involves transforming (inverting) a DC input 
voltage into an AC output voltage and AC/AC conversion involves converting 
an AC input voltage to an AC output voltage. In both cases the AC output 
voltage could have an adjustable magnitude and/or frequency (Figure 1.1) [1].  

In the majority of applications the DC or AC output voltage should be 
regulated, despite variations in the input voltage and load current. In some 
systems the converter should manage reversible energy flows depending on the 
operating conditions as well. In this case the real-time regulation is desired. To 
achieve this regulation a controller block typically featuring linear integrated 
circuits and digital signal processors together with additional sensing loops is 
used as an integral part of the power converter (Figure 1.2).  

 
Figure 1.1 Classification of power converters 

Power converter
AC‐DC DC‐DC DC‐AC AC‐AC

Constant magnitude Adjustable magnitude Constant frequency, adjustable magnitude Adjustable frequency, adjustable magnitude
Output 

parameters
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Figure 1.2 The power converter system 

The improved power capabilities, simplification of control and reduced costs 
of state-of-the-art power semiconductors compared to those two decades ago 
have made power electronic converters feasible and advantageous in a 
considerably wider field of applications and inspired development of new 
converter topologies [3]. General application fields of power electronic 
converters are: 
• residential (refrigerators, air conditioning, cooking, lighting, personal 

computers, chargers, etc.), 
• commercial (elevators, uninterruptible power supplies, office equipment, 

lighting systems, etc.), 
• telecommunications (battery chargers, power supplies) 
• transportation (traction control and battery chargers for electric vehicles, 

trolleybusses, subways, locomotives, etc.), 
• industrial (pumps, compressors, fans, blowers, robotics, induction heating, 

etc.) 
• utility systems (high-voltage DC transmission, renewable and alternative 

energy sources, energy storage systems, etc.), 
• aerospace (satellite and aircraft power systems) and marine applications. 

As described in application notes and standards (for instance, IEEE 519-
1992 and IEC 61000-3-6), the energy flow at the input and at the output of the 
switching converter should be continuous and substantially free from harmonics 
and electromagnetic interferences (EMI). Filter components are necessary in 
this case, although in some applications these components can be part of the 
source or the load. According to the basic circuit theory and component design, 
higher operating frequencies will result in smaller passive topology components 
and filter elements. Therefore, all converter designs aim for increased operating 
frequencies to minimise the total price of the converter [4][5]. However, higher 
switching frequencies lead to the reduction of the converter efficiency. This is 
undesired not only because of the increase in energy consumption, but 
especially for thermal issues and the associated cost of cooling. The part of the 
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power processed by a converter is converted into heat which must be removed. 
In the case of a high-power converter this leads to large and expensive cooling 
systems and/or increases of the operating temperature of the electronic 
components, affecting the reliability [6][7][8]. Besides high efficiency, the other 
typical desired parameters of a power converter are: high reliability, high power 
density, low maintenance or service requirements, and low price. To achieve 
these goals a proper choice of electronic components is essential. The available 
circuit elements fall broadly into the following classes:  
• resistive elements, 
• capacitive elements, 
• magnetic devices (inductors, transformers), 
• semiconductor elements, 
• control units (analogue and digital electronics, signal processors, and 

sensors). 
In switching converters, capacitive and magnetic devices are very important 

elements, since ideally they do not consume power. On the contrary, resistive 
elements should be avoided whenever possible [1]. In a semiconductor device, a 
small portion of transferred power is converted into heat. Hence, generally in 
any power converter the number of semiconductor elements should be 
optimised to avoid excessive losses, simplify control and improve reliability. 

Owing to rapid development of high-voltage switched-mode 
semiconductors, such as insulated gate bipolar transistors (IGBTs), 
characteristics of most of the presently used converters could be substantially 
improved due to the reduced number of series and/or parallel connected 
switches, simplification of the topology, lower power dissipation, and easier 
control. 

1.2 Need for HV IGBT based converters  

The topologies used for high-power conversion applications are mainly 
determined by the available voltage ratings of the power semiconductor devices. 
The IGBTs today are widely represented for blocking voltages ranging between 
0.6 kV and 6.5 kV, making them suitable for a large range of power electronic 
systems.  

Most AC-to-AC conversion systems (excluding matrix converters and 
cycloconverters) include a series connection of a rectifier and an inverter. To 
temporarily store the energy between the conversion stages, most converters 
generally feature at least one DC-link. Depending on the type of the DC-link, 
the converters can be divided into current source and voltage source converters 
(VSCs). Current source converters have an inductor to store the energy 
magnetically and operate with constant current in the DC-link, while the VSC 
uses a capacitor to keep the constant voltage at the DC-link. Current source 
converters require semiconductors with reverse blocking (RB) capability 
(symmetrical voltage blocking devices). Although such semiconductors are 
available, the RB is often  realised by a series connection of a controlled  switch  
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Table 1.1 Typical line voltages and preferred semiconductor voltage ratings 

Nominal line voltage Preferred semiconductor blocking 
voltage rating (kV) AC (kVRMS) DC (kVDC) 

0.4  0.6  1.2 
0.69  0.75 1.7 

 1.3  2.5 
 1.5  3.3 

1.7  4.5 
2.3  3.0  6.5 

and a diode. The VSCs require reverse conducting (asymmetrical) 
semiconductors to provide a freewheeling path during transients. This is 
generally realised by the integration of a freewheeling diode (FWD) connected 
in parallel to the controlled asymmetrical device.  

In real applications due to the lower losses in the DC-link capacitor than in 
the DC-link inductor, the power density of a VSC can be substantially higher 
than in a current source converter, especially at light loads due to lower current 
in the DC-link [9]. Furthermore, due to the inductive behaviour of most loads 
and sources, the VSC may not require application of additional impedances or 
filters, while capacitors are generally required at the output terminals of a 
current source converter. According to these considerations, the growing 
importance of voltage source converters in comparison to current source 
converters becomes obvious. The semiconductor device manufacturers have 
responded to this growing market, introducing optimised and efficient 
asymmetrical semiconductors. These devices often have two-level (2L) phase 
legs integrated into single housing (also referred to as “power electronic 
building blocks”), allowing more compact, cheap and reliable converters [2]. 

High-power converters have been traditionally designed with thyristor based 
devices, such as a gate-turn-off thyristor (GTO), an emitter-turn-off thyristor 
(ETO), an integrated-gate-commutated thyristor (IGCT), etc [10]. The thyristor 
based devices are generally slow in the switching speed and have a lack of di/dt 
(and sometimes du/dt) handling capability. A snubber inductor is required to 
limit the turn-on speed and energy stored in it has to be dissipated by resistors. 
The thyristor devices also lack the feature of fast de-saturation protection during 
fault condition [11]. On the other hand, IGBTs offer such advantages as 
snubberless operation, simpler voltage control, faster switching speed, a wide 
safe operation area (SOA), and short-circuit current limitation [12]. Thus, the 
high-voltage (HV) IGBT has been considered as the substitute to the thyristor 
based devices for high-power applications. Depending on line voltage, different 
voltage class IGBTs should be implemented (Table 1.1) 

1.3 Thesis motivation  

High-voltage semiconductors allow implementation of well-known and 
simple topologies with a small number of components in applications where 
multilevel converters or converters with a number of semiconductors connected 
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in series were previously required. Focus of the present PhD research is on 
VSCs with HV IGBTs (3.3…6.5 kV), which are designed to be implemented in 
traction and industrial applications. Despite providing many advantages, the 
major drawback of HV IGBT based converters is limited (typically up to 
few kHz) switching frequency. Relatively low operating frequencies require 
implementation of bulky and costly magnetic and capacitive components. The 
switching frequency is generally limited not by minimum IGBT on-state or off-
state time requirements, but due to thermal management issues. Traditional 
simple and robust hard-switched topologies require modifications in order to 
reduce losses in semiconductor elements and increase the switching frequency. 

Generally, to reduce the switching losses in a semiconductor device, 
additional elements are necessary, which leads to an increased number of 
topology components. As the number of components is increasing, the system 
becomes more complex. As a result, the robustness together with reliability are 
estimated to decrease accordingly. Another challenge related to systems with 
HV semiconductors is high price of the HV side components. Therefore, 
investigation of different possibilities to reduce semiconductor losses, which 
require only minor modifications to the HV side of the power converter, are of 
major importance. 

This thesis is a part of the research project dealing with the elaboration of 
new methods and solutions for the mass production of power electronic 
converters based on the new generation of HV IGBT modules. The project was 
launched in 2006 by Tallinn University of Technology, Department of 
Electrical Drives and Power Electronics, in cooperation with Estonian company 
Estel Electro Ltd. The research activities were also supported by targeted 
financing research project SF0140016s11, two grants G7425 and G8020 and in 
2008 the project received financial support from Tallinn University of 
Technology (BF110).  

The main importance of this research lies in the development of new state-
of-the-art converter topologies and control methods that will help to improve 
the energy efficiency of such demanding applications as transportation (e.g. 
rolling stock) or energy sectors. With the recent growing demand to improve the 
efficiency and flexibility of the interface converters, the results of this PhD 
research may become especially topical, since they could lead to lower unit cost 
of power converters and to lower energy consumption. This project matches the 
main priorities set by Estonian Energy Technology Programme for 2007-2013, 
which are to develop new energy efficient technologies and support objectives, 
measures and activities of the Development Plan of the Electricity Sector. The 
results obtained during the PhD research can be implemented in different 
applications and support Estonian industrial companies to increase their 
competitiveness and export potential. 
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1.4 Main hypotheses and objectives 

The main goal of the PhD research is to develop and experimentally validate 
new methods, topologies, control algorithms, and design guidelines, which will 
substantially contribute to the further improvement of the HV IGBT based 
DC/DC converters and will help to extend their application possibilities. 

The main hypotheses of the PhD research: 

1) Due to the specific features of the physical design of HV IGBT based 
converters, the influence of parasitic processes has more impact on the 
performance than in the case of IGBT-based converters used in lower voltage 
applications. By help of detailed mathematical and simulation models as well as 
by minor modifications in the HV side, the efficiency and power density of HV 
IGBT based converters could be substantially increased. 

2) By combining positive properties of different commercially available HV 
semiconductor switches, more energy-efficient solutions could be obtained. 

The main objectives of the PhD research: 

• to analyse and classify the current state-of-the-art technologies and 
development trends of HV IGBTs, 

• to define implementation challenges of HV IGBTs in two-level hard-
switched DC/DC converters, 

• to propose and validate improvement methods of HV IGBT based two-
level hard-switched DC/DC converters, 

• to define directions for future research and development. 
In order to achieve the above presented objectives and to verify the 

hypotheses set forth here comprehensive research and development tasks should 
be solved. The research methods applied are based on the mathematical 
analysis, computer simulations and prototyping. To estimate performance, 
power losses and operating frequency of proposed solutions are compared. 
Computer simulations are generally performed in PSIM9, MATHCAD14, 
PSpice9.2 and MATLAB/Simulink simulation packages.  

1.5 Results and dissemination 

This section presents the most important findings obtained in the current 
PhD research. These results comprise both the scientific and practical novelties. 

Scientific novelties: 

• systematisation and analysis of the current state-of-the-art technologies and 
development trends of high-voltage IGBTs, 

• analysis of thermal limitations and switching frequency limits of HV IGBT 
modules operating under hard switching conditions, 
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• synthesis of an improved mathematical method of semiconductor power 
loss estimation based on IGBT datasheet characteristics, 

• comparative analysis of different performance improvement methods of 
two-level hard-switched half-bridge DC/DC converters in HV applications, 

• synthesis of a new method of loss reduction in HV semiconductors by 
combining the advantages of commercially available HV IGBTs and 
IGCTs. 

Practical novelties: 

• detailed mathematical models of switching transients of HV IGBTs in 
galvanically isolated DC/DC converters, 

• new method of power loss reduction in high-voltage IGBT based half-
bridge DC/DC converters by means of a phase shifted active rectifier, 

• power density improvement method of two-level hard-switched DC/DC 
converters by the implementation of the 3L-NPC based on HV IGBTs with 
lower blocking voltage, 

• design guidelines for switching frequency selection and associated cooling 
system dimensioning.  

Practical results are oriented to the Estonian and international industrial 
companies. For example, Estel Elektro AS (Estonia) is highly interested in the 
production of innovative energy efficient DC/DC converters for rolling stock 
and aircraft applications. By the introduction of new flexible DC/DC converter 
solutions proposed in the PhD research, the production list, competitiveness and 
export turnover of the Estonian company Estel Elektro could definitely be 
improved. Most of these results could be implemented not only in state-of-the-
art HV traction converters, but also in other power electronic applications, e.g. 
in industrial, renewable energy or aerospace systems. During the PhD research a 
couple of prototypes were built to verify the theoretical estimations. 

Dissemination of results and publications 

The results obtained during the PhD research were reported at 15 
international conferences and workshops and published in 10 papers. Seven of 
them have appeared in international peer-reviewed journals and three are 
available through IEEExplore database. The most important papers directly 
connected to the topic of the dissertation are listed in the Appendix. In addition, 
one patent application “Energy-efficient high-voltage hybrid switch” 
(P201100020) was submitted to Estonian patent office in 2011. Presented 
novelties, e.g. efficiency of optimisation methods and control algorithms, may 
substantially contribute to faster advancement of modern energy efficient power 
electronics and reliable and sustainable power engineering as well as be used in 
the study process in Tallinn University of Technology. 

Additionally, in terms of international collaboration, the PhD research helps 
to promote international cooperation between Tallinn University of Technology 
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and other European universities and institutions. This would help to popularise 
Estonian science (and science of power electronics, in particular) and to 
strengthen the positions of Estonian scientific and industrial communities 
worldwide. In compliance with its objectives and activities, the project will 
support the Estonian Research and Development and Innovation Strategy 2007-
2013 “Knowledge-based Estonia”. 
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2 STATE-OF-THE-ART AND TECHNOLOGY 
TRENDS OF HV IGBT MODULES 

2.1 Current state-of-the-art 

To ensure reliable operation, the semiconductors should fulfil the following 
requirements: high junction temperature limit, large safe operating area, high 
surge current capability, and sufficient thermal cycling capability. During the 
design process of power semiconductors there is a trade-off between conducting 
characteristics (the on-state resistance and/or the forward voltage drop) and the 
switching characteristics. Advances in the device technology are estimated in 
terms of ameliorations in this trade-off relationship [13]. 

The IGBT was invented in 1980s as a minority-carrier device with high 
input impedance and large bipolar current-carrying capability [2][14]. At first 
approximation it can be considered as a p-n-p bipolar junction transistor (BJT) 
and an n-channel metal-oxide-semiconductor field-effect transistor (MOSFET) 
in a Darlington configuration, the two devices sharing two of the four 
semiconductor regions and the base current of BJT is controlled by a MOSFET 
(Figure 2.1a). The IGBT combines all the advantages of the BJT and MOSFET 
and has three terminals called Collector (C), Gate (G) and Emitter (E). As can 
be seen from the structures of these transistors (Figure 2.2), the only difference 
with MOSFET lies in the additional p-region at the collector side of the IGBT. 
As a result, a carrier overflow is created by holes, which are injected into the 
highly resistive n− drift region. Obtained increase in the conductivity allows 
reductions in the on-state voltage drop of the IGBT. Compared to the pure 
resistive on-state behaviour of the MOSFET, the IGBT has an additional 
threshold voltage due to the collector p-n− junction layer, but the on-state 
voltage of higher voltage IGBTs (above 0.6 kV) is generally lower than that of 
MOSFETs because of the injection of minority carriers in the highly resistive n− 
region. Furthermore, IGBTs may be designed for significantly higher currents 
and voltages for similar chip areas [15]. 

Based on the structure shown in Figure 2.2b, a more precise equivalent 
circuit model of an IGBT can be drawn, as shown in Figure 2.1b. It contains 
MOSFET,  JFET,  NPN  and  PNP   transistors.  The   collector  of  the  PNP  is  

 
 (a) (b)   (c) 

Figure 2.1 Simplified equivalent circuit (a), detailed equivalent circuit (b)  
and symbol (c) of IGBT 
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   (a)  (b) 

Figure 2.2 Generalised MOSFET (a) and IGBT (b) structures 

connected to the base of the NPN and the collector of the NPN is connected to 
the base of the PNP through the JFET. The NPN and PNP transistors represent 
the parasitic thyristor structure. The resistor RD represents the drift region 
resistance and the resistor RB represents the base-emitter shorting of the NPN 
transistor, to prevent the latch-up of the parasitic thyristor. Otherwise that will 
lead to the IGBT breakdown. The JFET represents the contraction of current 
between two neighbouring IGBT cells. It supports most of the voltage, therefore 
the low-voltage MOSFET with low on-state resistance can be applied [14]. A 
circuit symbol for the IGBT is shown in Figure 2.1c.  

The added p-n− junction of the IGBT is not normally designed to block 
significant voltage. Therefore, the IGBTs typically have negligible reverse 
voltage blocking capability [1]. The desired reverse characteristics are generally 
realised by connection of an integrated diode in series (for current-source 
converters) or in anti-parallel (for voltage-source converters) to the IGBT.  

In contrast to the MOSFET, the IGBT has a tail current during turn-off. PNP 
collector current continues to flow due to the remaining charge carriers that 
have to be recombined in the n− region after the collector-emitter voltage has 
increased [16]. This effect increases the turn-off transient time and the losses in 
the device. In comparison to the MOSFET, the turn-on time of the IGBT is 
increased as well, mainly due to limited reverse-recovery characteristics of 
integrated higher-voltage FWDs. 

IGBT gate drive requirements are imported from the MOSFET and are much 
less demanding than those of the GTO: the gate appears to its driver as a 
capacitor, which is charged to approximately +15 V to turn-on the transistor and 
discharged to turn it off. Another feature inherited from the MOSFET is an 
ability of the gate voltage to control the device current. This could be utilised in 
some situations, for example, for running a number of devices in series. 
Limiting  of  du/dt  and  di/dt can  be  achieved  (if required) by  the  gate  drive.  
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   (a)   (b) 

Figure 2.3 Generalised NPT (a) and PT (b) IGBT structures (cross-section of one cell) 

Hence, the external snubbers are unnecessary, improving reliability and 
reducing both physical size and cost of a system. The switching delay for the 
IGBT is much shorter than for the GTO, with a switching transient generally 
taking a few hundred nanoseconds to complete, in comparison to around 10 ms 
in the case of the GTO. This allows using higher switching frequencies, even 
with the possibility of moving this frequency out of the audible range. Improved 
short circuit behaviour is another added feature: the IGBT limits its own current 
to around ten times the normal operating current and can turn off safely from 
such a condition, assuming that this condition is sufficiently quickly 
detected (5…10 µs) [17]. 

High power IGBT switches are made from a number of smaller chips 
(typically rated at 75 to 100 A) operating in parallel. The structural design of the 
IGBT (as well as the power MOSFET) consists of a silicon-micro-cellular 
structure of about 100·103 basic cells per cm2 (HV-IGBTs) distributed over a 
chip surface that can vary between 0.3 and 1.5 cm2 [18]. Since the current 
density is limited, the current capability can be increased by integration of 
several dies in an isolated module. Parallel connection of chips is performed by 
ultrasonic soldering of aluminium wire bonds to the chip’s metallisation. Dies 
are soldered on a direct bonded copper (DBC) substrate consisting of a ceramic 
layer (AL2O3 or AIN) and two copper layers which are soldered on a copper or 
AlSiC baseplate (for better thermal cycling capability). Additionally, the IGBT 
modules generally include freewheeling diode chips and other elements, 
providing additional integrated functions, such as temperature sensing, gate 
driving, protection, etc [15].  

Traditionally, two different IGBT structures exist: the PT-structure (punch 
through) and the NPT-structure (non-punch-through). The physical 
constructions for both NPT and PT technologies are presented in Figure 2.3a 
and 2.3b, respectively.  
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NPT transistors have triangular electric field in the blocking state. The drift 
region is poorly doped and rather thick in order to sustain an electric field 
during off-state, meaning that the drift region has a rather high internal 
resistance. The thickness is therefore the main contributor of the collector-
emitter saturation voltage UCE(sat), which directly relates to conduction losses. 
The NPT IGBTs feature small part parameter variation, positive temperature 
coefficient, low-amplitude temperature-independent tail current and good short-
circuit capability. 

On the contrary, the PT design has a much thinner n− region, designed so 
that the electric field extends right through it (“punches through”) when 
blocking high voltages. An additional highly-doped thin n+ layer on the 
collector side prevents the electric field from reaching the collector p+-doping, 
leading to a trapezoidal shape of this field. The thinner n− base results in a much 
lower UCE(sat) and, therefore, decreased conduction losses. Unfortunately, the 
other characteristics of the PT IGBTs are less desirable: negative temperature 
coefficient and higher tail current, strongly increasing with 
temperature [17][19]. 

Parallel connection 

The increased power demand of modern converters for industrial 
applications results in higher currents and voltages. Currents up to tens of kA 
and voltages up to tens of kV, exceeding the ratings of currently available 
IGBTs are required [20]. These ratings can be achieved by implementing 
cascaded connection of converters, multilevel converters or by series/parallel 
connection of semiconductor switches. Series and/or parallel connection of 
semiconductors in individual cascaded or in multilevel converters is possible as 
well. Devices are paralleled to increase current capability or connected in series 
to increase voltage ratings [21].  

By paralleling power IGBT modules, the integrated freewheeling diodes are 
also paralleled. Maximum utilisation of the switch generated by parallel 
connection will only be achieved in the case of ideal current sharing of the 
single modules during the conduction and switching periods. The current 
sharing is achieved either by matching electrical and thermal characteristics of 
an appropriate device or by using external forced sharing techniques.  

Initially, the major current share of paralleled modules is conducted by the 
IGBT with the lower UCE(sat), which will therefore have higher forward and 
switching losses. As a result, the junction temperature will increase rapidly. If 
the temperature coefficient of the IGBT is positive (UCE(sat) rises together with 
the temperature), the current will be transferred to the transistor that carried the 
smaller current share. Finally, the current will evenly distribute (in ideal case) 
over the paralleled transistors. Therefore, power semiconductors with a positive 
temperature coefficient are preferable for parallel connections. Since it is 
positive for most HV IGBTs over almost the whole rated current range, the 
paralleling of the modules is simplified.  
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 (a)  (b) 

Figure 2.4 Paralleled IGBTs driven by centralised gate control unit (a) and individual 
gate control units containing decentralised active gate control (b) 

In real systems several factors may cause dynamic and static unbalance of 
currents of the parallel connected IGBT modules leading to necessity of 
deration of the IGBT modules, which results in an increased number of devices 
being required. The possible reasons of unbalances could be in the asymmetrical 
connection of the switches to the busbar and heatsink, parameter variations of 
the semiconductors, as well as deviations in the transfer characteristics, 
threshold voltages and switching delay times. Additional circuit components, 
such as series resistors or inductances in the current paths, could improve 
current sharing [22]. These methods, however, result in additional losses and 
reduced switching speed. Alternatively, the currents can also be balanced by 
controlling the switching and on-state behaviour with the gate drivers. A 
common gate driver for all parallel connected IGBT modules can be used for 
reduced costs. Balancing cores, common mode chokes, or individual gate 
resistors must be used in this case in order to reduce the influence of the 
different emitter voltages caused by the inductive coupling. An individual gate 
driver can be used for each IGBT module to avoid these effects. In this case the 
differences in the gate driver’s supply voltages and in the gate resistors have to 
be minimised.  

The active gate control method can compensate the delays in gate timings as 
well as tolerances in component parameters. Usually a centralised active gate 
control is applied (Figure 2.4). Current of the each IGBT is measured by a 
central unit to detect the rising and falling edges. According to the measured 
delay times between the different IGBT modules, the centralised control unit 
adjusts the turn-on and turn-off instants independently for each gate driver to 
ensure simultaneous switching and a dynamically-balanced current sharing, 
which generally leads to a statically-balanced current sharing for IGBTs with 
positive temperature coefficient as well. Usually the centralised gate control 
circuit is designed for a certain system configuration with a given number of 
IGBT modules connected in parallel, which complicates modifications.  
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An alternative modular concept of a decentralised active gate control 
consisting of independent and equal gate drives for current balancing of parallel 
connected IGBT modules is presented in [20]. In this case there are no 
restrictions on the number of IGBT modules connected in parallel. Each gate 
drive measures and controls the current of its IGBT module individually. In 
consequence, the control for the current balancing is distributed to all gate 
control units and no centralised control circuit is required. On the other hand, 
communication between the gate control units is required. 

Series connection 

As mentioned previously, HV switches can be realised by connecting lower 
voltage devices in series. For HV applications, two-level topologies with series 
connected devices are attractive due to lower cost and lower complexity in 
circuit design and control compared to multilevel topologies [21]. As estimated 
in [23], the switch consisting of six series-connected 1.2 kV IGBTs to form an 
equivalent 6.5 kV switch could operate with 2.4 times increased switching 
frequency, while having the same power dissipation as a single 6.5 kV 
transistor. However, equal static and dynamic voltage sharing across series 
connected devices should be ensured. Uneven voltage may lead to exceeding of 
the individual device voltage and causing its failure. The failed device can result 
in a breakdown of the entire string of series connected devices.  

The main factors causing voltage unbalance are device parameter variations 
and gate drive delays. Static voltage balancing can be achieved relatively easily 
by the connection of high resistance resistors in parallel with each IGBT. 
Dynamic voltage sharing is more difficult to achieve. The methods for dynamic 
voltage balancing can be divided into two groups: one concentrates on the 
power side (passive snubbers, voltage clamping circuits) and the other one on 
the gate control techniques [23].  

The use of a passive snubber is the most popular technique in series 
operation of power devices. The resistors in parallel with series devices are used 
for static sharing and resistor-capacitor (RC) or resistor-capacitor-diode (RCD) 
circuit is used in parallel for dynamic sharing (Figure 2.5a). The use of passive 
snubbers is a very robust method, however, optimum values of snubber 
components have to be selected for the balance between the switching losses of 
the devices and snubber losses to ensure minimum total losses. These methods 
also involve power scheme complication, resulting in increased weight, volume 
and price. The active clamping circuits are typically used as backup or 
protection methods since they generally cause additional switching losses in the 
devices. The active gate control techniques ensure better voltage balancing and 
do not increase switching losses and transient times significantly. On the other 
hand, these circuits are complex, could be less reliable and require components 
with high operation speed and sensitivity. Moreover, in some cases (unequal 
recovery of the freewheeling diodes, IGBT tail  current period)  the  active  gate  
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 (a) (b) 

Figure 2.5 RCD snubber network (a) and hybrid voltage balancing method (b) 

control methods are unable to ensure proper voltage balancing [24][25]. In this 
case a hybrid voltage balancing method is an attractive solution (Figure 2.5b). 
This technique is based on both an active gate control circuit and a small 
passive snubber, as proposed in [26]. The gate control circuit compares the 
measured collector-emitter voltage of the IGBT with a reference voltage. The 
reference is generally defined around 60-70% of the rated voltage of the IGBTs 
to keep a margin for voltage overshoots. If the sensed voltage is greater than the 
reference one, the IGBT is supplied with additional charge by driving a small 
MOSFET. Hence, the gate control circuit will intervene only when the device’s 
voltage is higher than the reference value, therefore the power losses in the gate 
control circuit are minimised. The snubber in the hybrid circuit minimises the 
power losses and helps to reduce the voltage overshoot.  

HV IGBT 

Generally, the HV IGBTs have the same advantages that have supported a 
wide use of lower voltage IGBTs in modern applications. The gate drive 
requirements are approximately similar and only require greater isolation of the 
control system and power supplies. The HV IGBT has a robust switching SOA, 
allowing snubberless switching [27].  

Like lower voltage devices, the HV IGBT module typically includes a FWD 
to provide a path for the energy flow in reverse direction during the operation. 
These diodes are generally integrated in the IGBT housing for increased 
performance and simplified converter design. The typical module package has 
an IGBT to diode area ratio of around 2:1 [12]. In HV IGBTs fast-recovery 
power pin-diodes are used. The middle region of these diodes has a much lower 
doping concentration than the outer p+- and n+-layers. The on-state resistance is 
greatly reduced by high-level injection in the base region, which is known as 
conductivity modulation. Hence, pin-diodes can be used up to very high 
blocking voltages. Diodes with blocking voltages of 1.2 kV and above are 
fabricated by diffusion, where the p+-layer and the n+-layer are created by 
diffusion on a low-doped wafer. Depending on the width of the n–-layer, the 
diodes could have  triangular  (NPT- type, Figure 2.6a) or  trapezoidal (PT-type,  
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  (a)   (b) 

Figure 2.6 Generalised diode structures and electric field distribution: NPT diode (a) 
and FS diode (b) 

Figure 2.6b) shape. The diodes used in power IGBTs are usually produced by 
using radiation-induced recombination centres (CAL-diodes). In this case the 
diodes have positive temperature coefficient when conducting the rated current. 
These diodes should also have “soft” reverse-recovery characteristic (transition 
period from the conducting to the blocking state) in order not to cause rapid 
changes in voltage due to high di/dt [27]. 

The first IGBTs for blocking voltages of 1.7 kV and higher were NPT 
devices [29]. For HV devices this concept leads to a thick device structure and 
in the case of 6.5 kV modules it may lead to unacceptable forward voltage drop 
as well as to the switching losses [30]. To overcome this situation the field stop 
(FS)-concept has been introduced combining PT and NPT features. Using the 
manufacturing process of the NPT devices, the FS-, as the PT-IGBT, has an 
additional n+-buffer layer. This layer, in contrast to the PT-device, is rather 
lightly doped, just enough to stop the electrical field under blocking voltage 
conditions. As a result, the thickness of the n−-layer could be reduced 
significantly in comparison to the NPT-devices, decreasing the conduction 
losses. The  switching  characteristics  of FS-devices during  turn-off  depend on  

 
Figure 2.7 Maximum voltage and current ratings of currently commercially 

available IGBTs 
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the blocking voltage. At low blocking voltages, the electrical field does not 
reach the buffer layer, leading to long and low amplitude tail current. At 
blocking voltages above a certain value, the electrical field reaches the buffer 
layer leading to a trapezoidal shape of the field. As a result, the IGBT turns-off 
with a short tail current. A positive temperature coefficient of UCE(sat) has been 
achieved since the FS technology does not require any additional lifetime 
reducing processes. However, as in PT-devices, the tail current increases with a 
higher junction temperature [31][32]. The maximum ratings of presently 
commercially available IGBTs are presented in Figure 2.7. 

Recent improvements in HV IGBT technology 

The revealed drawback of the FS-concept was a snappy behaviour when 
operating in a circuit with high stray inductance. During turn-off at a certain 
voltage, when the depletion layer is reaching the FS-layer, the collector-emitter 
voltage increases rapidly, leading to large overvoltages and parasitic oscillations 
caused by the circuit’s parasitic inductance and output capacitance of FS-
IGBT [33].  

In the last several years, a tendency towards new PT type vertical structures, 
namely “Soft Punch Through” IGBT (SPT) (Figure 2.8a), “Carrier Storage” 
(CS) (Figure 2.8b) and “Trench-Field Stop” (Figure 2.8c), has emerged. Further 
improvements are achieved by an optimisation of the charge carrier 
concentration in the conducting state. PT-, NPT- and FS-IGBTs have higher 
carrier concentration on the back side than on the top side. The lower carrier 
concentration near the emitter increases the UCE(sat), while the high concentration 
at the collector increases the stored charge and thereby the switching losses. The 
introduced technologies have increased charge carrier concentration at the top 
of the device, improving the balance between on-state losses and stored charge. 
The turn-off behaviour of these IGBTs is similar to that of FS-devices without 
carrier enhancement technologies [34]. These improvements of IGBT structures 
allow higher output current per module, enabling a reduction of converter size, 
weight and cost [29]. Due to diversity of application requirements, some 
manufacturers produce different versions of HV IGBTs: “soft” – with low 
conduction losses for low frequency operation and “fast” – with low switching 
losses for high frequency operation. These modules also feature PT-type 
freewheeling diodes for lower condition losses. These diodes have an optimised 
crystalline wafer structure and a deep collector-side n+ layer concentration 
profile. Additionally, to provide fast reverse-recovery capability (high di/dt) the 
cathode is designed with a structure that suppresses the concentration of current 
at the border of the active area [35]. 

However, substantial work needs to be done to produce diodes with a 
voltage range of 3 kV and above with satisfactory reverse-recovery behaviour. 
The applications they operate combine very high switching power and 
switching transients, which are much faster than those using thyristors and 
GTOs, with a large parasitic inductance in the circuit. For these  applications the 
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  (a)   (b) (c) 

Figure 2.8 Generalised structures of 3.3 kV IGBT technologies: FS- or SPT- IGBT (a), 
CS-FS-IGBT (b) and Trench-FS-IGBT (c) [29] 

optimised diodes are necessary in order to avoid voltage spikes and parasitic 
oscillations [2]. Additionally, in high-power IGBT modules the diode became a 
limiting factor in terms of maximum current capability (in both inverter and 
rectifier mode operation) as well as in terms of its surge current capability. 
These limitations are a result of the limited diode chip area available in a given 
package footprint design [12].  

2.2 Technology trends 

IGBTs with reverse conducting or reverse blocking capability 

As mentioned previously, the restricted area available for a freewheeling 
diode in a power module brings several limitations, such as power density and 
surge current capability. The simple solution of increasing the diode area is 
restricted by the package standard footprint design. Therefore, the development 
effort must aim for improved diode characteristics to match at least the 
performance of the present state-of-the-art IGBTs. The possible solution to 
these limitations is an integration of the IGBT and the diode in a single chip 
forming a reverse-conducting RC-IGBT. The reverse-conducting property of 
the IGBT could be achieved by forming the n+-region in a part of the collector 
p+-area. Unfortunately, the realisation of such a concept has always been limited 
by the design and process issues resulting in a number of IGBT vs. diode 
performance drawbacks. For instance, the moulded diode with a highly doped 
p-emitter has a very high plasma distribution at the anode side and low at the 
cathode side, which leads to a high reverse recovery peak and snappy reverse-
recovery behaviour.  

An improved concept introduced for 3.3 kV IGBT features additional n−-
layer surrounding p-well area (Figure 2.9a) [36]. Additionally, low-doped n− 

areas together with highly-doped p+-regions are applied in order to further 
optimise the reverse-recovery behaviour and IGBT characteristics. As a result, 
the RC-IGBT exhibits low losses in both rectifier and inverter modes of 
operation, while also maintaining high levels of SOA  performance. In addition, 
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 (a)  (b) 

Figure 2.9 RC-IGBT structure with optimised built-in diode (a)  
and RB-IGBT structure (b)  

a number of device performance advantages, such as reliable short-circuit 
behaviour and better diode mode surge current capability are obtained. The 
effective IGBT area is increased by 50% and the effective diode area by 200%. 
Therefore, potentially 50% higher current capability for IGBT modules with the 
same area is provided. Unfortunately, only a part of it may be used in a real 
system because of the thermal resistance limitations of the housing [12]. 
Nevertheless, this technology offers a feasible path for the next generation of 
power modules with increased power density and good performance. 

In some applications of power electronics, such as the matrix converter, 
current-source converter or AC voltage control systems, a symmetrical voltage 
blocking device is required. This means that the device should block both 
forward and reverse voltage during its off-state. The basic IGBT structure is 
capable of taking an electric field at the bottom-side pn−-junction as well as at 
the top-side n−p-junction, similarly to the reverse-blocking thyristor structure. 
Unfortunately, the bottom-side pn–-junction does not have defined junction 
termination, since modern semiconductor fabrication technology is optimised to 
create microstructures only on one side of a wafer. A possible solution is to lead 
the back-side pn-junction to the front side of the wafer to create a heavily p+-
doped collector wall surrounding the IGBT chip active area (Figure 2.9b) [37]. 
This collector isolation allows the IGBT to block reverse voltage and maintain 
stable leakage current characteristics. The NPT IGBT structure is mandatory in 
this case, hence the RB-IGBT does not have as low UCE(sat) as modern IGBTs 
with a buffer layer, but the on-state voltage drop will surely be lower than that 
of a series connected IGBT and diode [2][38]. However, there are still many 
shortcomings and trade-offs in the design, for example, between reverse-
recovery characteristics and UCE(sat).  
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Semiconductors based on wide band-gap materials 

The state-of-the-art HV semiconductor structures are close to the theoretical 
limits of the silicon (Si) material properties and further optimisations will bring 
only small steps in performance improvements [39]. This technological barrier 
has led to consistent research on the development of alternative semiconductor 
materials. These materials with band-gap energies larger than in Si bring 
potential advantages, such as higher achievable junction temperatures, thinner 
drift regions, coefficient of thermal expansion (CTE) better suited to the 
ceramics used today in packaging technology, etc [40]. The most notable 
alternative materials are: GaAs, GaN, 4H-SiC, 6H-SiC and diamond. Among all 
of them, the 4H-SiC polytype material and device fabrication technology is the 
most developed presently thanks to innovations in bulk and epitaxial growth 
technologies [41]. Therefore, in the near future, developments in the power 
devices will be focused on further improvements in this direction.  

Commercially available 0.6 kV, 1.2 kV and 1.7 kV 4H-SiC Schottky barrier 
diodes (SBD) have already made significant changes in the market of lower 
voltage power converter systems [42]. Active switching devices, such as 
MOSFETs, BJTs and JFETs, are presently offered in the voltage range up to 
1.2 kV [43]. 4H-SiC offers 10 times higher breakdown electrical field compared 
to silicon, which enabled fabricating samples of MOSFET transistors and 
junction barrier controlled Schottky (JBS) freewheeling diodes having blocking 
voltages of up to 10 kV and currents of up to 120 A [42]. The most remarkable 
recently reported high-voltage SiC semiconductor voltage ratings are presented 
in Figure 2.10 [43] - [48]. 

However, there are still a number of technological barriers in the 
development of HV semiconductors based on wide band-gap materials. The unit 
cost is still too high to achieve a breakthrough on the commercial market and 
the long-term reliability, especially at high temperatures, is still under 
investigation [41]. In addition, a number  of the performance advantages offered  

 
Figure 2.10 Recently reported HV SiC semiconductor voltage ratings 
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by HV SiC semiconductors, like faster switching or higher blocking voltages, 
cannot be fully applied presently because of drawbacks in peripheral 
components. Even state-of-the-art Si HV IGBTs are often slowed down to 
reduce high di/dt values causing transient overvoltages due to relatively high 
stray inductances in many present applications. Another challenge lies in the 
packaging technology, where problems with silicone gel stability and partial 
discharge in ceramics must be solved to utilise all benefits on SiC [49].  

As stated above, the major limitation of the state-of-the-art HV IGBTs today 
is unsatisfactory reverse-recovery behaviour of HV Si FWDs. Therefore, the 
main focus presently will be on the improvement of the performance of 
HV IGBTs by using SiC FWDs [49]. 

2.3 Limitations and failure mechanisms 

The reliability of individual power electronic devices and components 
determines the reliability of the final power electronic system. The system 
should perform according to the requirements for a defined period under 
specific conditions [50]. Typical requested lifetime of power electronics 
products is from 10 years and up to 30 years [6][51]. The requirements to 
reliability are continuously growing due to several factors, such as constantly 
increasing power density of the semiconductor housings, which leads to 
increased temperatures and temperature gradients or appearance of new fields of 
applications with more severe ambient conditions, like hybrid automotive 
traction systems. The temperature gradients lead to degradation of materials and 
interconnections, reducing the lifetime. Among failures due to temperature 
changes   the  device  could  fail  due  to  short-term   exceeding   its   maximum  

 
Figure 2.11 Classification of main failure mechanisms in IGBT modules 
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allowable ratings. The typical failure mechanisms of IGBT modules are given in 
Figure 2.11 [2]. The present chapter will briefly describe some of the IGBT 
limitations and their peculiarities. 

Safe operation area 

Despite having many advantages, the IGBT inherits some drawbacks from 
both technologies it combines, such as its sensitivity to electrostatic charges 
(MOSFET) and the tail current at turn-off (BJT) [15]. The other disadvantages 
include higher conduction losses than in the thyristor-type devices (GTOs, 
IGCTs), leading to reduced efficiency of the whole system and increasing 
cooling requirements. Among any other characteristics, the failure-free 
operation is of major significance. It is particularly important that the maximum 
allowable ratings − safe operation area (SOA) for forward-bias (FBSOA), 
reverse-bias (RBSOA), or short-circuit (SCSOA) are wide enough for a given 
application. This characteristic is usually presented as a dependency between 
maximum allowable UCE and IC. Additionally, separate SOA curves may be 
plotted for different switching times. The SOA characteristic combines the 
various device limitations, such as maximum current, voltage, power and 
temperature, in one curve, allowing the design process to be simplified.  

Previous experience and publications have reported that the SOA 
performance of voltage semiconductors rated above 2 kV degrades significantly 
in comparison to the low and medium voltage class devices. The reason of this 
downtrend lies in increased stress of operating conditions and physical 
restrictions in HV structures. Furthermore, the trade-off between the 
optimisation of the overall losses and the SOA requirements applied further 
limitations in the design of HV semiconductors [52]. Performance of power 
semiconductor  devices is evaluated  in  terms  of  trade-off  relationship,  which 

 
Figure 2.12 IGBT design trade-offs 
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includes three different safe operation areas, on-state characteristics and turn-off 
capability (Figure 2.12) [13][53]. 

The SOA of the freewheeling diode is defined by the maximum 
instantaneous power dissipation. This limitation determines the maximum 
current and voltage gradient of the IGBT during switching transients. According 
to these requirements, a minimum gate resistor is selected [31]. The FBSOA of 
the IGBT is usually square for short pulse durations. However, since the IGBT 
is thermally limited, the FBSOA decreases for longer switching periods, as 
shown in Figure 2.13a.  

The RBSOA progressively decreasing as the rate of change of reapplied UCE 

is increased (Figure 2.13b), due to increased possibility of IGBT latch-up that 
leads to loss of controllability of the device and its destruction [3]. 

While for low-voltage IGBTs the short-circuit failure is typically limited due 
to thermal issues and ageing, this is not the case for HV IGBTs. Thanks to the 
larger thickness of the device and smaller current density, the temperature 
increase is typically lower than expected [54]. The ratio between the short-
circuit current and the rated current values lies between three (3.3 kV IGBT) 
and five (6.5 kV IGBT) [32]. The destructive short-circuit tests usually occur 
before the device has reached its steady short circuit current level, indicating 
that the failure mechanism is not due to the overtemperature of the device. 
Furthermore, it was found that minimum ruggedness is about 1 kV for a 3.3 kV 
rated IGBT, between 1.2 kV and 1.8 kV for a 4.5 kV rated IGBT and around 
2 kV for the 6.5 kV IGBT [54]. This failure mode is induced by creating high 
local current densities due to the imbalance of the electron and hole densities on 
the surface of the chip. One of the solutions is to increase current density of 
holes by increasing the collector-emitter efficiency (ratio of minority carrier 
current in the base region to the total current). Additionally, this eliminates the 
overshoots in the collector current [55]. 

The introduction of new IGBT design technologies allows major progress in 
the SOA limits to be achieved. State-of-the-art devices are able to withstand the 
high, previously unachievable phase of dynamic avalanche, resulting in a 
remarkable increase of ruggedness that leads to the ideal square SOA [12].  

 
 (a) (b) 

Figure 2.13 Typical safe operating areas of an IGBT: forward-bias (a)  
and reverse-bias (b) 

IC

UCE

DC10‐4 s10‐5 s
IC

UCE

1000 V/µs2000 V/µs3000 V/µs
10‐6 s



34 
 

Switching frequency 

The IGBTs are limited not only in terms of highest voltage and current 
ratings but also in maximum switching frequency. There are several reasons for 
this limitation. First of all, the switching frequency is limited due to the 
maximum power dissipation the cooling system could handle. Higher 
frequencies require more powerful heatsinks to dissipate the heat generated. At 
some point further increase in the switching frequency becomes infeasible due 
to size, weight volume and cost of the cooling system required. Secondly, 
power electronic converters have so-called “critical frequency value”. Below 
this frequency the switching losses are comparable to the other converter losses, 
and therefore the converter efficiency is not a strong function of the switching 
frequency. Above the critical frequency, the switching losses start to dominate 
the total loss and the converter efficiency decreases rapidly with increased 
frequency (Figure 2.14). At some point, the efficiency of the converter drops 
below a certain desired value. Hence, the switching losses limit the maximum 
switching frequency of real converters [1]. Lastly, the transistors have minimum 
on-state and off-state time requirements. These requirements may depend on a 
transistor and its driver (turn-on and turn-off delay times, the reverse recovery 
times of the FWDs, the driver output power or dead times necessary for 
measuring, protection and monitoring) as well as on actual circuits they operate 
in. For instance, the HV switches may have limited on-state and off-state 
periods due to minimum recharge time requirements of external 
networks (snubbers). 

 
Figure 2.14 Converter efficiency vs. switching frequency using arbitrary values 

Packaging and thermal cycling 

The housing type of a semiconductor is based on its power range. The most 
widely used housing type for HV IGBTs is the module-type package. It is 
characterised by the insulation of electrical components from the heatsink and 
the integration of additional functions (freewheeling diode, phase-leg, 
chopper, etc.). On the other hand, single-side cooling limits the maximum 
power dissipation and internal wire bond interconnections inside the module are  
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Figure 2.15 Cross-section of a typical power module 

a reliability constrictive feature. Another problem that comes from the module-
type package is that in some failure modes the power semiconductor is failing 
as an open circuit, instead of the usual short-circuit failure experienced by 
GTOs and thyristors. This requires careful design, particularly in current-source 
applications. The adaptation of the IGBTs to press-pack type housings used for 
thyristors offers a solution to these problems [17]. In contrast to power modules, 
a press-pack package could be cooled from two sides, allowing for higher 
current-rated semiconductors. However, the packages are not dielectrically 
insulated from the cooling system and are typically used as an element of the 
electrical circuit. Moreover, complex construction of a press-pack IGBT leads 
to a considerably increased demand on allowable part tolerances in comparison 
with a semiconductor module. 

In the majority of modern power electronic applications the module-type 
packages are preferred solutions. Thanks to isolated construction it is easier to 
integrate multiple electrical chips operating in parallel. Cross-section of a 
typical power module consisting of different material layers soldered together is 
shown in Figure 2.15.  

As mentioned earlier, in addition to failures due to overload conditions 
(exceeding of SOA limits) and overheating, the modules could fail due to the 
thermo-mechanical stress induced by changes in temperature. Since testing the 
reliability under real application conditions would take as long as the expected 
lifetime of the power module, the manufacturers have developed a range of 
accelerated test procedures to estimate expected functionality over the total 
lifetime in real applications [56]: 

• High temperature reverse bias test – verifies the long-term stability of the 
chip leakage currents. The test is typically performed for 1000h at 
maximum allowed operation temperature. Devices are stressed with 
voltages of 80-100% of the nominal blocking voltage. 
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• High temperature gate stress test – ensures that gate oxide layer is free of 
defects and clean during the assembly process of a module. The test is 
performed for 1000h to check blocking capability of gate oxide at 
maximum allowed gate voltage and operation temperature. 

• Temperature humidity bias test – focuses on the impact of humidity on the 
long-term performance of a power component. The test is performed for 
1000h at 85°C and 85% relative humidity. It should verify that high 
humidity does not lead to corrosion on the chip surfaces. 

• High temperature and low temperature storage tests – verifies the integrity 
of the module components, which must maintain their characteristics in the 
complete specified storage temperature range. The test should verify that 
no damage occurs to materials as well as connections due to different CTE. 

• Temperature cycling and temperature shock test simulates ambient 
temperature swings during the field lifetime. This is done to determine the 
number of cycles when the device fails due to the initiation of cracks, 
quality of the bond wires and growing delamination in materials. 

• In the power cycling test the power chips are actively heated by the losses 
generated in the power devices themselves to determine the number of 
cycles when the device fails due to bond wire lift-off or solder degradation. 

To determine the lifetime for standard power modules, a research project 
named LESIT was started in the early 1990s. Modules from different suppliers 
have been tested with different temperature swings and maximum temperatures. 
The goal was to create different models of lifetime prediction in accordance 
with the obtained results. However, since the power module technology is 
continuously developing, the prediction may not be valid. For instance, the 
experiments with newer IGBTs show an increase of the number of cycles to 
failure by a factor of 3 to 5 [2]. 

The bond wire contact detachment from the IGBT chip is reported to be one 
of the main reasons of IGBT failure during power cycling. Higher power 
cycling capability can be achieved by a substitution of the chip solder with a 
silver sinter technology and by coating with a polyamide cover layer [2]. 

The next mechanism observed during large temperature swing power cycling 
is the reconstruction of the chip metallisation. This effect reduces the density of 
the contact layer and therefore increases its specific resistivity. Change of 
resistivity impacts the current distribution in the device, which will reduce the 
lifetime under high stress conditions, such as repetitive short cycles [57]. 

The degradation of the solder interface is another major mechanism that 
leads to module failure. The formation of fractures in the solder interface leads 
to an increase in thermal resistance. This, in turn, increases temperature and 
power losses (in devices with positive temperature coefficient), resulting in 
accelerated solder degradation. 
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Cosmic ray failures 

With the introduction of high-voltage semiconductors at the beginning of the 
1990s, spontaneous failures were observed unrelated to ageing of the devices or 
any other failure mechanisms. The failures occurred during the blocking state 
and their rate increased dramatically past a certain voltage within the nominal 
operational range. Neutrons with high energy levels generated by cosmic 
radiation were found to be the reason of this destructive mechanism. In high-
power devices a neutron interaction with the semiconductor material produces 
one or more charged particles, which are accelerated by the high electric field 
and create secondary charged particles, causing a particle avalanche which 
allows the device to draw large currents and be destroyed [58]. The failure rate 
is a strong function of the applied voltage and lowers with increased 
temperature. Most of the semiconductor devices were redesigned for acceptably 
low cosmic ray induced failure rates by lowering the maximum internal electric 
field by hardening of emitters and careful design of edge termination 
structures [59][60]. To achieve a neglectable failure rate of 100 FIT (1FIT= 1 
failure in 109 h), specified in requirements, safety margins for typical DC 
voltages are installed which are higher than necessary for the required blocking 
capability. These dimensioning rules for cosmic ray stability contradict with 
other characteristics of a power semiconductor device: conduction and 
switching losses for IGBTs and soft-recovery behaviour requirements for 
diodes. A trade-off between different requirements must be made [61]. 

2.4 Generalisations 

The application field of the power electronic converters is constantly 
increasing thanks to improved power capabilities, simplification of control and 
reduced costs of power semiconductors. Continuous improvements of the HV 
IGBTs and cooling system technology have considerably increased the power 
density of state-of-the-art IGBT chips. A copper baseplate generally used for 
low-voltage modules has been replaced by that of AlSiC in HV IGBTs, because 
its CTE is closer to that of the AlN substrate. As a result, both power cycle and 
temperature cycle lifetimes are several times higher than in the case of a copper 
baseplate [35]. The physics of silicon semiconductor devices allows maximum 
junction temperatures up to 200°C. This limit is still not achieved due to 
limitations is the packaging technology. However, new techniques for joining 
parts as well as soldering technologies allow increasing the maximum junction 
temperature of state-of-the-art HV modules to 150°C from the typical 125°C. 
Extending the maximum operation temperature leads to a significant increase of 
current carrying capability and dissipateable power [59]. 

Further improvements in power cycling capability can be achieved by 
adapting diffusion sinter technology. This interconnection technology has 
superior properties over traditional solder interfaces: higher thermal and 
electrical conductivity, lower parameter manufacturing distribution. The power 
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cycling tests reposted an extreme increase in reliability – by more than a factor 
of 20 compared to results estimated with LESIT data. [62][63]. Aluminium wire 
bonds with silver foil contacts can be improved by the silver diffusion sinter 
technology. As a result, thermal and electrical conductivity as well as CTE 
become more favourable, improving the power cycling capability [64]. 

State-of-the-art HV IGBTs feature an ultimate square SOA and a neglectable 
cosmic ray failure rate. The technology of these devices is close to the so-called 
“Silicon Design Limits” and future improvements will provide only small steps 
in further optimisation. A major progress is estimated with the HV 
semiconductors based on wide band-gap materials. However, presently only 
experimental samples of these devices are being produced. The quality, power 
handling and manufacturing cost leave much to be desired. 
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3 IMPLEMENTATION CHALLENGES OF HV IGBTs 
IN TWO-LEVEL HARD-SWITCHED DC/DC 
CONVERTERS 

Recent advancements in power semiconductor technology, such as the 
introduction of IGBT modules with blocking voltages up to 6.5 kV, have made 
it possible to construct simple two-level inverters for high-voltage converter 
systems, without using series connection of semiconductor switches or 
converter stages. New high-voltage semiconductor switches and topologies 
could be used in a wide variety of applications, like transmission line 
converters, volt-ampere reactive compensators, rolling stock traction, marine 
and auxiliary power supply converters. The rolling stock is one of the most 
demanding applications of power electronics with its very high safety and 
reliability requirements.  

As a case study for this PhD research, the two-level galvanically isolated 
half-bridge DC/DC converter developed for 3.0 kV DC-fed rolling stock was 
selected. The converter is aimed for interfacing the HV contact line with low 
voltage secondary systems, which provide a wide range of output voltages for 
different on-board systems of rolling stock, like ventilation, lighting, 
communication and batteries. The converter consists of primary and secondary 
parts, galvanically isolated by the high frequency transformer. The primary part 
is a square-wave two-level half-bridge PWM inverter with two input capacitors.  

 

Figure 3.1 Block diagram of the developed converter 

 
Figure 3.2 Simplified schematic of the developed two-level converter 
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Table 3.1 Desired parameters of the converter 

Parameter Symbol Value 
Maximum input voltage, kV Uin(max) 4.0 

Minimum input voltage, kV Uin(min) 2.2 

Nominal input voltage, kV Uin(nom) 3.0 

Maximum switch duty cycle Dmax 0.4 

Minimum switch duty cycle Dmin 0.22 

Nominal switch duty cycle Dnom 0.30 

Output power, kW Pout 50 

Nominal output voltage, V Uout 350 

Switching frequency, Hz fsw 1000 

Table 3.2 Main components of the two-level converter prototype 

Component Symbol Type Value 
Input 
capacitors 

C1, C2 Polymer film capacitor 3×100 µF 

Inverter 
switches 

Module 
1,2 

FZ200R65KF1 600 A/6.5 kV 

Transformer TX 
High frequency toroidal transformer 

with soft nanocrystalline core material 
GM14DC 

44/18 

Rectifier diodes D1-D4 
Dual FRED modules  

IXYS DSEI2x101-12A 
(2 diodes in parallel) 

2x100 A / 
1.2 kV 

Filter inductor Lf Laminated steel core inductor 5 mH 
Filter capacitor Cf Electrolytic capacitor 735 µF 

The secondary part consists of a full-bridge diode rectifier and an LC 
filter (Figure 3.1).  

The simplified schematic of the converter is shown in Figure 3.2 and the 
main parameters are listed in Table 3.1. The components used in the converter 
prototype are listed in Table 3.2. 

3.1 Influence of parasitic transient processes  

The two-level half-bridge inverter has two main operating states: active 
states (A1, A2) and a freewheeling state (FRW). During active states, the two 
transistors TT (top switch) and TB (bottom switch) are switched alternately, 
providing positive and negative square-wave impulses with the amplitude of 
Uin /2 on the isolation transformer TX primary winding (Table 3.3). Since even a 
short-time simultaneous opening of the two transistors will result in short-
circuit, the maximum on-state time ton of the transistor control pulse should not 
exceed 80% of the half period (Figure 3.3) [67]. Another part of the switching 
period is a freewheeling state when both transistors are off. During this state the 
transformer voltage is zero. 
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Table 3.3 Switching states of a two-level inverter 

Switching state 
Transistor state Output 

Voltage TT TB 
A1 ON OFF - Uin /2 

FRW OFF OFF 0 
A2 OFF ON + Uin /2 

 

(a)  (b) 

Figure 3.3 Operation principle of a two-level half-bridge DC/DC converter: maximal 
input voltage (a) and minimal input voltage (b) 

In a real inverter, every element has stray inductance, resistance and 
capacitance. These parasitic components have an influence on the performance 
and if not considered, could lead to dangerous overvoltages, electromagnetic 
interference (EMI) problems and damage of the inverter. In the studied case the 
switching process is mostly influenced by the stray inductance of the isolation 
transformer and parasitic inductance of the wiring as well as the junction 
capacitances of HV IGBT modules. The IGBT turn-on energy loss decreases 
while the turn-off energy loss increases together with the circuit inductance. 
During turn-on, the inductance takes over part of the blocking voltage due to the 
current slope, so the remaining blocking voltage across the IGBT during the 
turn-on decreases. Thus, the turn-on energy decreases as well. Turn-off energy, 
on the other hand, increases because of the increase in the current fall time due 
to increased inductance [68]. 

In high frequency inverters, overvoltages caused by the energy stored in the 
circuit parasitic inductance could cause a high voltage spike on the switching 
semiconductor device. Increased gate resistance slows the IGBT switching 
process, limiting overvoltages, on the other hand, increasing switching losses. 
However, this process does not occur in the investigated inverter, since the 
freewheeling diode starts to conduct before a noticeable overvoltage spike 
occurs. On the other hand, the stored energy causes voltage across the transistor 
to increase up to Uin during turn-off; this process is then followed by voltage 
and current oscillations typical for hard-switched half-bridge (HB) topologies. 
As a result, the energy stored in parasitic circuit elements is dissipated during 
every half-period. 
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Figure 3.4 Experimental current and voltage of the IGBT Module 1  

(Uin=3.2 kV; fsw=2 kHz, D=0.32, 30 kW load) 

As shown in Figure 3.4, the switching process is far from ideal, especially 
during turn-off. Although the frequency of these oscillations is not high 
(around 330 kHz) to generate radiated EMI, it can cause some problems with 
conducted EMI in the contact line. The analysis of the switching processes was 
presented in [PAPER-I] and the most important aspects are pointed out in the 
following sections. 

Mathematical analysis of switching transients 

Based on the parameters that are most influential to the active and 
freewheeling states, simplified equivalent circuits for the considered half-bridge 
converter were elaborated (Figure 3.5).  

The value of the equivalent load resistance (neglecting losses) can be 
obtained from [69]:  
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where UPrms is the transformer primary RMS voltage. The transformer primary 
RMS voltage is proportional to the converter input voltage: 
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  (a)  (b) 

Figure 3.5 Simplified equivalent circuit of the half-bridge converter according to the 
active state (a) and according to the FRW state (b) 

 
Figure 3.6 Generalised inverter switching waveforms 

 
  (a)   (b)   (c) 

Figure 3.7 Equivalent circuits and current flow paths according to  
intervals t0-t1 (a), t1-t2 (b) and t2-t3 (c) 

The magnitude of the circuit impedance is 
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where fosc is the frequency of parasitic oscillations, LE and RE in this section are 
mainly represented by inductance and active resistance of inverter busbar, 
wiring and transformer primary winding, respectively. Parasitic capacitive 
component CTr-p is generally represented by effective distributed capacitances of 
the primary winding. 

During the active state the current IC flows through the top or bottom 
transistor, input capacitors C1 and C2 and the primary and secondary windings 
of the isolation transformer. The generalised turn-off process of the Module 1 is 
shown in Figure 3.6 [70]. The following events can be distinguished: 

t0-t1 – Transistor TT is conducting, the current flows through 
RL (Figure 3.7a), 

t1  – A negative gate control voltage is applied to the TT transistor, closing 
it and starting the freewheeling state. Transistor internal capacitances 
begin to discharge and the collector-emitter voltage UCE(t) of the IGBT 
begins to rise. As the current IC through the transistor decreases, the 
energy stored in the stray inductance of the power circuit develops a 
negative voltage potential at point A. 

t1-t2 – After the voltage potential at point A becomes lower than the ground 
potential of Uin, the current iF begins to flow through the freewheeling 
diode DB (Figure 3.7b). The maximal current IF(peak) through the diode 
at the instant of turn-off is equal to the TT collector current IC(max) 

before turn-off. The current then decays exponentially when iF(t) ≥ 0 
according to 
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The current follows this equation until it equals zero. The current then 
remains at zero until the next diode conduction. The duration of decaying DB 
current is described by the following equation: 
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t2-t3 – After depletion of the energy stored in stray inductance, the current through 
DB stops. The output capacitances of IGBT modules CT and CB together with 
the stray inductance LE and equivalent impedance of circuit ZTr-p form an 
oscillating RLC circuit (Figure 3.7c). Voltage and current in this RLC circuit 
oscillates until being damped by active resistance and the voltage potential of 
point A becomes equal to Uin /2. 
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Determination of the parasitic elements causing oscillations requires a 
simulation model to be elaborated. The oscillation frequency of the damped 
circuit fosc is  

 ,
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where undamped resonance frequency 
EE CL ⋅= /10ω , attenuation 

)2/( EHF LR ⋅=δ , RHF is the equivalent high-frequency resistance and CE is 
generally represented by the sum of equal paralleled IGBT parasitic 
capacitances CT and CB  

According to the measurements, the oscillation frequency is 330 kHz. 
Oscillation is described by the oscillatory circuit quality factor Q as follows: 
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where, Un and Un+1 are amplitude values of voltage oscillations separated by the time 
interval of Tosc. The equivalent stray inductance LE can be obtained by 
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Equivalent module capacitances can be obtained from the oscillation frequency equation 
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The voltage oscillations across transistor after DB current decay follow the 
equation [71]: 

 tin
osc et

U
u ⋅−⋅






 −⋅⋅

⋅
⋅= δ

ω
δω

ω
ω

arctancos
2

0 ,  (3.1.11) 

and oscillating current is 
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Simulation models and results 

According to a generalised equivalent circuit, the simulation model is 
created using PSIM software. The simulation model elaborated includes the 
values presented in Table 3.4. Obtained simulation results shown in Figure 3.8a 
were compared with the laboratory measurements of the inverter prototype 
(Figure 3.4). Since the simulation is based on an idealised IGBT model, the 
freewheeling diode reverse-recovery influence on the operation was not 
considered. To overcome this inaccuracy, a more precise model was created 
using   PSpice  software  (Figure 3.8b).  The  obtained   simulation  results  were  



46 
 

     
  (a) (b) 

Figure 3.8 IGBT Module 1 voltage and current simulated in PSIM (a) and PSpice (b) 
(Uin=3.2 kV; fsw=2 kHz, D=0.32; 30 kW load) 

Table 3.4 Simulation parameters 

Parameter Symbol Value 
Input voltage, kV Uin 2.2…4.0 
Inverter input capacitances, μF C1, C2 300 
IGBT parasitic capacitances, nF CT, CB 1.4 
Equivalent stray inductance, μH LE 186 
Equivalent impedance at 310 kHz, Ω ZTr-p 81.8 
Switch duty cycle D 0.22…0.4 

 
found to be in better compliance with the experimental values, as shown in 
Figure 3.9. The presence of the oscillations showed no significant impact on the 
performance in the simulations as well as during the laboratory tests. The 
oscillating current remained relatively low; hence, the energy of the oscillations 
is relatively low as well. The frequency of oscillations was found independent 
of the input voltage or the switching frequency of transistors and remained at 
approximately 330 kHz. The amplitude value of oscillations is proportional to 
the input voltage. The value of the diode current depends on the converter 
output power, i.e. the more energy is stored in the parasitic inductance, the more 
current is required to deplete it. On the contrary, under light load operation, the 
duration of diode current is decreased.  

The simulation model showed similar results compared to the values 
obtained during the laboratory test of the converter prototype. Although not 
entirely precise, the simulation model gives an adequate estimation of the 
processes that occurred during the laboratory tests. 
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  (a) (b) 

Figure 3.9 Turn-off process of the TT IGBT: experimental (a) and simulated in  
PSpice (b) (Uin=3.2 kV; fsw=2 kHz, D=0.32; 30 kW load) 

3.2 Power loss distribution and thermal management issues 

The accurate estimation of power losses is an important step in thermal 
management system design [72]. A number of calculation methods have been 
proposed. One of the approaches is based on the switching functions or 
coefficients obtained through measurements to guide the simulation during 
switching transients [73][74]. However, this method requires a number of 
parameters to be extracted from the test waveforms. Another approach is based 
on the use of simple functions derived for losses based on typical switching 
waveforms [75][76]. This method was extended in [77] by providing a set of 
equations for switching losses based on the predicted current and voltage 
waveforms of the device. In this method the predicted waveforms conform to 
the physics of the switching process and take into account the dependency of 
the switching losses on various factors, such as the switching voltage, switching 
current, stray inductance, and the reverse recovery process of the freewheeling 
diode [77]. Another advantage is that it requires a smaller number of parameters 
from the test waveforms. If a power electronic system prototype is unavailable, 
the losses can be estimated by the help of the datasheet parameters of the 
devices using linear interpolation of characteristic curves [78][79].  

This approach is generally limited in accuracy, however, it could be 
considered as a first approximation. Improved calculation methods using 
manufacturers’ datasheet parameters of semiconductors for inverters with the 
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square-wave output were presented in [PAPER-II]. The most important aspects 
are pointed out in the following sections. 

Energy loss definitions 

The power loss of each switching operation for the given current and voltage 
waveforms of the IGBT is divided into three sections, as illustrated in  
Figure 3.10 [80]. The  leakage  loss is only a small  part of the  total loss so  that  

 
Figure 3.10 Three sections of losses 

 
Figure 3.11 IGBT switching times and energy definitions during turn-on 
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neglecting it, the error is usually insignificant. Therefore, the total energy losses 
during each operating cycle of the IGBT are the sum of the turn-on and turn-off 
loss, saturated conduction loss as well as the reverse-recovery loss of the 
FWD [77]: 

  ⋅⋅= dttutiEtot )()( ,  (3.2.1) 

where i(t) and u(t) are transistor instantaneous current and voltage, respectively. 
The datasheets of IGBTs contain typical information about switching 

transients, on-state behaviour and energy losses during a single operation pulse. 
These characteristics refer to a specific test circuit which simulates a clamped 
inductive load operating with a specific diode [75]. 

For high-voltage IGBT modules, the turn-on energy loss Eon is generally 
defined as the integral of the product of the collector current and the collector-
emitter  voltage over the interval  from  when the  collector  current  rises  above  

 
Figure 3.12 IGBT switching times and energy definitions during turn-off 

 
Figure 3.13 Diode switching times and energy definitions during reverse-recovery 
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10% of the test current to when the voltage falls below 10% of the test voltage 
(Figure 3.11). The turn-off energy loss Eoff is the integral of the product of the 
collector current and the collector-emitter voltage over the interval starting from 
when the collector-emitter voltage rises above 10% of the test voltage to when 
the collector current reaches 10% of the test current (Figure 3.12). The diode 
reverse-recovery energy Erec is the integral of the product of the diode current 
and voltage over the interval starting from when the voltage across the diode 
rises above 10% of the test voltage to when the diode reverse current drops to 
10% of its peak value (Figure 3.13). 

Power loss calculation using datasheet parameters 

The on-state voltage drop of the NPT-IGBT device generally increases with 
a higher collector current and the junction temperature. Moreover, it could vary 
from one device to another. The datasheets typically indicate the typical and the 
maximum values. The maximum values generally refer to the worst case device 
that the manufacturers consider as qualitative. For example, the 200A 6.5 kV 
IGBT UCE(sat) varies from 5.3 V (typical) to 5.9 V (maximal) for the 200 A 
collector current at the junction temperature of 125°C. Generally, use of typical 
values at the maximum junction temperature could be considered reasonably 
accurate. The conduction losses are estimated by 

 ( ) ⋅⋅=
ont

satjCsatCEC
sw

cond kTiui
T

P
0

)()( ,,
1

,  (3.2.2) 

where Tsw is the switching period, ton is the on-state time, Tj is the switch 
junction temperature, iC and uCE(sat) are instantaneous collector current and 
collector-emitter voltage, respectively, k(sat) is the scale factor based on the 
properties of the device considered. 

The switching energy loss of a device is variable due to the device’s current, 
voltage, gate resistance and junction temperature. Generally, the latter 
dependency is not indicated in the datasheets, while the energy loss versus 
current and gate resistance are indicated at the maximum junction temperature. 
Since the losses increase with increased temperature, it is assumed in the 
following that the junction temperature will be 125°C as a worst case [78]. In 
general, the turn-on and turn-off energies are obtained by 

  ⋅⋅=
2

1

t

t
CECon dtuiE , (3.2.3) 

  ⋅⋅=
4

3

t

t
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To achieve fast analytical calculations, the on-state voltage drop can be 
characterised by a dynamical resistance rT and a constant voltage drop UT0. The 
voltage drop across the IGBT with rms collector  current is then  determined  by 
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  (a) (b) (c) 

Figure 3.14 Typical current waveforms of IGBTs operating in switching converters 

 rms
CTTsatCE IrUU ⋅+≈ 0)( , (3.2.5) 

where UT0 is the device’s threshold voltage, rT is the device’s slope 

resistance and rms
CI is the transistor RMS collector current. 

The on-state energy dissipation for typical IGBT current waveforms  
(Figure 3.14) could be obtained by simple equations:  

a) For the waveform shown in Figure 3.14a 

 CC Iti =)( . (3.2.6) 

 Conduction energy losses for the given pulse length 
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b) For the waveform shown in Figure 3.14b 
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c) For the waveform shown in Figure 3.14c 
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 Conduction energy losses for the given pulse length 
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The conduction power losses can then be calculated by 

 condswcond EfP ⋅= .  (3.2.12) 
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The conduction losses of the diodes are calculated in a similar way by using 
the appropriate dynamical resistance and a constant voltage drop of the 
investigated diode. 

No simple expression can be found for the voltage and current during a 
switching transient. The datasheet parameters concerning the switching losses 
can be used in this case. To simplify the analysis for different current levels, the 
datasheet energy loss curves could be replaced by their linear interpolations 
using simple equations: 

 onConon BIAE +⋅= ,   (3.2.13) 
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where IC(1), IC(2) are currents and Eon(1), Eon(2) the corresponding energy loss 
values taken from the datasheet graphs. The turn-off coefficients Aoff and Boff are 
calculated in the similar way. 

Since the actual operation parameters of semiconductors are in most cases 
different from the reference circuit, datasheet values should be scaled 
accordingly. If the gate resistor of a user’s gate drive does not have the same 
value as the gate resistor in the test circuit specified in the datasheet, some 
corrections may be necessary. This can be done with the help of the datasheet 
using graphs Eon=f(RG) and Eoff=f(RG). The scale factor is obtained by the 
relation between the switching losses with the used-specific gate resistance 

US
onGR −  and the one specified in the datasheet DS

onGR −  [73]: 
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The turn-off resistor scale factor )( offGRk −
 is calculated in the similar way. 

Generally, the switching losses scale almost linearly with UCE, hence the 
following approximation of the scale factor for the actual commutation voltage 
could be considered reasonably accurate: 

 
DS
CE

US
onCE

U U

U
k

onCE

−=
− )( ,  (3.2.17) 

where US
onCEU −  is DC voltage across the IGBT during the off-state before the 

beginning of the turn-on transition, DS
CEU  is the collector-emitter voltage 

specified in the datasheet graphs Eon=f(IC), Eoff=f(IC). The scale factor for the 
actual commutation voltage )( offCEUk −

 during the turn-off is obtained in the 

similar way. 
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Figure 3.15 Typical IGBT module voltage, current and power turn-on waveforms  

The turn-on energy losses indicated in the datasheet of the IGBT typically 
include the losses caused by the reverse-recovery current of turning-off the 
freewheeling diode (Figure 3.15). No simple expression can be given for these 
additional losses, since they depend on a number of factors, such as turn-on 
di/dt, circuit inductance and diode characteristics. The following equation [81] 
assumes that the voltage across the diode stays close to zero during the interval 
t0-t5, rising to the supply voltage during t5-t6, as shown in Figure 3.13:  
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where Irec is the peak reverse-recovery current.  
However, according to the experimental waveforms (Figure 3.4) in the 

considered two-level half-bridge DC/DC converter, the reverse-recovery 
process of the freewheeling diodes is typically finished during the freewheeling 
state. The IGBT turns on without the effect of the reverse recovery current of a 
commutating diode, adding to the IGBT turn-on loss (Figure 3.4) that results in 
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lower losses. Therefore, additional scale factor rec
onk  should be applied to the 

turn-on loss equations. This scale factor depends on the properties of the 
freewheeling diode and operation temperature. For typical IGBT modules it is 
generally in the range of 0.5…0.7. 

The switching energy losses for typical current waveforms (Fig. 5) can be 
approximated by the following expressions. 

a) For the waveform shown in Figure 3.14a 

 ( ) rec
onURonConon kkkBIAE

onCEonG
⋅⋅⋅+⋅=

−−
,  (3.2.19) 

 ( )
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b) For the waveform shown in Figure 3.14b 
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c) For the waveform shown in Figure 3.14c 

 0=onE ,  (3.2.23) 
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The data available to calculate the reverse recovery losses of the diode 
differs from one manufacturer to another. Furthermore, these losses depend on 
the current slope during the transition which in standard voltage source inverters 
(VSIs) is basically determined by the inductance of the circuit, IGBT di/dt 
during turn-on and operation temperature [80]. If the reverse-recovery energy in 
the datasheet is provided only for one operating point, then the scale factor krec 
can be calculated according to [68]: 
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where DS
recE , DS

recQ  and DS
CEU are reverse-recovery energy, reverse-recovery 

charge and voltage specified in the datasheet, correspondingly.  

The reverse-recovery energy can now be approximated as 
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The drawback of the above presented equations is generally related to the 
limited accuracy of the linearly interpolated characteristics of UCE=f(IC), 
Eon=f(IC) and Eoff=f(IC). A better result, especially at lower currents, can be 
achieved by approximating these curves with the following function: 



55 
 

 
Figure 3.16 Comparison of the collector-emitter saturation voltage with the collector 

current using different interpolation methods 

 .)( 23 FxCxBxAxf +⋅+⋅+⋅=   (3.2.27) 

The coefficients A, B, C and F of the proposed function can be estimated 
from the datasheet curves using the least square fitting method. The comparison 
of results obtained with different interpolation methods is shown in Figure 3.16. 

The conduction losses can then be expressed as 
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where i(t) could be expressed according to Equations 3.2.6, 3.2.8 or 3.2.10. 

Analytical loss estimation method of a two-level half-bridge inverter 

The proposed approximation of the transistor switching process is shown in 
Figure 3.17. The turn-on energy is calculated by integrating the multiplied turn-
on voltage and the current ramp. As the current changes slower than the voltage 
at the turn-on, the power loss equation is divided into two parts. In the first part 
both the voltage and current are changing, in the second part only the current 
changes. This energy is multiplied by the switching frequency fsw. The result of 
this equation is the IGBT turn-on power loss 
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where ton1 to ton3 is the total IGBT turn-on time; ton1 to ton2 is the IGBT collector-
emitter voltage fall time from operation to saturation level, and ton1 to ton3 is the 
IGBT collector current rise time. uCE(on)(t) is the IGBT collector-emitter voltage 
at turn-on and iC(on)(t) is the collector current  function  during the  turn-on of the  
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Figure 3.17 Generalised IGBT waveforms in the two-level half-bridge  

voltage-source inverter 

IGBT. To simplify the calculations, voltage and current waveforms can be 
replaced by the linear functions: 
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Transistor turn-off losses could be calculated assuming that the current 
through the IGBT stays close to IC(2) during the interval toff1-toff2 and the voltage 
across the IGBT is close to UCE(2) during the interval toff2-toff3. The turn-off 
energy loss can then be approximated by 
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The energy stored in the circuit lost during the oscillations after the IGBT 
turn-off is 

 2

2

1
oscEosc ILE ⋅⋅= ,  (3.2.33) 

where, Iosc is the peak value of the oscillating current. 

Estimation of power losses in the experimental converter 

Using the analytical approach (Equations 3.2.25-3.2.33) and the experimental 
waveforms of the converter prototype, the losses for one switching period are 
estimated (Table 3.5). In the investigated modes of operation the conduction 
losses of the freewheeling diodes are negligible and not included in the analysis. 
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Table 3.5 Results of the analytical loss calculation (Uin=3.2 kV, Pout=30 kW) 

Energy losses Symbol 
Value (mJ) 

Analytical Datasheet 
Turn-on Eon 5 77 
Turn-off Eoff 254 177 
Reverse-recovery Erec 17 43 
Conduction Econd 10 
Oscillation Eosc 9 
Total Etot 295 316 

3.3 Switching frequency and power density limits 

Semiconductor losses are a central evaluation criterion due to the direct 
correlation with virtually all other electrical parameters of the converter. The 
losses of high-voltage IGBTs are one of the limiting factors during power 
converter design with such devices. It finally leads to more powerful and 
complicated cooling systems to be implemented to ensure the proper junction 
temperature of semiconductors or limiting of the fsw. Both of these measures 
result in a negative impact on power density. From the designer’s point of view 
any improvements in the switching frequency lead to the minimisation of 
passive components, like filter capacitors and inductors as well as isolation 
transformers. The most critical passive components in the developed two-level 
half-bridge converter are the input capacitors (C1 and C2) and the isolation 
transformer TX.  

Evaluation of the passive components 

The input capacitors have to withstand high voltage and current ripple. In the 
current design they occupy around 25% of the total converter volume, which 
can change proportionally to the switching frequency. The minimum 
capacitance  required  for  the  input  capacitors  C1 and C2 for  different  voltage  

     
  (a) (b) 

Figure 3.18 Capacitance requirements (a) and capacitor volumes (b) vs. operating 
frequency for different voltage ripple factors (high-voltage capacitor with organic film 

dielectric ELCOD K-75-80-4kV-100µF) 
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  (a) (b) 

Figure 3.19 Minimum required core volume (a) and turns number (b) vs. operating 
frequency for the 50 kVA isolation transformer with the GM14DC 

toroidal magnetic core  

ripple factors is shown in Figure 3.18a [82]. With the increased switching 
frequency, the required capacitance value is decreasing exponentially. For 
example, by increasing the operation frequency from 1 kHz to 2 kHz, the size 
and volume of input capacitors could be reduced by approximately 50% 
(Figure 3.18b). Similar power density improvements could be achieved for the 
output filter components as well [83]. High-frequency isolation transformer TX 
is another bulky component in converters with such power range. The 
transformer core volume should be selected to meet the power requirements and 
temperature rise for the selected operating frequency. For instance, by doubling 
the switching frequency (from 1 kHz to 2 kHz), the magnetic core volume could 
be effectively reduced by 18% (Figure 3.19a). At the same time, the number of 
turns in the primary winding is reduced by 14 and by 6 in the secondary  
(Figure 3.19b). This gives an additional benefit in terms of smaller power 
dissipation of the isolation transformer [84]. 

Evaluation of switching performance of different 6.5 kV IGBTs 

Despite allowing simpler topologies with a smaller number of elements to be 
implemented, the 6.5 kV modules generally have inferior performance 
characteristics than lower voltage class transistors. This results in higher power 
losses, leading to increased requirements to passive components and the thermal 
management system of the converter. Thus, it is essential to compare available 
6.5 kV IGBT modules in terms of switching performance and overall feasibility 
to investigate different possible relations of converter parameters. This section 
is based on the principle of the analysis discussed in [PAPER-III] .  

In terms of total power losses, the most demanding operating point of the 
developed converter is at maximum input voltage Uin(max)=4 kV at minimum 
duty cycle Dmin=0.22 [66]. The following analysis will focus on the estimation 
of switching frequency limits of different 6.5 kV IGBT modules, operating at 
this operating point. The maximum module power dissipation was calculated 
assuming that modules are operating in a two-level half-bridge inverter, sharing  
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  (a) (b) 

Figure 3.20 Side-by-side comparison of switching frequency limits of different 
investigated Infineon 6.5 kV IGBT modules (Tj=125ºC, Tamb=60ºC) for air cooling (a) 

and liquid cooling (b) 

Table 3.6 Conditions for the performance estimation 

Parameter Symbol Value 
Maximum junction temperature, ºC Tj  125 
Ambient temperature, ºC Tamb  60 
Thermal resistance heatsink-to-ambient (forced air cooling), 
ºC/W Rthsa 

0.013 

Thermal resistance heatsink-to-ambient (liquid cooling), ºC/W 0.005 
Input voltage, kV Uin(max) 4.0 
Duty cycle Dmin 0.22 

Table 3.7 Typical values of different investigated IGBTs (Tj=125 ºC) 

IGBT type 
Condition

s 
Eon 

(J) 
Eoff 
(J) 

Erec 

(J) 
UCE(s

at) (V)

IGBT power loss limit (W) 
Forced air 

cooling 
Liquid 
cooling 

FZ200R65KF1 IC=200 A 1.90 1.20 0.55 5.3 870 1100 
FZ400R65KF1 IC=400 A 4.00 2.30 1.05 5.3 1275 1850 
FZ600R65KF1 IC=600 A 5.90 3.50 1.60 5.3 1510 2410 
FZ600R65KE3 IC=600 A 5.20 3.40 2.40 3.7 1545 2470 

 
a common heatsink with the conditions listed in Table 3.6. To provide a better 
comparability, the datasheet values of high-voltage IGBTs from one vendor 
(Infineon) are compared. Since the developed converter is based on the first 
generation NPT IGBTs (FZ200R65KF1), the devices from the same product 
line were taken for the comparison (KF1-series). Further, the characteristics of 
the first generation modules will be compared to those of the third generation 
(KE3-series) using the example of the 600 A devices. The analysed IGBTs are 
listed in Table 3.7.  

In practice, the switching frequency limit fsw(max) of the IGBT is mostly 
determined by the thermal management system of the IGBT module.  
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 (a) (b) 

Figure 3.21 Breakdown of maximum power losses vs. frequency in Infineon 600 A 
6.5 kV IGBT modules (Tj=125ºC, Tamb=60ºC): KF1-series (a) and KE3-series (b) 

The thermal limit to frequency is derived by [85] 
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Further analysis will estimate practical switching frequency limits, which 
can be achieved by each KF1-series IGBTs in the hard switching mode with the 
conditions listed in Table 3.6 and 3.7. The approximate values are calculated 
using datasheet values of devices and one-dimensional thermal models. The 
influence of parasitic circuit inductance on the distribution between the turn-on 
and the turn-off loss is not considered. Comparison of the switching frequency 
limits presented in Figure 3.20 shows that with forced air cooling a noticeable 
output power increase using higher current rated devices could be achieved at 
frequencies below 2 kHz. The performance estimation for higher frequencies is 
complicated due to insufficient datasheet information provided for operation 
with currents much lower than nominal. The implementation of liquid cooling 
allows increasing the maximum output power by at least 30%. 

The comparison of power losses of the first generation modules with those 
of the third generation shown in Figure 3.21 reveals that the third generation 
modules show superior switching performance only at frequencies below 
0.5 kHz. This is the result of the design trade-offs that led to much higher SOA 
(for both IGBTs and diodes) and increased overall robustness. 

3.4 Generalisations 

High stray inductance of the isolation transformer results in higher losses as 
well as voltage and current oscillations after turn-off. Although the frequency of 
those  oscillations  is  not  high  to  generate  radiated  EMI,  it  can  cause  some  
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(a) (b) 

Figure 3.22 Junction temperatures vs. switching frequency at different output power 
levels (a) and breakdown of power losses (b) of 200 A module, operating with maximum 

recommended junction temperature of 100 ºC 

problems with conducted EMI in the contact line. Due to the required high 
isolation voltage of the isolation transformer, the high stray inductance is hard 
to avoid, moreover, the capacitance of HV IGBT modules cannot be avoided. In 
the case of the considered high-voltage inverter, these parasitic effects are not 
dangerous to HV IGBT modules, neither are they dangerous to other circuit 
elements since they do not create noticeable overvoltages.  

Using the proposed analytical loss estimation method it is possible to 
estimate the contribution of the turn-on or the turn-off losses in the total 
switching losses, which could be beneficial in estimating the feasibility of 
implementation of different loss reduction methods in semiconductors. The 
following peculiarities of power loss estimation in two-level half-bridge DC/DC 
converters could be allocated: 

• The IGBT turns on without the effect of the reverse recovery circuit of a 
commutating diode adding to the IGBT turn-on loss, resulting in lower 
losses.  

• The voltage prior to the turn-on of the IGBT is equal to Uin /2, assuming 
that the oscillation process is finished during the freewheeling state.  

• The IGBT turn-on energy loss decreases while the turn-off energy loss 
increases with the stray inductance. Both effects almost compensate each 
other. 

• Power loss estimation with the least square interpolated datasheet curves 
could offer a more accurate result, especially at lower currents. 

Good design practice with considerations of reliability and the worst-case 
maximum junction temperature is to limit the steady state junction temperature 
to 70%-80% of the maximum allowable or less [86]. Lower operation 
temperatures increase long-term reliability of semiconductors. Considering the 
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maximum junction temperature of 125ºC, the maximum recommended 
operation junction temperature ranges between 85 and 100ºC (Figure 3.22a). It 
should be noticed that the values presented are calculated without taking into 
account the influence of the junction temperature on semiconductor losses. By 
selecting the operating junction temperature of 100ºC, the maximum allowable 
200 A module power loss is reduced by 40%, which leads to a corresponding 
decrease in the achievable output power of the inverter. On the example of 
200 A module it can be seen that at 1 kHz switching frequency the achievable 
inverter output power is reduced from 75 kVA (Figure 3.20a) to 46 kVA 
(Figure 3.22b), assuming that all the remaining conditions are the same. 

The achievable switching frequency is in direct correlation with the 
maximum allowable module power dissipation. Higher current rated devices 
with higher baseplate area have superior heat transfer characteristics and allow 
higher frequencies of operation. An additional/alternative way to achieve higher 
switching frequencies is to implement a liquid cooling system. For the modules 
used in the developed converter prototype, the maximum recommended 
switching frequency is approximately 1 kHz assuming the worst case operating 
conditions: maximum input voltage, maximum output power and highest 
ambient temperature. The volumes of input capacitors and transformer core can 
decrease proportionally to the switching frequency. Additional modifications to 
the topology are necessary to reduce losses in semiconductor elements and 
improve the switching frequency. 
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4 METHODS FOR IMPROVEMENT OF HV IGBT 
BASED TWO-LEVEL HARD-SWITCHED DC/DC 
CONVERTERS 

Main problems of the topology described in the previous chapter are high 
power losses in semiconductors due to hard switching and consequently, limited 
switching frequency because of thermal issues. This imposes increased 
requirements on passive components of the converter and its cooling system, 
leading to increased price and reduced power density. The oscillations after 
transistor turn-off related to the common disadvantage of hard-switched half-
bridge topologies can cause some problems with conducted EMI in the contact 
line. Several ways exist of how to improve the switching process of 
semiconductor switches in the HB inverters, including application of dissipative 
snubbers or using resonant, asymmetrical and auxiliary switch topologies [87]. 
However, due to wide variations of input voltage and output power in some 
applications (e.g. rolling stock), not all solutions are feasible since they could 
limit the main features of the HV IGBT-based converter. For example, the 
asymmetric control method is sometimes used as one of the ways to utilise the 
leakage inductance. The duty cycles of the switches are not equal in this case 
and due to the very short freewheeling state (both main switches are turned off), 
the zero voltage switching (ZVS) of both of the switches can be achieved. 
However, an asymmetric half-bridge converter has the asymmetric stress 
distribution in the components and a DC bias in the transformer. Therefore, it is 
generally not suitable for applications with a wide input voltage range. 
Moreover, the input-output relationship of the asymmetric-controlled half-
bridge converter is nonlinear, resulting in a lower duty cycle at high input 
voltages compared to the symmetric-controlled half-bridge converter, which 
results in degrading the converter performance [88]. 

The main focus in this chapter is on the study and comparison of different 
methods for improvement of the HV IGBT-based two-level hard-switched 
DC/DC converters in order to suppress the oscillations and improve the 
switching performance of the IGBT modules without increasing its complexity 
or reducing reliability and efficiency significantly.  

4.1 Passive snubbers and active auxiliary circuits  

Passive snubbers 

The snubber circuit is an additional part to the basic converter, which is used 
to reduce the stresses on electrical components. Usually, in a power 
semiconductor device, snubbers may be used singly or in combination 
depending on the requirements. The complexity and the cost added to the 
converter circuit by the presence of the snubber must balance against the 
benefits of limiting the stresses on critical circuit components [3] [PAPER-IV]. 
There are three broad classes of passive snubber circuits: 
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• unpolarised RC snubbers, 
• polarised RC snubbers, 
• polarised LR snubbers. 

Unlike thyristor based converters, the HV IGBT based two-level hard-
switched DC/DC converter does not require any additional di/dt control. 
Therefore, there is no actual need for limiting di/dt with LR snubbers. On the 
other hand, after turn-off the parasitic oscillations could be damped using RC 
snubbers (Figure 4.1a). These passive snubbers are typically placed across 
semiconductor devices and dissipate the energy stored in the circuit during the 
active state. The lowest value of peak voltage is proportional to the size of Cs. A 
larger Cs should be used if a lower peak voltage is required. This means that the 
power dissipation increases as the peak voltage is reduced [89].  

The polarised RC snubbers, also referred to as RCD snubbers (Figure 4.1b), 
are applicable to either rate of rise control or clamping. At turn-off, the snubber 
will carry  most  of  the  switch  current and transfer power  dissipation  into  the  

 
 (a) (b) 

Figure 4.1 RC (a) and RCD (b) snubbers connected across the IGBT module 

    
  (a) (b) 

Figure 4.2 TT IGBT Module voltage and current simulated in PSpice without a snubber 
(a) and with an RC snubber (b) (Uin=3.2 kV; fsw=2 kHz, D=0.32; 30 kW load) 

‐40
‐20

0
20
40

0 0.2 0.4 0.6 0.8 1

Cu
rr

en
t (

A
)

Title

‐10
12
34

0 0.2 0.4 0.6 0.8 1

V
ol

ta
ge

(k
V

)

Time (ms)

‐20
0

20
40

0 0.5 1

Cu
rr

en
t

(A
)

Title

‐10
12
34

0 0.2 0.4 0.6 0.8 1

V
ol

ta
ge

(k
V

)

Time (ms)

Cs(RC)=8nF, Rs(RC)=200Ω



65 
 

snubber, increasing the reliability of the switch. The main disadvantage of the 
RCD snubber is in the following: since there is a diode in parallel to the resistor 
the effective value of Rs(RCD) during the charging of Cs(RCD) is close to zero, the 
voltage across the switch for a given Cs(RCD) will be higher than the 
corresponding value using an RC snubber. Moreover, during the switch turn-on 
a capacitive discharge current occurs, increasing turn-on losses. Therefore when 
using an RCD snubber in the half-bridge inverters, the turn-on snubber should 
be included as well [3].  

The RC snubber capacitance can be estimated by 
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)( 



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
⋅=

in

rec
ERCs U

I
LC . (4.1.1) 

The snubber resistance is then approximated by 

 .)(
rec

in
RCs I

U
R =  (4.1.2) 

Finally, the power dissipation in the snubber resistor in the case of the HB 
(two voltage transitions per cycle) converter is estimated by [90] 

 swinRCsRCs fUCP ⋅⋅= 2
)()( . (4.1.3) 

With a smaller snubber capacitor, the freewheeling diodes of the main 
switches conduct to partly recycle the energy while part of the energy is 
dissipated in the snubber resistor. For a larger snubber capacitor, the energy in 
the leakage inductance may be fully dissipated in the snubber without recycling 
through freewheeling diodes. The simulated waveforms of the converter 
operating with unpolarised RC snubbers are shown in Figure 4.2. 

Since the transformer leakage energy is being dissipated in the passive 
snubber circuits, the overall efficiency of the converter may be reduced. 
Alternative methods to eliminate the oscillations and utilise the leakage 
inductance in order to improve the efficiency should be evaluated.  

Active clamping 

An active clamping method proposed in [91] uses an auxiliary circuit where 
the leakage energy is circulating during the freewheeling state. Prior to the main 
switch turn-on, the auxiliary circuit energy is released. The freewheeling diodes 
of the main switches conduct, creating the ZVS condition. However, there are 
several drawbacks. Firstly, the leakage inductance should be large enough for 
the freewheeling current to maintain, especially at low duty cycles. Secondly, 
there is high conduction loss in the auxiliary switches. To overcome 
disadvantages of the active-clamp snubber (ACS) a modified method is 
introduced in [88] (Figure 4.3). Instead of circulating, the transformer leakage 
energy is transferred to the auxiliary capacitor, which also blocks the DC 
component,  avoiding  saturation  of the  transformer.  Since the  energy transfer 
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  (a) (b) 

Figure 4.3 Half-bridge DC/DC converter with active-clamp snubber circuit and 
auxiliary capacitor (a) and its generalised operation principle (b)  

 
  (a) (b) 

Figure 4.4 Simulated collector-emitter voltage and collector current waveforms of the 
TT IGBT Module (a); T1aux and D1aux (b) (Uin=3.2 kV; fsw=2 kHz, 30 kW load) 

accounts for a small part of the switching period, the conduction energy loss of 
the auxiliary switches is minimised. The primary switches are still hard 
switched; however, the voltage stress is reduced to Uin /2 during the turn-off 
transient, leading to reduced losses. The freewheeling diodes of the main 
switches never conduct and the auxiliary switches T1aux and T2aux turn on with 
ZVS and turn off with ZCS (zero current switching). The energy transfer period 
to the capacitor is estimated by [88] 
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The simulation waveforms are presented in Figure 4.4. Minor oscillations 
caused by the voltage across C3 could be observed, however, since this voltage 
is much smaller than Uin , the ringing is almost negligible. 

The ACS topology described requires two additional switches with half of 
the voltage rating and two additional PWM channels in comparison to the 
reference HB topology. In the case of the studied topology, two additional 
3.3 kV switches and an associated control system are required, affecting the 
converter price. 

4.2 Multilevel topologies 

As an alternative to two-level topologies based on semiconductors with high 
voltage blocking capability, multilevel topologies with lower voltage devices 
having increased switching performance could be implemented. Lately, the 
three-level neutral-point-clamped (3L-NPC) topology became popular in high-
voltage, medium- and high-power applications. In terms of achievable voltage 
blocking capability the 3L-NPC topology with 3.3 kV IGBT modules could 
replace previously investigated solution based on 6.5 kV semiconductors. The 
current chapter will investigate the feasibility of application of multilevel 
converters on the example of the 3L-NPC topology. 

The three-level phase leg in the NPC topology consists of four IGBTs with 
their associated FWDs, arranged in series, and two additional diodes – Dcl1 and 
Dcl2 – connecting intermediate nodes to the neutral point of the DC-link. All 
power semiconductors used have the same blocking voltage. The inverter 
schematic  shown  in  Figure 4.5 is based  on two  dual  200 A 3.3 kV  Infineon  

 
Figure 4.5 Simplified schematic of the developed 3L-NPC converter 
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4.1 Components of the 3L-NPC converter prototype 

Component Symbol Type Value 
Input capacitors C1, C2 ELCOD K-75-80g-4000 100 µF 

Inverter switches 
Module 1, 
Module 2 

FF200R33KF2C 200 A/3.3 kV 

Transformer  TX 
High frequency toroidal transformer 

with soft nanocrystalline core 
material GM14DC 

30/24 

Clamping diodes 
Dcl1, 
Dcl2 

Dual FRED modules IXYS 
DH2x61-18A 

(2 diodes in series) 

2x60 A / 
1.8 kV 

Rectifier diodes D1, D2 
Dual FRED modules IXYS 

DSEI2x101-12A 
(2 diodes in parallel) 

2x100 A / 
1.2 kV 

Output inductor Lo1, Lo1 Laminated steel core inductor 2.5 mH 
Filter capacitor Cf Electrolytic capacitor 180 µF 

IGBT modules. Since these dual modules are available in packages with the 
standard 73×140 mm baseplate areas, the required installation area requirements 
remain similar to the two-level topology based on two 6.5 kV IGBTs. The 
current doubler rectifier (CDR) reduces the power losses in rectifier diodes and 
allows reducing the volume of CDR inductor cores by 50 % [92]. The 
components used in the converter prototype are listed in Table 4.1 

Control algorithm 

Three-level DC/DC inverters enable an alternative PWM strategy to be 
implemented, allowing the inner switches T2 and T3 to operate under ZVS 
conditions without addition of any additional hardware components. There are 
three main commutation states: positive (Pos) zero (O) and negative (Neg) and 
the output voltage can take three different levels (+Uin /2; 0; -Uin /2) and the 
voltage stress of each switching device is limited to Uin /2. 

Ideally, the four switching devices are turned in pairs. T1 and T4 are main 
switching devices and T2 and T3 are the auxiliary switching devices to clamp 
the output voltage to the neutral point potential, together with Dcl1 and Dcl2. 
When the top two switches T1 and T2 are on, the output voltage is +Uin /2 and 
when the bottom two switches T3 and T4 are on, the output voltage is -Uin /2. If 
both outer switches T1, T4 are off, the output voltage is zero (Table 4.2). 

Two additional channels can be derived by inverting the main PWM 
channels. Thus, the microcontroller only generates two 180º phase shifted PWM 
signals (PWM1 and PWM4). PWM2 is derived by inverting PWM4 and 
similarly PWM3 is derived by inverting PWM1. Each PWM signal controls an 
individual switch, as shown in Figure 4.6. Since the IGBTs have a certain turn-
on and turn-off delay time, a situation can occur where three devices T1, T2, T3 
or T2, T3, T4 are simultaneously conducting. Having three devices conducting 
at the same time  would  result  in the  short  circuit of  the  corresponding  input  
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Table 4.2 Switching states of a 3L-NPC inverter 

Switching 
state 

Switching conditions 
Output voltage 

T1 T2 T3 T4 
Pos ON ON OFF OFF +Uin /2 

O 
OFF ON OFF OFF 

0 OFF ON ON OFF 
OFF OFF ON OFF 

Neg OFF OFF ON ON -Uin /2 

 
  (a) (b) 

Figure 4.6 Operation principle of a 3L-NPC half-bridge DC/DC converter at maximal 
(a) and minimal (b) input voltages 

capacitor C1 or C2 and the IGBTs would be destroyed. In order to prevent short 
circuit it is necessary to add a dead time td between the original and the inverted 
PWM signal. The minimal dead time requirement is determined by the turn-off 
and turn-on delay times of the corresponding transistors and the control signal 
propagation delay from the control system to the power transistor. 

Analysis of switching transients 

During the laboratory tests the inverter prototype was operating with the 
minimum input voltage. Dead time existence together with capacitance and 
inductance in the circuit complicate commutation processes in the topology. 
Once again, based on the parameters, most influential to different switching 
states, the corresponding simplified equivalent circuits of the converter were 
elaborated. Experimental waveforms of three-level VSI operating with ZVS of 
the inner switches are presented (Figure 4.7). In accordance with time intervals 
shown in Figure 4.7, the transient processes during a half period could be 
described as follows [65]: 
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Figure 4.7 Experimental waveforms and analysis of switching states of a 3L-NPC 

inverter (Uin=2.2 kV, D=0.4, Pout=15 kW, fsw=4 kHz, td=20 µs) 

t1  – The inner transistor T2 is turned off. The stray inductance draws the 
current through freewheeling diodes D3 and D4 (Figure 4.7a). Maximal 
voltage is applied across transistors T1 and T2. A voltage peak occurs on 
the transistor T2. The pulse width of the peak depends on the stray 
inductance value. Voltage across T4 drops to zero and a negative voltage 
impulse occurs on the transformer primary. 
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t2  – After the energy stored in the load inductance has been utilised, the 
current stored in parasitic circuit elements starts to flow through Dcl2, T3 
and the load until the end of the dead time. The voltage across T1 and T4 
is maximal; the voltage across T2 and T3 and the load is close to 
zero (Figure 4.7b). 

t3  – The outer transistor T4 is turned on. Both bottom side transistors are 
conducting. Current spike caused by recharging of output capacitance of 
T2 appears across Dcl1 and T2. Maximal voltage is applied across top 
side transistors and negative voltage is applied to the load (Figure 4.7c). 

t4  – The outer transistor T4 is turned off. The stray inductance draws the 
current through clamping diode Dcl2 and T3 (Figure 4.7d). Instead of 
maximal voltage now only half of the value is applied on the top side 
transistors. The load voltage drops to zero and the current decreases, 
being damped by circuit active resistance. 

t5  – After the dead time T2 is turned on and the voltage drops to zero. The 
voltage across T1 increases to maximal. 

t6  – The inner transistor T3 is turned off. The stray inductance draws the 
current through freewheeling diodes D1 and D2 (Figure 4.7e). Maximal 
voltage is applied across transistors T3 and T4. A voltage peak occurs on 
the transistor T3, the voltage across T1 drops to zero and a positive 
voltage impulse occurs on the transformer primary. 

Analysis of power losses  

The power losses of the 3L-NPC inverter are estimated at the most 
demanding operating point: input voltage Uin(max)=4 kV and duty cycle 
Dmin=0.22 [66]. The following analysis will focus on the definition of switching 
frequency limits of 3.3 kV IGBT modules, operating at this operating point. The  

             
 (a) (b) 

Figure 4.8 Breakdown of maximum power losses vs. frequency in Infineon 200 A 3.3 kV 
IGBT modules (Tj=125ºC, Tamb=60ºC): outer switches (a) and inner switches (b) 
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  (a) (b) 

Figure 4.9 Junction temperature vs. switching frequency at different output power 
levels: outer switches (a) and inner switches (b) of Infineon 200 A 3.3 kV IGBT modules 

maximum module power dissipation was calculated assuming that two dual 
FF200R33KF2C modules are operating in the 3L-NPC converter, sharing a 
common heatsink with the same conditions as for a two-level 
inverter (Table 3.6). 

As it could be observed from Figure 4.8, the inner and outer switches have 
unequal loss distribution. Inner switches have the losses concentrated only in 
the IGBT chips, while the losses of outer switches occur both in IGBT and 
freewheeling diode chips, allowing for higher total power dissipation due to 
better temperature spreading. The inverter performance is limited by switching 
losses in outer switches at higher switching frequencies (>1 kHz). On the 
contrary, at lower frequencies the performance is limited by conduction losses 
in inner switches. If the losses of both switches are nearly equal 
(at 1…1.5 kHz), the 3L-NPC inverter with 3.3 kV IGBTs could provide up to 
50% increase in the switching frequency, while having similar power 
dissipation as the two-level inverter with 6.5 kV IGBTs.  

In the comparison of the performance at the maximum recommended 
junction temperature in Figure 4.9, it is shown that at 100 kVA output, the 
switching frequency is limited to 400 Hz by losses in inner IGBTs. At 50 kVA, 
the achievable switching frequency is approximately 25% higher than that of 
the two-level inverter with 6.5 kV IGBTs and its further increase is limited by 
losses of outer transistors. It should be noticed that the values presented are 
calculated without taking into account the influence of the junction temperature 
on semiconductor losses. Unequal loss distribution within an IGBT module 
could increase the thermal stress on its internal elements due to differences in 
CTE. In order to balance power losses within a dual IGBT module, one module 
could be used for the T1 and T4 transistors, while the other for T2 and T3. The 
control system should be changed accordingly. A better balancing of power 
losses has also been obtained by using 3L-ANPS and 3L-SNPC topologies [93]. 
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On the contrary, such solutions require an increased number of IGBT modules, 
have a more complex control system and consequently would be more 
expensive. 

Another challenge of the 3L-NPC topology, despite allowing use of lower 
voltage devices, is insufficient blocking and insulation voltage of such devices. 
The requirements for rolling stock power electronics are defined in the 
international standard IEC 1287. Following the IEC 1287, each Infineon module 
has to sustain the rms. value insulation test voltage (50…60 Hz) of [94]: 

 10002/2 +⋅= CEisol UU . (4.2.1) 

Thus, the insulation test voltage of the modules with 3.3 kV blocking voltage 
is 6.0 kV (RMS), 1 min. A single IGBT must have voltage blocking capability 
two times the nominal catenary voltage level, hence in the case of using 3.3 kV 
class IGBTs in rolling stock inverters, an additional protection system is 
required to fulfil the standard requirements. Generally, additional insulation 
could be delivered by additional electrical resistive coating of module baseplate. 
Such additional layer of insulation could lead to increased thermal resistance 
between IGBT and heatsink, decreasing thermal performance of the whole 
system. Such drawback could be overcome by the implementation of KU-
KC 15 insulation material produced by Kunze Folien (150 µm thick polymid 
with breakdown voltage of 12.5 kV AC and thermal resistance of 0.36 K/W) 
[95]. The driver circuits for IGBTs (based on dual 2SD315AI-33 driver cores) 
should be provided with additional protection as well. 

Recently, some manufacturers, such as ABB [96], Infineon [97] and 
Mitsubishi [98], have responded to this issue by introducing 3.3 kV devices in 
10.2 kV isolated packages. Implementation of these devices will eliminate 
abovementioned problems and allow easier assembling of three-level 
converters.  

The implementation of the 3L-NPC topology with 3.3 kV IGBTs provides a 
noticeable increase in the achievable power density. Moreover, the total price of 
the converter could by reduced dramatically (up to 50%) due to the price 
difference between 6.5 and 3.3 kV IGBT modules and associated control 
circuits [92]. 

4.3 Resonant converters 

Resonant converters could also be considered to optimise the hard-switched 
DC/DC converters in order to suppress the oscillations and improve the 
switching performance of the HV IGBT modules. The high input voltage of the 
resonant converter could be achieved by multilevel topologies [99] or 
converters with series-parallel connection [100]. This, however, requires 
increased number of components including controlled switches. Due to the 
increased complexity the reliability is expected to be decreasing. Investigations 
of 6.5 kV IGBTs operating in resonant topologies report significant increases in 
efficiency [101][102], however, the transistors were operating in both the ZVS 
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and the quasi-ZCS mode. This mode of operation is hard to achieve with wide 
input voltage and load variations. The following investigation focuses on the 
HB resonant converters based on two 6.5 kV IGBT modules that require 
minimum modifications to the hard-switched topology [103]. 

Resonant converter types 

Resonant converters are an attractive alternative to traditional hard-switched 
converters because of reduced switching losses and the EMI due to the 
sinusoidal behaviour of the resonant circuit. Such converters (Figure 4.10) could 
operate at high frequencies to reduce the size of their reactive components. 
These converters generally feature the second or the third order resonant tank 
circuit, i.e. the storage tank consists of two or three energy storage 
elements [104]. Resonant tanks can be divided into three groups: series 
(Figure 4.10a), parallel (Figure 4.10b), and series-parallel. In turn, converters 
with series-parallel resonant tanks could be classified as LCC, and LLC 
(Figure 4.10c and Figure 4.10d, respectively). In resonant converters regulation 
of output parameters is performed by varying the IGBT switching frequency 
around the resonance frequency of the converter [87]. 

A major advantage of a series-resonant converter is that the current in the 
power devices decreases with a decrease in the load, leading to higher 
efficiency. However, there are difficulties in regulating the output voltage at 
light load operation [105]. Since the studied converter must operate with wide 
load variations, this topology is not considered suitable. In contrast to the series-
resonant converter, the parallel-resonant converter can regulate the output 
voltage at no load by running at a frequency above resonance. On the other 
hand, such converters have higher device current that is relatively independent 
of the load. This leads to high conduction losses in semiconductor and reactive 
components, decreasing the efficiency, especially at light loads. 

LLC Resonant Converter 

LLC resonant converters introduce several advantages over other resonant 
converters. These converters require a relatively narrow variation of switching 
frequency to control the output voltage; can operate with a wide load range and 
ZVS could be achieved over the entire operating range. Moreover, the 
transformer leakage and magnetizing inductances can be utilised as the resonant 
elements of the power stage and, thus, they reduce the overall part count. In 
addition, the series resonant capacitor also provides DC blocking, favourable for 
an isolation transformer in the half-bridge configuration.  

The LLC converter has two resonant frequencies: Lr and Cr determine the 
higher resonant frequency, while lower resonant frequency is determined by Cr 
and the series inductance of Lp and Lr. The characteristics of the converter 
depend on the Lr/Lp inductor ratio. As Lr is reduced, the lower frequency needed 
at low voltage input decreases. In this case variations in the switching frequency 
within the  operating  range are  increased,  resulting  in  a  complicated  passive 
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Figure 4.10 Generalised resonant HB converter topology and different resonant tanks 

component design. On the other hand, larger Lr will raise the IGBT turn-off 
current, which increases switching losses. Since the load independent point 
(higher resonant frequency) is in the ZVS region, the converter could be 
designed to operate around this point [106]. High efficiency is achieved by the 
use of capacitive snubbers across the inverter transistors. The LLC converter 
does not require an LC output filter used in traditional hard-switching HB 
converters. Only the capacitor filter can be used, leading to a simpler secondary 
part. 

LCC Resonant Converter 

The series-parallel converter, also referred to as an LCC converter, aims at 
combining the advantages of the series and the parallel converters, at the same 
time reducing or eliminating their disadvantages. Similarly to the LLC, the LCC 
converter does not require an LC output filter used in a traditional hard-
switching HB converter. The transformer leakage inductance can be utilised as 
the resonant element Lr. 

The low resonant frequency is determined by a series resonant tank Lr and Cr 
while the high resonant frequency is determined by Lr and an equivalent 
capacitance of Cr and Cp in series. The behaviour is dependent on the Cr/Cp 
ratio. As Cp is reduced, the converter resembles a series converter and the upper 
frequency needed at light loads increases. On the other hand, with an increased 
Cp the converter resembles a parallel converter and the circulating current no 
longer decreases with the load [104].  

Unlike in the case of the LLC converter, the load independent point (lower 
resonant frequency) is in the ZCS region, while in the ZVS region (the higher 
resonant frequency) the converter is more sensitive to changes in the load. Only 
the operation above the upper resonance will be considered in the following as 
it is more desirable from the practical point of view since the ZVS is provided 
for the IGBTs, allowing the use of capacitive snubbers to reduce turn-off losses. 
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Simulation Results  

Design of resonant components is always a compromise between load power 
range, operating frequency, input voltage range, circulating energy in the 
resonant circuit, etc.  

From the efficiency point of view, the LLC converter is best to be operated 
at the upper resonant frequency. In this case both the circulating energy in the 
resonant network and the switching losses are low. Since this operating point 
can only be achieved for one given Uin and load power, the LLC resonant 
converter is usually designed around an upper resonant frequency for a full load 
and maximum Uin. With an increase in the load or a decrease in the input 
voltage, the switching frequency is decreased to keep the output voltage 
regulated. The LCC converter is usually designed around an upper resonant 
frequency for a full load and minimum Uin.  

The values of the resonant tank components of both converters are selected 
so that their switching frequency range is similar and relatively narrow 
(3…4 kHz) and the isolation transformer turns ratio is the same. The main 
parameters of the analysed  converters are listed in Table 4.3. The input voltage  

Table 4.3 Main parameters of the compared converters  

Converter fsw, kHz Ns/Np 
Cr 

(µF) 
Cp 

(µF) 
Lr 

(mH) 
Lp 

(mH) 
Lf 

(mH) 
Cf 

(mF) 
LLC 2.9…3.9 0.17 1.2 − 1.32 2.64 − 2.4 
LCC 3.0…3.9 0.17 2.2 1.8 2.87 − − 2.4 

     
  (a) (b) 

Figure 4.11 Simulated voltage and current waveforms of the TT IGBT module operating 
in LLC (a) and LCC (b) converters (Uin=3.2 kV; 30 kW load) 
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and load power range as well as the output voltage values are the same as for 
the hard-switched converter. Both converters are able to operate with ZVS 
within desired conditions. The simulated waveforms of LLC and LCC 
converters under nominal conditions are shown in Figure 4.11. According to 
simulations, the turn-off current of the IGBT as well as the peak current of the 
rectifier diodes is essentially higher in the LCC converter.  

Despite operating with higher switching frequency than the hard-switched 
converter, the resonant LLC converter is able to provide essential reduction of 
inverter losses, since turn-off losses of the main switches can be reduced by the 
help of lossless capacitive snubbers. On the other hand, the LCC converter has 
higher power losses with a similar regulation frequency range and requires 
additional adjustments to Cr/Cp ratio in order to reduce switching losses. As a 
downside, this will result in a wider regulation frequency range, making passive 
component design more challenging [PAPER-IV]. 

4.4 Synchronous rectification 

General information 

The phase-shifted synchronous rectifier concept is a well-known method to 
reduce the ringing, increase the efficiency and achieve zero voltage switching 
(ZVS) of converter switches. The other advantages are the possibility of using 
non-dissipative capacitive snubbers in the inverter and constant frequency 
operation, allowing for simple control of the converter. Generally, these 
converters comprise a half- or a full-bridge inverter, a high-frequency 
transformer and a rectifier [107][108]. The rectifier part could be classified as: 
full-bridge, central-tapped and current-doubler [109]. The chapter will 
investigate the feasibility of the half-bridge topology with a full-bridge phase-
shifted synchronous rectifier with reverse blocking switches (Figure 4.12), as it 
requires the least modifications to the reference topology [PAPER-V] . 

 
Figure 4.12 Investigated half-bridge converter topology with controlled RB switches at 

the secondary side 
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In converters with a synchronous rectifier the output voltage is generally 
controlled by the varying delay time between the turn-on of the switches in the 
rectifier and the turn-on of the IGBTs in the inverter. At the beginning of each 
half-period, the transformer current will have the same direction as in the 
previous one and will only change it when the other switch pair in the rectifier 
turns on. Therefore, at the beginning of each half-period, the current will flow 
through the freewheeling diode of the IGBT module to be turned on next, 
allowing the ZVS of both inverter transistors. This switching algorithm allows 
non-dissipative capacitive snubbers to be used in the inverter and the inductive 
ones in the rectifier [PAPER-IV]. The disadvantage of such a control algorithm is 
the presence of intervals of energy return from the load to the power supply 
(time intervals of the opposite sign of the current and voltage of the primary 
transformer winding during the delay time). If the energy return is not possible, 
there will be an  increase  of the  input voltage of the inverter  and a deviation of  

 
Figure 4.13 Generalised operation principle of a converter with a phase-shifted active 

full-bridge rectifier using the modified control algorithm 
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the midpoint potential of the capacitor input voltage divider. Moreover, energy 
circulation corresponds to the generation of the reactive power, resulting in the 
reduction of the converter power factor and the efficiency due to increased 
conduction losses. In the case of high input voltage (large periods of energy 
return), the effects of these drawbacks could be inacceptable. One of the ways 
to reduce such effects is to increase the capacitance value of the input voltage 
divider, however, that leads to an increase in the dimensions and cost of the 
converter. 

Novel control method for a phase-shifted active full-bridge rectifier 

To overcome the disadvantages of a conventional phase-shifted synchronous 
rectifier, the control algorithm of the rectifier switches could be modified, at the 
same time keeping the advantages of the reference phase-shifted control 
algorithm. A similar concept for the full-bridge converter was first introduced 
in [110]. The proposed algorithm provides phase-shifted control together with 
practically no return of energy into the power supply. This is achieved by 
introducing two additional switching states of the rectifier switches. The idea of 
such an algorithm is presented in Figure 4.13. The following events during the 
switching half-period could be distinguished: 

 
  (a)  (d) 

 
  (b)  (e) 

 
  (c)  (f) 

Figure 4.14 Operation modes of the converter with a modified  
phase-shifted active rectifier 
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t0-t1 − Transistor TT and switches S1, S3 are conducting (Figure 4.14a). The 
voltage of the transformer primary winding is +Uin /2, and at the output, 
the voltage of the rectifier is +UTr-s. Switch S4 could be turned off with 
ZCS. 

t1-t2 − Transistor TT is turned off. The transformer voltage and Urect change their 
sign as the snubber capacitors are recharged (Figure 4.14b).  

t2-t3 − The snubber capacitors are recharged and the transformer primary voltage 
reaches -Uin /2. The freewheeling diode DB opens, starting the energy 
return interval and the transistor TB could be opened with ZVS from now 
on. The output voltage of the rectifier is now -UTr-s (Figure 4.14c). Until 
the moment t3 the processes do not differ from the corresponding ones in 
the conventional phase-shifted synchronous rectifier.  

t3-t4 – Switch S2 is now opened (Figure 4.14d). The voltage across the 
transformer secondary drops to zero and the transformer current decreases 
gradually, as the load current transfers from S1 to S2 with di/dt limited by 
the circuit equivalent inductance.  

t4-t5 – The energy return interval is over, the negative voltage -UTr-s is applied to 
the transformer secondary and switch S1 which can be turned off now 
with ZCS. Only small magnetising current is flowing through the 
transformer primary. The load current freewheels through S3, S2, Lf and 
the load (Figure 4.14e). 

t5-t6 – Switch S4 is opened (Figure 4.14f). The voltage across the transformer 
secondary drops to zero and the transformer and TB current increase 
gradually, as the load current transfers from S3 to S4 with di/dt limited by 
the circuit equivalent inductance. 

The processes are then repeated with the difference that the transistors and 
the primary side diodes replace each other, so do switches S1, S2 and 
S3, S4. 

The control of the output voltage can be achieved by varying the current 
freewheeling duration ts (time interval t3-t6). The energy return interval (time 
interval t2-t3) could be constant and should be kept as short as possible in order 
to maintain the high power factor and reduce conduction losses.  

Design considerations 

The current section will provide guidelines for the selection of the 
parameters for the experimental converter with the phase-shifted active full-
bridge rectifier (AFBR). In order to simplify the calculations it is assumed that 
the opponents are lossless, the input capacitors and the transformer magnetising 
inductance are large enough and therefore the input voltage ripple and 
magnetising current are neglectable. For the introduced modified control 
algorithm, six PWM channels are used. The inverted control signals of S1 and 
S2 are shifted by the ratio Dγ relative to the turn-off of inverter switches 
(Figure 4.15). The inverted control signals for S3 and S4 are shifted by the ratio 
Ds relative to S1 and S2.  Rectifier  channels  have  a constant duty cycle and the 
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  (a)  (b) 

Figure 4.15 Proposed operation principle of the half-bridge converter with the phase-
shifted active rectifier at maximal (a) and minimal (b) input voltages 

output voltage is regulated by varying the ratio Ds. The values of Dγ and Ds are 
defined as follows: 
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The active state duty cycle Da of the converter can be calculated by 
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The output voltage can be expressed by the following equation: 
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and the amplitude voltage across transformer secondary is 
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The average and maximum collector currents of inverter transistors are 
calculated by 
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where ΔIripple is the filter inductor Lf peak-to-peak current ripple. 
The inverter switches require a certain dead time td to recharge snubber 

capacitors to maintain the ZVS condition, hence the following expression must 
be satisfied: 
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According to this equation, the most demanding point is at minimum load 
and maximum input voltage.  

A certain time is required for the current of the rectifier switches to fall to 
zero during the natural commutation, therefore the rectifier switches should 
operate with a duty cycle higher than 0.5 to maintain the ZCS condition and 
exclude the situation when only one transistor in the rectifier is turned on. The 
additional time required can be equal for all the rectifier switches and is 
estimated from ttr2:  
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where LE is the equivalent inductance, which in this section is mainly 
represented by the leakage inductance of the transformer secondary winding. 

To estimate the parameters of the output filter inductor it is assumed that the 
current of the inductor is continuous: 
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where kL is the relative current ripple of the output filter inductor:  
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The capacitance of the output filter capacitor can be approximated as: 
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where ΔUout is the peak-to-peak output voltage ripple and kU is the relative 
voltage ripple. 
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The proposed control concept was simulated using PSIM software. As 
shown in Figure 4.16, the simulation results were in full accordance with the 
estimated waveforms. 
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  (a)  (b) 

Figure 4.16 Simulated voltage and current waveforms of the TT IGBT module (a); 
S1 (b) (Uin=3.2 kV; fsw=2 kHz, 30 kW load) 

Experimental verification 

To validate the proposed novel control algorithm for an AFBR, a small-scale 
prototype with the output power of 1 kW was assembled. Six independent 
PWM channels were used. Two channels with small dead time were used to 
drive IGBTs in the inverter and four channels were used to control the rectifier.  

As mentioned, rectifier switches should have reverse blocking capability. In 
the prototype MOSFETs with series connected diodes were used. These 
switches could be replaced by reverse-blocking IGBTs or fast thyristors for 
reduced power dissipation during the on-state. The main parameters and 
components are presented in Table 4.4.  

Table 4.4 Main parameters and components of the experimental prototype 

Parameter Symbol Value / Type 
Input voltage, V Uin 300…500 
Output voltage, V Uout 40 
Switching frequency, kHz fsw 10 
Transformer turns ratio Ns/Np 0.28 
Output filter capacitance, uF Cf 220 
Output filter inductance, mH Lf 1.5 
Inverter switch TT, TB BSM75GB120DLC 
Rectifier switch 

S1-S4 
IXFX 48N60P 

Rectifier diode ON MBR40250 
Output power, W Pout 1000 
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  (a)  (b) 

Figure 4.17 Experimental voltage and current waveforms of the TT IGBT module (a); 
S1 transistor (b) (Uin=350 V; fsw=10 kHz, 800 W load) 

During the first tests the converter was operating without snubbers and only 
junction capacitances of the IGBT modules were responsible for reduction in 
turn-off losses. As shown, the experimental waveforms presented in Figure 4.17 
completely correspond to the estimated waveforms. Since the application of 
capacitive snubbers allows turn-off losses of the inverter IGBTs to be further 
reduced, the operation of the experimental prototype was tested with different 
snubber capacitors. The power losses without a snubber could be estimated 
using Equation 3.2.34. The required capacitance value could be roughly 
estimated by [111]: 
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where tf is the interval starting from when collector current falls from 90% to 
10% of the turned-off current (Figure 3.12). 

The IGBT turn-off losses with a snubber capacitor assuming linear current 
and voltage slopes can be calculated by  
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The experimental waveforms are shown in Figure 4.18. As it could be 
observed, with the application of a snubber, the dUCE/dt is reduced to 500 A/µs 
with a 10 nF snubber  capacitor and to 330 A/µs with a 22 nF snubber  capacitor  
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 (a) 

 
 (b) 

 
 (c) 

Figure 4.18 Experimental turn-off waveforms of the TT IGBT module: no snubber (a), 
10nF snubber (b) and 22nF snubber (c) (Uin=500 V; fsw=10 kHz, 1000 W load) 

from 2000 A/µs in the case of turn-off without snubber. By the use of a snubber 
the duration of the tail current remained approximately the same, but its 
amplitude increased, since the voltage applied to drive out the remained charge 
carriers from the drift region was lowered. The turn-off loss reduction with a 
snubber connected is substantially lower than that estimated from the theoretical 
equations due to the tail current increase with a lower dUCE/dt. Nevertheless, 
even with a 10 nF snubber, the total  turn-off losses  were  significantly  reduced  
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Figure 4.19 Turn-off energy losses of the TT IGBT module with different 

snubber capacitors 

(by 30-35%) in comparison to turn-off without a snubber and roughly by 50% 
from the losses expected during hard-switched turn-off (Figure 4.19). However, 
in terms of energy losses the effect of using a larger snubber capacitor becomes 
less obvious, especially at lower voltages.  

The reduction in the IGBT turn-off power loss by help of capacitive 
snubbers has been reported to be dependent on the IGBT technology and the 
junction temperature. Typically, it is lower than expected from theoretical 
estimations due to increased current tail duration and should be experimentally 
estimated for every particular application to obtain a precise result. A 50% 
reduction of turn-off losses of soft-switched 6.5 kV FS- and SPT-IGBTs is 
reported in [122]. Similar results were obtained with a range of IGBTs with 
different blocking voltages [111][123][124][126]. Hence, the approximate 
average reduction of 50% is considered reasonable. 

4.5 Parallel connection of a HV IGBT and an IGCT 

Overview 

As mentioned previously, during the design process the power 
semiconductor devices could be optimised either to have superior switching 
performance or on-state characteristics. Presently most manufacturers offer 
several versions of devices optimised for different applications. For high current 
applications with low switching frequency the devices with low conduction loss 
are the most feasible option. In fact, in the following generation of IGBTs, the 
balance between switching losses and conduction losses will increasingly move 
towards lower on-state voltage drop (conduction losses) [102]. On the contrary, 
fast switching converters require devices optimised for lower switching losses. 
The appearance of IGCTs and HV IGBTs on the market has encouraged the 
development of high power hard switching converters for industrial and traction 
applications. HV IGBTs (>3.3 kV) typically have higher conduction losses than 
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the IGCTs generally used in higher-power applications. These devices feature 
better thermal handling capability thanks to the press-pack housing type where 
double-side cooling is possible. Unfortunately, due to the structure of the 
thyristor, the di/dt cannot be controlled during the turn-on of the IGCT; 
therefore a small clamp circuit is required to limit the di/dt of the freewheeling 
diodes during turn-off, in order to keep it within the SOA. 

Different approaches have been introduced to achieve improved 
performance of semiconductor switches. The goal was to combine the 
controllable and fast switching characteristics of IGBTs with the superior on-
state characteristics of thyristors. A wide range of devices, like MCT (MOS-
Controlled Thyristor), DG-EST (Dual-Gate Emitter Switched Thyristor), IEGT 
(Injection Enhanced Gate Transistor), etc. have been introduced. These are 
generally hybrid devices, combining different semiconductor structures. Very 
few of the proposed devices have been introduced into mass production mainly 
due to current sharing problems, small SOA complex driving requirements or 
difficult and expensive manufacturing technology [112].  

Alternatively, improved characteristics could be obtained by a parallel 
connection of commercially available semiconductors with different design 
optimisations [PAPER-VI], for example, 4.5 kV IGCT 5SHY35L4512 (ABB), 
optimised for low frequency operation with low on-state losses, and IGBT 
T0900EA45A (Westcode) with relatively low turn-off losses. Since both IGBT 
and IGCT type semiconductors are available in press-pack type housings, an 
easy connection of these devices in series by special cooling systems is 
possible. The rated permanent DC voltage for both semiconductor devices is 
2.8 kV. Using two- or three-level topologies, if necessary, this is sufficient to 
cope with the requirements of many traction and industrial applications with 
voltage ratings of 2.0-5.6 kV without the need of series connection of several 
semiconductors.  

  
  (a) (b) 

Figure 4.20 Proposed hybrid switch configuration (a) and operation circuit (b) 
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The idea is based on the integration of positive properties of gate-
commutated thyristors in terms of low turn-on and on-state power losses as well 
as high surge current capability and IGBTs with their relatively low losses 
during turn-off. This may allow creating high-voltage and high-current energy-
efficient switches with increased switching frequency, which could be 
advantageous in high-power (>500 KVA) industrial, marine and railway 
traction systems, such as (flexible alternating current transmission systems) 
FACTS and high power variable frequency AC drives. 

Operation principle 

As presented in Figure 4.20a, the proposed hybrid switch (HS) consists of a 
parallel connected asymmetrical press-pack IGCT and a press-pack IGBT with 
a FWD. In the following analysis, the HS is assumed to be operated in VSI 
circuits including a clamp circuit. The clamp circuit typically used in IGCT 
applications limits the surge reverse-recovery current of the turning-off 
freewheeling diodes and generally consists of a di/dt limiting inductor Li, a 
clamp capacitor CCL, a clamping diode DCL and a resistor RS (Figure 4.20b). In 
the case of a failure, the clamp inductance limits the short circuit current as 
well. The inductances LCL and LD represent the stray inductance of the clamp 
and the stray inductance between the IGCT and IGBT housings, respectively. 
The generalised operation principle is shown in Figure 4.21 and the following 
time intervals during the operation period can be distinguished: 

 
Figure 4.21 Generalised operation principle and switching waveforms of the 

proposed HS 
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t0 − the beginning of each switching period of PWM. The thyristor SA is 
turned on by the control signal, applying full load current. During this 
time the transistor is turned off.  

t0-t1 − freewheeling diode reverse-recovery process, duration and behaviour are 
dependent on the diode type and di/dt. 

t1-t2 − thyristor is conducting with low losses. The on-state voltage is 
determined by the voltage drop across the thyristor UT. 

t2  − the turn-off control impulse is applied to the thyristor and simultaneously 
the turn-on impulse is applied to the transistor SB.  

t2-t3 − as the turn-on behaviour of the IGBT is faster than the turn-off transient 
of the IGCT, the thyristor turn-off process occurs when the transistor is 
already in the on-state. The load current is distributed between both 
semiconductors.  

t3 − the SA returns to the blocking state, the full load current is applied to the 
transistor SB. Hence, the turn-off transient of the thyristor occurs when 
the voltage is limited to the voltage drop UCE(sat) across the conducting 
transistor SB. Moreover, during the current transfer to the transistor, the 
voltage across its terminals is limited to the voltage drop across the SA 
during the on-state. The required duration of the transistor on-state should 
not be shorter than the turn-off transient of the thyristor. 

t4  − the turn-off of the HS occurs by applying negative gate voltage to the 
transistor after the thyristor returns to the blocking state. The turn off 
transient of the HV IGBTs is generally 2…7 µs. After the transistor is 
switched off, the voltage across HS and all its components become equal 
to the supply voltage.  

In real conditions the minimal and maximal duty cycle of the HS could be 
limited by a number of factors, such as IGCT gate driver limitations or 
behaviour of the clamp circuit and a turn-off snubber (if used). The minimal off-
state time should be maintained to stay within SOA of the circuit’s components. 
The minimal on-state time of the HS is generally not limited since during an 
operation with duty cycles near zero, only the transistor of the HS could be 
used. 

Switching behaviour and analysis of losses 

To simulate the HS operation, the switching behaviour was modelled in 
PSpice software using idealised switch models. The equivalent diode model was 
used in the topology and the values of the clamp circuit were determined 
according to [113]. The simulations confirm the estimated behaviour of the 
proposed switch configuration. At turn-on the HS operates like an IGCT with 
the di/dt clamp. The on-state voltage is equal to the voltage drop across the 
thyristor during the on-state. At turn-off the transistor is turned on for a short 
period. During this hold-off period the turning-off thyristor current is 
transferred to the transistor, which is closed right after the thyristor current, 
becomes close to zero (Figure 4.22). 
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After the turn-on of the IGBT, the current distribution between the 
conducting IGBT and IGCT is mainly influenced by different characteristics of 
the semiconductors, temperature differences and asymmetrically distributed 
stray inductances in the circuit [114][115]. Assuming both semiconductors in 
the conducting state, the current sharing inside the HS, neglecting cell 
resistances and inductances, can be calculated by 
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Using Equation (4.4.1) the IGBT and IGCT currents could be obtained by 
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The turn-off losses of the IGCT may not be completely removed due to 
several factors. Firstly, for a large area device, such as the IGCT, a significant 
output capacitance must be charged in order to establish the depletion region to 
support voltage. Another factor is the free carriers which had not recombined, 
being swept from the junction. According to previous investigations, the IGCT 
switching losses at zero current switching can be reduced by about 35% at small 
hold-off times (5 μs) to about 95% at large hold-off times (30 μs) [116].  

 
Figure 4.22 Simulated turn-off behaviour of HS at IHS=750 A, Uin=2.8 kV 
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The task to be solved next is to estimate the power losses and performance 
of the proposed switch configuration with transistor- and thyristor-only 
counterparts at similar operation parameters. In the comparison, a variable 
switched current of 350 A < IHS < 900 A and Uin=2.8 kV is assumed. The total 
losses are calculated as the sum of conduction, turn-on and turn-off losses at the 
maximum junction temperature (125°C), using the datasheet values of the 
devices. Three commercially available 4.5 kV class devices are compared: 
asymmetric IGCT-5SHY35L4512 (optimised for low on-state losses), RC-
IGCT-5SHX26L4510 and IGBT-T0900EA45A (optimised for medium 
switching frequency). The losses in di/dt limiting turn-on snubbers are not 
considered in this section. 

According to simulations, the considered asymmetric IGCT is showing 
better dynamics for currents above 650 A, whereas the IGBT is performing 
better at lower currents (Figure 4.23). The proposed switch configuration is 
estimated to provide 2.3…2.8 times increased switching frequency in 
comparison to a single hard switched IGBT or an asymmetric IGCT with di/dt 
clamp circuit exhibiting the same power dissipation of 3 kW. Assuming the 
same switching frequency in the range of 250…1050 Hz and switch current of 
750 A, the IGBT performs better than the asymmetric IGCT at frequencies 
above 450 Hz, whereas the HS provides substantial (1.9…2 times) decrease in 
power losses in comparison to single semiconductors (Figure 4.24). In all 
simulations the reverse-conducting IGCT had 25-30% lower power losses than 
the IGBT. This difference is mainly due to the fact that the thyrisor is assumed 
to be operating with di/dt limiting turn-on snubber. If the snubber is used with 
both the IGBT and asymmetric IGCT devices, the turn-on losses would be 
similar. On the other hand, the turn-off losses of the IGBT may increase 
slightly [117]. 

In the simulations of losses, the minimum IGBT switching losses with a very 
small   gate   resistances   of  RG-on=4 Ω  and  RG-off=2.5 Ω  are assumed.  In   real 

 
Figure 4.23 Maximum switching frequency vs. current for different semiconductor 

configurations corresponding to 3 kW total power dissipation at Uin=2.8 kV, D=0.5 
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Figure 4.24 Switch power dissipation vs. switching frequency for different 

semiconductor configurations at IHS=750 A, Uin=2.8 kV, D=0.5 

industrial converters the IGBT gate units are adjusted to generate the desired 
di/dt and du/dt to avoid large voltage and current spikes during transients. 
However, the use of the gate resistor to control the di/dt results in substantially 
higher switching losses in IGBT [118]. 

Implementation of hybrid switches in the 3L-NPC inverter 

One of the applications, where the proposed approach may provide 
substantial benefits is the 3L-NPC inverter. The inverter to be analysed in this 
section is operating with a sinusoidal PWM strategy and has three different 
commutation states: P, O and N (Table 4.2). The output voltage can take three 
different levels (+ Uin /2; 0; −Uin/2) and the voltage stress of each switching 
device is limited to Uin /2. The main operation parameters are presented in 
Table 4.5. More detailed analysis of the topology and its control strategy is 
presented in [119]. 

During operation of the three-level inverter, the switching frequency of the 
inner switches S2 and S3 is equal to the output frequency fout, hence the 
switching losses of these switches are minor. IGCTs optimised for low on-state 
losses are an attractive option for these switches. On the contrary, the outer 
switches S1 and S4 operate at high frequency and switching losses represent a 
significant part of the total power dissipation, limiting the frequency of 
operation. Due to significantly lower losses during turn-off, the implementation 
of HS as outer switches could provide a significant increase in the overall 
inverter performance. The analysed inverter topology is presented in 
Figure 4.25. As shown, in contrast to the classical 3L-NPC topology with 
reverse-conducting IGCTs, the proposed optimised inverter features two 
additional IGBTs in parallel to outer switches. The goal is not only to achieve 
better power loss distribution, but in addition, to reduce the overall losses in the 
semiconductors. 
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The power losses in the classical 3L-NPC topology with reverse-conducting 
IGCTs-5SHX26L4510 are compared to those in the optimised inverter featuring 
ABB IGCTs-5SHY35L4512 and Westcode IGBTs-T0900EA45A (see 
Figure 4.26 and 4.27). It could be observed that power losses in the optimised 
inverter are more evenly distributed across semiconductor components. Similar 
properties are observed in three-level active NPC topologies [119][121], but in 
addition, the optimised inverter features 27% lower total power losses. The 
losses in the most stressed device are reduced by a factor of 2.25. If the 
topology is working in the rectifier mode with a low modulation index, then it is  

Table 4.5 Main operation parameters of the 3L-NPC inverter 

Parameter Value 
Supply voltage of the inverter, Uin  5.6 kV DC 
Rated power 1 MVA 
Switching frequency, fsw 750 Hz 
Output frequency, fout 50 Hz 
Maximum junction temperature of 
semiconductors, Tj(max) 

125°C 

 
Figure 4.25 Analysed 3L-NPC inverter topology 



94 
 

feasible to use hybrid switches as inner switches. This allows higher efficiency 
and/or increasing switching frequency to be achieved at the cost of increased 
complexity and semiconductor price.  

The control strategy shown in Figure 4.21 could be further extended to take 
into account total losses in the individual device and apply the control strategy 
in order to balance the power losses and junction temperature. For example, to 
reduce losses in SB1, some of the turn-off operations can be performed by 
switch SA1. Further improvement in the characteristics could be achieved by 
using modified IGBT modules with shifted balance to lower switching losses. 
As shown in [102] by additional irradiation of the standard HV IGBT, the turn-
off energy losses could be reduced by roughly 50 %, accepting double on-state 
losses. 

 
Figure 4.26 Loss distribution in the 3L-NPC inverter featuring ABB IGCTs-

5SHX26L4510 (PF=0.9, M=0.95) 

 
Figure 4.27 Loss distribution in the 3L-NPC inverter featuring ABB IGCTs-

5SHY35L4512 and Westcode IGBT-T0900EA45A (PF=0.9, M=0.95) 
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4.6 Generalisations 

The focus of the present chapter was on the investigation and verification of 
different performance improvement methods of the 6.5 kV IGBT based two-
level hard-switched DC/DC converter. During the research, a couple of 
prototypes were built to verify the theoretical assumptions.  

The estimated semiconductor power losses of different investigated 
converter topologies at fsw=2 kHz and at fsw=1...4 kHz are presented in 
Figure 4.28 and Figure 4.29, respectively. As it could be observed, the converter 
with a phase shifted active rectifier outperforms both the 3L-NPC and the two-  

 
Figure 4.28 Semiconductor power loss distribution of different investigated converters  

(fsw=2 kHz, Uin=4kV, 50 kW load) 

  

Figure 4.29 Semiconductor power losses vs. switching frequency of different 
investigated converters (Uin=4 kV, 50 kW load) 
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Table 4.6 Maximum switching frequency of different investigated converters assuming 
Tamb=60ºC and forced air cooling with Rthsa=0.013 K/W 

Topology 
Maximum frequency 

at 125ºC (kHz) 
2L Hard-switched 1.6 

3L-NPC 2 
ACS 2.5 

AFBR 4 
LLC 3...4 

 

level active clamped converters at frequencies above 2.5 Hz. The LLC resonant 
converter could provide even lower losses in semiconductors, however, in real 
systems the total power losses could be distinctly higher than the values 
presented due to the additional power dissipation of passive components. It 
should be mentioned that the maximum achievable switching frequency is 
different for the converters investigated due to power losses in the HV IGBTs. 
The values are presented in Table 5.2, assuming forced air cooling and other 
conditions listed in Table 3.6. The power loss estimations of the LLC converter 
and the converter with a phase-shifted active full-bridge rectifier consider a 
50% IGBT loss reduction during turn-off with the snubber capacitors.  

According to performed investigations, the following generalisations are 
made: 
• implementation of passive RC snubber is the simplest and effective way of 

damping the parasitic oscillations. On the other hand, since the transformer 
leakage energy is dissipated in the resistors, the overall efficiency of the 
converter is not increased.  

• The investigated ACS topology uses auxiliary switches during the 
freewheeling state to transfer the transformer leakage energy to the 
auxiliary capacitor, which is utilised during the next active state. The 
FWDs of the main switches never conduct and their voltage during turn-off 
is reduced to Uin /2, therefore the turn-off losses are reduced by 
approximately 50%. This allows the topology to operate at switching 
frequencies up to 2.5 kHz. The topology, however, requires one auxiliary 
HV capacitor and, more importantly, two additional switches having half 
of the blocking voltage of the main switches as well as associated control 
and protection systems. Increased HV component count and complexity 
will have a negative impact on the price of the converter. 

• The implementation of the 3L-NPC converter allows implementing lower 
voltage rated and significantly cheaper 3.3 kV IGBTs. The modified 
control algorithm provides the ZVS of inner switches over the whole range 
of operation conditions. Despite providing an increase in achievable 
maximum switching frequency, the topology suffers from uneven power 
loss distribution in the main switches. The most stressed device limits the 
maximum frequency of operation. At maximum output power the 
achievable recommended switching frequency is approximately 25% 
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higher than that of the two-level inverter with 6.5 kV IGBTs and its further 
increase is limited by the losses of outer transistors. 

• Implementation of resonant converters instead of the hard switching half-
bridge topologies seems to be an attractive way to improve the efficiency 
of the power converter. Both LLC and LCC converters can deliver low 
noise and ZVS of the inverter switches over the whole range of operation 
conditions. Despite providing advantages in terms of switching 
performance, the additional complexity of the resonant topologies, more 
complicated control and protection as well as possible reduction in 
robustness reliability may not overcome the advantages they bring.  

• The introduced modified control algorithm for the converter with an AFBR 
allows the ZVS of the inverter switches and the ZCS of the rectifier 
switches over the whole range of operation conditions. At the same time 
the parasitic oscillations after the turn-off of the inverter’s IGBTs are 
completely avoided. The leakage inductance of the transformer acts as the 
turn-on snubber for rectifier transistors and turn-off losses of the inverter 
transistors could be reduced using lossless capacitive snubbers. Unlike the 
resonant converter, the proposed solution has only minor modifications on 
the HV side, it does not require any additional bulky passive components 
or frequency-control algorithm, it features reduced energy circulation 
during the operation and provides the highest power loss reduction in the 
inverter. The operation of the converter was verified with the experimental 
prototype and the test results were in full accordance with the expected 
waveforms. Since presently the current capability of commercially 
available 1.2 kV RB-IGBTs is not high enough to make their 
implementation feasible in the given application, a worst-case scenario of a 
series connected IGBT and a diode is considered in power loss estimations. 
Fast thyristors or RB-IGBTs could provide around 50% reduced power 
dissipation in the rectifier. The required adjustments to the low-voltage 
side are estimated to have significantly lower impact on the final price than 
both resonant and auxiliary switch converters as well as provide higher 
benefits in terms of maximum switching frequency (up to 4 kHz) than the 
3L-NPC converter. 

• Using commercially available 4.5 kV IGBTs and IGCTs in press-pack 
housings it is possible to create energy efficient switches with decreased 
power losses. Despite having decreased maximum current capabilities in 
comparison with parallel connected identical transistors or thyristors and a 
higher price than single semiconductor switches, the proposed switch 
configuration could be beneficial in applications where higher switching 
frequencies are required or decreased cooling system requirements are 
essential. 
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5 FUTURE RESEARCH AND DEVELOPMENT: 
Alternative Methods for Power Density Improvement 
of High-Power DC/DC Converters 

5.1 High-performance cooling for power electronic converters 

The maximum junction temperature Tj(max) of power semiconductors 
(generally 125…175°C for IGBT modules) is provided by the manufacturer and 
has to be followed at any time of operation. The heat potential due to energy 
losses has to be dissipated by a cooling system, which may also be a 
constructional element (case, chassis etc.) [77]. A more detailed overview is 
presented in [125], while the most important aspects are presented in the 
following sections.

 
 

There are many ways to remove heat from a device, however, nearly all of 
them are based on the same common principle: to move heat away from the 
device to the ambient medium (in most cases air) by convection, conduction and 
radiation.  

With the drastically increased power dissipation of HV IGBTs only high-
performance cooling systems should be used in order to improve converter 
dimensions. The ability to dissipate heat greatly influences the overall converter 
design and to achieve a cost-optimised solution, all the electrical and thermal 
components should be considered carefully. Figure 5.1 demonstrates the heat 
transfer coefficient attainable with different cooling techniques [127]. 

 
Figure 5.1 Heat transfer coefficient attainable with different coolants  

and cooling methods 
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Estimation of parameters 

Since losses in semiconductors generally increase with temperature, it is 
recommended to keep it as low as possible in order to improve the efficiency of 
the power electronic system. Conduction losses for an actual operating 
temperature could be estimated by using on-state voltage UT0 and slope 
resistance rT characteristics at 25°C [68]: 
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where fV is a factor for the temperature dependency of UT0, and fR expresses the 
temperature dependency of on-resistance rT. The factors fV and fR depend on the 
device technology and blocking voltage (IGBT ≈ 0.76…1.56; FWD ≈ 1…1.73).  

Analogous to conduction losses, both IGBT and diode switching energies are 
assumed to depend linearly on the temperature according to 
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where C125°
swE  is the energy loss at 125°C; fT is the temperature coefficient 

(IGBT ≈ 1.32…1.6; FWD ≈ 2.28). 
The first approximation of the average junction temperature is obtained 

using the one-dimensional equivalent circuit and datasheet values of the device. 
However, if the semiconductor is operating with low duty cycle, at low 
frequency pulsed loads, the transient thermal impedance characteristics are used 
instead. The Foster network is the most popular model of a device’s transient 
thermal impedance [80]: 
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where Rthi is the thermal resistance of the i-th RC-pair,τi is the time constant of 
the i-th RC pair: τi=Ri·Ci and n is the number of the thermal time constants. 
These coefficients are often listed in the datasheet of the device. 

In the majority of cases, the focus of interest with respect to a periodic 
sequence of power pulses is the stationary temperature swing in the stationary 
condition. It can be derived from the general equation of the Foster network in 
an analytical expression [2]: 
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where Ppulse is the single pulse power dissipation, ton and toff are switch on-state 
and off-state times, respectively. 
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For pulse width low values, the Tj is lower since the thermal capacity of the 
die, solder and package sets different time constants on the rate at which Tj 
rises. Therefore, the thermal impedance is smaller at short pulse durations, 
explaining why the SOA is wider for short pulse widths. 

The disadvantage of such an analytical approach is that it is based on the 
one-dimensional thermal model. Hence, it is impossible to estimate the 
influence of heat sources on each other neither is it possible to estimate the 
impact of non-uniform temperature distribution along the heatsink. The three-
dimensional models created in computational fluid dynamics software could 
provide more precise results. In order to validate the precision of the model it is 
always recommended to compare simulation results with measurements or with 
the other models.  

Current state-of-the-art and trends 

A comparison of the thermal resistance layers in the IGBT module reveals 
that a copper baseplate is the greatest contributor (around 50%) to the overall 
thermal resistance from chip to case [2]. The recently introduced Semikron 
SKiiP module structure is without the baseplate. These modules are designed to 
be used typically with liquid cooling systems. A special mechanical pressure 
system is used to attach the DBC plate to the heatsink with no need of soldering.  

Thermal Interface Materials (TIMs) are widely used to provide a path with 
low thermal resistance between the heat generating devices and the heatsink. 
The case to heatsink thermal resistance Rthcs value depends on the 
semiconductor installation conditions. If not installed properly, an excessive 
thermal resistance or an early failure can occur. The Rthcs value depends on the 
thermal resistance value of the thermal interface material between the module 
and the heatsink. Thermal interface materials come in a wide variety of product 
types: thermal compounds (greases), thermal pads (films) or phase change 
materials (PCMs) and could be either electrically conducting or insulating. The 
thermal resistance of the TIM could be estimated by 

 tsct
thm

thcs RR
kA

L
R ++

⋅
= , (5.1.5) 

where kth is the thermal conductivity of the thermal interface material, L is the 
thickness of TIM, Am is the area of TIM’s layer, Rct and Rts are contact 
resistances of the TIM at the boundary with the two surfaces.  

In addition to traditional TIMs, alternatives, such as thermally conductive 
adhesives, polymer solder hybrids, and metal composites are increasing in use. 
Typical properties of different TIM solutions are presented in Figure 5.2. 
However, TIMs are still a bottleneck in many traditional thermal management 
systems, since thermally induced stresses that arise from differences in the 
coefficient of the thermal expansion of the various materials used can result in 
thermal grease pump-out or dry-out [128], causing a significant deterioration of 
thermal performance of the TIM. This barrier can be  eliminated  by  embedding 
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Figure 5.2 Comparison of typical characteristics of different TIMs 

the baseplate of the module with the cold plate with either macro- or 
microchannel structure. In this case coolant flow is in the direct contact with the 
baseplate. Investigations [129] show that this approach has the capability of 
reducing the thermal resistance between the semiconductor chip junction and 
the ambient by about 60%. However, it requires modification of the IGBT 
package. Therefore, such techniques are more expensive than standard module 
assembly configurations. 

If a series connection of semiconductors is necessary, the most suitable way 
is to stack the devices on top of each other, as it is well known from press-pack 
thyristors and diodes. This type of housing offers several advantages compared 
to modules, like a higher thermal and power cycling capability, easier series 
connection and explosion-free failure mode. In addition to thyristors, IGBTs in 
press-pack housings are commercially available as well. These modules have 
essentially increased current capabilities (Table 5.1) and are designed to replace 
GTO thyristors in pulse power industrial and transportation applications.  

The most widespread technology involving liquid to vapour phase change is 
heat pipe assisted cooling systems. The heat pipe is a passive system that 
combines the advantages of both phase change and thermal conductivity to 
achieve greatly increased heat transfer properties (5-200 kW/m·K) in 
comparison to solid metals (0.25-1.5 kW/m·K). Since heat pipes can serve only 
as heat conductors, they are integrated into other heatsink technologies to 
further increase their thermal  efficiency. The modern  heat pipe  assisted forced  

Table 5.1 Nominal current capability of IGBTs in different housings 

Collector-emitter voltage Module (ABB) Press-pack (Westcode) 

1.7 kV 2.4 kA 2.5 kA (in development) 

2.5 kV 1.2 kA 2.25 kA 

4.5 V 1.2 kA 2.4 kA 
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air cooling solutions designed by ThermacoreTM dissipating 6 kW of heat while 
maintaining more uniform temperature distribution along the mounting plate, 
occupying 27% less volume and consuming less air flow volume than 
traditional extruded heatsinks [130]. Another alternative for improving heatsink 
performance is to use flat heat pipes or heat chambers applied on the basis of 
the heatsink to provide more uniform temperature distribution along the surface.  

Further improvements in the performance can be achieved by active two-
phase cooling loops involving boiling. The evaporative coolant takes away heat 
losses by the use of latent heat when a liquid turns to vapour. Cooling can be 
direct (immersion, using dielectric fluids) or indirect (water containing liquids 
could be used) and can involve pool boiling, flow boiling, and jet impingement 
boiling. These cooling solutions offer impressive results [133]; however, such 
systems experience a significant effect of module load cycles, ambient 
conditions and component orientation on the performance. Aside from heat 
pipe-based cooling systems, two-phase cooling is not typically used for cooling 
power electronics at present. 

Generalisations 

An optimum power electronic system design requires many factors, such as 
size, noise, complexity, robustness, cost, and maintenance requirements, to be 
evaluated. Intelligent power management is required to achieve the desired 
result. As a result of increased heat dissipation from electronic devices, 
alternative methods of cooling, such as liquid cooling, are becoming more 
attractive. Considering the wide range of available cooling solutions, the 
following conclusions can be made [125]: 

• forced air cooling is generally the best option for <1 MW converters;  
• the performance of the natural or forced air systems could be improved 

by achieving more uniform temperature distribution by the help of 
integrating heat pipes or heat chambers while maintaining the positive 
properties of such systems; 

• for higher power applications, liquid cooling systems offer a wide range 
of new possibilities and could considerably improve the performance of 
the semiconductors;  

• despite showing better results, two-phase methods can have 
unpredictable performance depending on ambient conditions, are costly 
and harder to implement and control; 

• single-phase methods are simpler, more reliable and predictable. From 
single-phase systems, tube or fin designs are cost-effective, while jet 
impingement and microchannel show better performance; 

• future directions are increased application of liquid cooling systems as 
well as their further integration with semiconductor devices. 
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5.2 GaAs and SiC semiconductors 

Comparison of performance of different diodes 

As it was stated earlier, there is a growing trend towards semiconductors 
based on alternative or wide band gap materials, since the present 
semiconductor structures are close to the so-called "Silicon Design Limits". 
Five power diodes are tested to compare the performance of different 
semiconductors: two GaAs diodes DULM1506A and DUT1506; two fast 
recovery Si diodes - 30EPH06 and DHG20I600HA; and the SiC Schottky diode 
C3D20060D. The diodes are mounted on natural air-cooled heatsink and the 
diode test circuit used is based on the voltage fed quasi-Z-source inverter (qZSI) 
topology [132]. The main parameters of the tested diodes are presented in 
Table 5.2.  

During the operation, the reverse recovery current of the switching-off diode 
appears across MOSFET during its turn-on transient, increasing its losses. The 
number of tests made with DULM1506A diode was limited, since the current of 
this diode falls sharply at the end of the reverse recovery period (low snappiness 
factor). This enables stray circuit inductance to develop dangerous overvoltages 
across the device during turn-off. Comparing the performance of both GaAs 
diodes under similar conditions, it is seen that the voltage peak across soft-
recovery DUT1506 diode is around 50% lower than in the case of 
DULM1506A, as shown in Figure 5.3. 

According to the performed tests it was observed that the GaAs DUT1506 
diode behaves similarly to hyperfast Si diodes during the turn-off. The 
maximum reverse current of the SiC diode was 2…3 times lower than that of 
other diodes tested. This drastic reduction is due to the SiC diode only having to 
dissipate a small reverse recovery charge, which happens while the diode 
voltage is low. This charge in the SiC is extremely low and is the result of 
junction capacitance, not the stored charge [133]. 

As a result of the comparison, the current waveforms of diodes operating 
with a range of duty cycles were plotted on graphs shown in Figure 5.4. The 
reverse-recovery time increases with the increase in D for Si diodes, whereas 
for GaAs diodes, this time is generally independent of the D and remains at 
43 ns. 

Table 5.2 General parameters of the tested diodes at junction temperature of 175ºC. 

Diode Blocking voltage,V UF(MAX),V IF(AVG), A trec, ns 
C3D20060D 

600 

2.4 20 0 
30EPH06 1.75 30 28 
DHG 20 I 600 HA 2.2 20 40 
DULM1506A 1.5 15 30 
DUT1506 2.2 15 65 
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  (a) (b) 

Figure 5.3 Turn-off waveforms of GaAs diodes (D=0.16 and fsw=60kHz): DUT1506 (a) 
and DULM1506A (b) 

     
  (a) (b) 

Figure 5.4 Reverse recovery current at different MOSFET duty cycles (fsw=60 kHz): 
Si diode 30EPH06 (a) and GaAs diode DUT1506 (b) 

Generalisations 

Experimental results show that at low temperatures of operation, GaAs 
diodes seem to be a viable alternative to hyperfast Si ones. With the increase in 
Tj the implementation of GaAs diodes is estimated to be more beneficial in 
terms of reverse-recovery characteristics. 
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Abstract 
Research of Switching Properties and Performance Improvement Methods 
of High-Voltage IGBT based DC/DC Converters 

High reliability, reduced price and improved power capabilities of modern 
power semiconductors compared to those two decades ago have made power 
electronic converters feasible in a wide range of areas, such as residential, 
telecommunication, traction, industrial, aerospace applications.  

The topologies used in high-power conversion applications are mainly 
determined by the available ratings of the power semiconductor devices. With 
the emergence of modern high-voltage semiconductors, like insulated gate 
bipolar transistors, simple and robust topologies with a low number of 
semiconductor switches, became an attractive alternative to the complex 
systems implemented previously. Still, much is left to be desired in the 
characteristics of these semiconductor devices. One of the major challenges is 
related to rather high power losses, since relatively high price of high-voltage 
components enforces higher frequencies of operation to be used for smaller 
passive topology components. Associated efficiency, thermal management and 
power density limitations impose many difficult, multidisciplinary tasks and a 
compromise has to be found in order to obtain an optimal design. Therefore, 
investigation of the methods that allow losses in semiconductor elements to be 
reduced is of major importance. 

This PhD research presents an overview of the state-of-the-art high-voltage 
IGBT technology. Further, switching transients and power losses are analysed 
in order to estimate maximum operating frequency of high-voltage 
semiconductors operating in a converter case study. According to the performed 
analysis, different methods for improvements in the performance of the 
converter are proposed and evaluated. One of the proposed solutions is a 
converter controlled by an active rectifier with a novel control algorithm. It 
allows an operation frequency increase up to a factor of 2.5 in comparison to a 
reference converter, resulting in associated reduction of passive topology 
components. The analysis, methods and results obtained during the PhD 
research are applicable not only to the case study converter, but could be 
beneficial in other power electronic applications as well. 
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Kokkvõtte 
Kõrgepingelistel IGBT transistoridel põhinevate alalispingemuundurite 
lülitusomaduste ja jõudluse suurendamise meetodite uurimine 

Tänapäevaste pooljuhtseadeldiste kõrge kasutegur, madal hind ja parendatud 
väljundvõimsus on muutnud jõuelektroonilised muundurid majanduslikult 
tasuvaks sellisel laial kasutusalal nagu koduseadmed, telekommunikatsioon, 
transport, tööstus, lennundus jne. Suure võimsusega muundurseadmetes 
kasutatavad skeemilahendused on enamikul juhtudel määratud 
jõupooljuhtlülitite näitajatega. Moodsate kõrgepingeliste jõupooljuhtlülitite 
nagu isoleeritud paisuga bipolaarsete transistoride kasutuselevõtuga muutusid 
lihtsad ja robustsed, väheste lülitatavate elementidega skeemilahendused 
atraktiivseks alternatiiviks seni kasutatavatele keerulistele skeemitopoloogiatele. 
Kirjeldatavate uute jõupooljuhtlülitite juures on veel palju uurida. Üks nende 
põhiprobleemidest on seotud suure kaovõimsusega suure lülitussageduse korral. 
Suur lülitussagedus on vajalik skeemides kasutatavate passiivelementide 
mõõtmete vähendamiseks. Kaovõimsuse hajutamine, jahutusprobleemid ja 
võimsustiheduse tõstmine on keerulised multidistsiplinaarsed probleemid, mis 
eeldavad mitmete kompromisside tegemist saavutamaks optimaalset lahendust. 
Seega on väga oluline uurida võimalusi kadude vähendamiseks 
jõupooljuhtseadeldistes.  

Antud doktoritöö annab ülevaate kaasaegsest kõrgepingeliste isoleeritud 
paisuga bipolaarsete transistoride tehnoloogiast. Töös on uuritud ka antud 
pooljuhtlülitite lülitusprotsesse ning lülitussageduste piirväärtusi 
prototüüpmuunduri näitel. Analüüsi tulemuste põhjal on välja pakutud mitmeid 
erinevaid jõudluse suurendamise võimalusi. Üheks pakutud rakenduseks on 
uudse juhtalgoritmiga aktiivalaldi, mis võimaldab tõsta lülitussagedust kuni 2,5 
korda võrreldes seniste tehniliste lahendustega. Kõrgem lülitussagedus 
võimaldab omakorda tunduvalt vähendada kõigi seadmes kasutatavate 
passiivkomponentide mõõtmeid. Doktoritöös väljatoodud analüüsimeetodid ja 
katseliselt saadud tulemused on kasutatavad mitte ainult töös kirjeldatud 
seadmega, vaid on rakendatavad ka paljude teiste jõuelektroonikaseadmete 
väljatöötamisel. 
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[PAPER-IV]  Blinov, A.; Vinnikov, D.; Ivakhno, V.; "Study of performance 
improvement methods for 6.5 kV IGBT based two-level half-
bridge converters", Технiчна електродинамiка, pp. 56-62, 2011. 
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���������	�
�����
����
�
���������������
����������������������������������������������������������������������������� �

�� !"#� !$#�%&'(�)��*+,+"-+.(�/0+�1*++20++,&3'�.&4.+-�41�50+�6"&3�-2&570+-�743.8759�7*+"5&3'�50+�:;<�743.&5&43(�=42+>+*9�50+*+�"*+�-+>+*",�.*"2$"7?-(�%&*-5,@9�50+�,+"?"'+�&3.875"37+�-048,.�$+�,"*'+�+348'0�14*�50+�1*++20++,&3'�78**+35�54�6"&35"&39�+-A+7&",,@�"5�,42�.85@�7@7,+-(�<+743.,@9�50+*+�&-�0&'0�743.875&43�,4--�&3�"8B&,&"*@�-2&570+-(��/4�4>+*746+�.&-".>"35"'+-�41�50+�"75&>+C7,"6A�-38$$+*9�"�64.&1&+.�6+504.�&-�&35*4.87+.�&3�DEF�!%&'(��#(�G3-5+".�41�7&*78,"5&3'9�50+�5*"3-14*6+*�,+"?"'+�+3+*'@�&-�5*"3-1+**+.�54�50+�"8B&,&"*@�7"A"7&54*9�20&70�",-4�$,47?-�50+�HI�746A43+35�">4&.&3'�-"58*"5&43�41�50+�5*"3-14*6+*(�<&37+�50+�+3+*'@�5*"3-1+*�"774835-�14*�"�-6",,�A"*5�41�50+�-2&570&3'�A+*&4.9�50+�743.875&43�+3+*'@�,4--�41�50+�"8B&,&"*@�-2&570+-�&-�6&3&6&-+.(�/0+�A*&6"*@�-2&570+-�"*+�-5&,,�0"*.�-2&570+.9�042+>+*�50+�>4,5"'+�-5*+--�&-�*+.87+.�54�JKLM�.8*&3'�58*3C411�5*"3-&+359�,+".&3'�54�*+.87+.�,4--+-(�/0+�1*++20++,&3'�.&4.+-�41�50+�6"&3�-2&570+-�3+>+*�743.875�"3.�50+�"8B&,&"*@�-2&570+-�NOPQ��"3.�NOPQ��58*3�43�2&50�:;<�"3.�58*3�411�2&50�:I<�!R+*4�78**+35�-2&570&3'#(�/0+�+3+*'@�5*"3-1+*�A+*&4.�54�50+�7"A"7&54*�&-�+-5&6"5+.�$@�� SM TUVW V XYV ZZ[\ 9� !]#�20+*+�VSM�&-�50+�43C-5"5+�5&6+�41�50+�-2&570+-(�
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W�X�C+##5�H7975�fD"644%&�9'&-6',$d�C1%+&25� @%$'I"� h� 8))*'-!,'+"5f� CG�8))*'-!,'+"�;+,%d�D>cHONN5�B!2�ae7�WRX�]+"I�B!+K�D+"Ii6!"�@%"IK�846(j!1+6i5�Y7K�̂ !,!&$%15�G7K�5�b8-,'.%(-*!3)�$"644%&$�0+&�'$+*!,%#�1!*0(4&'#I%�@9(@9�-+".%&,%&$5b� H+/%&� ?*%-,&+"'-$5� G???�C&!"$!-,'+"$5�.+*7�N5�"+7�5�))7�O�aP(�OeN�5�;+.7��NNS7��WTX�k+$1'#!*5�:7K�B!%+Z!5�C7K�G$1''5�C7K�]!"#!65�]7K�;'"+3'2!5�C7Kb8�"+.%*�l%&+(.+*,!I%($/',-1%#�1!*0(4&'#I%�-+".%&,%&�/',1�!-,'.%�-6&&%",(-*!3)%#�,&!"$0+&3%&5b�H+/%&�?*%-,&+"'-$�D)%-'!*'$,$�9+"0%&%"-%5�Oaa�7�H?D9�̀a��J%-+&#75��R,1�8""6!*�G???�5�.+*7O5�))7�e�(�eR�.+*7O5��e(�R�Y6"�Oaa��WaX� mnopqrns� t7u75� uqoqvwoxn�y7z75{w|wowoxn�}7~75��snrnv��y7z7�{�q��po�� �wrw�snr�sqp�� ���nsn�n�r��n|n�n�vx�q��d��qsp7�unv��o�x\�q�rw�7�t7u7mnopqrnsq7�(��qrx�sd�������u~�5��NNR7�(�Oa��v7�WONX�̂!,!&$%15�G7K�>'65�J7K�<&,'l(9+"#%5�87K�k!-+645�87K�D'&'5�:7K�5�bD,%!#2�$,!,%�!"!*2$'$�!"#�)%&0+&3!"-%�-1!&!-,%&'$,'-$�+0�,1%�>>9(,2)%�)!&!**%*�&%$+"!",�-+".%&,%&5b�H+/%&�?*%-,&+"'-$�D)%-'!*'$,$�9+"0%&%"-%5�H?D9�̀aP�J%-+&#75��S,1�8""6!*�G???�5�))7SaR(�N��.+*7O5��N(�S�Y6"�OaaP�WOOX�9!.!*-!",%5�E7D7�b]'I1�<6,)6,�[+*,!I%�D%&'%$(H!&!**%*�J%$+"!",�@9(@9�9+".%&,%&�0+&�B%#'-!*��(J!2�G3!I'"I�8))*'-!,'+"$5b�@7$-7�,1%$'$5�))7���(eT5��NN�7�WO�X�?&'-Z$+"5�J7=75�B!Z$'3+.'-5�@75�bE6"#!3%",!*$�+0�H+/%&�?*%-,&+"'-$5b�D%-+"#� ?#','+"5� :*6/%&� 8-!#%3'-�H64*'$1%&$5�))7�RNS(RS�5��NNP7�WOeX� J+4%&,� >7� D,%'I%&/!*#5� b8�9+3)!&'$+"� +0� ]!*0(4&'#I%� &%$+"!",�-+".%&,%&�,+)+*+I'%$5�b�G???�C&!"$!-,'+"$�+"�H+/%&�?*%-,&+"'-$5�[+*7�e5�;+7��5�8)&'*�OaTT7��



 



153 
 

 
 
 
 
 
 
 
 
 
 
 
 

[PAPER-V]  Blinov, A.; Ivakhno, V.; Zamaruev, V.; Vinnikov, D.; Husev, O. 
"A Novel High-Voltage Half-Bridge Converter with Phase-Shifted 
Active Rectifier", IEEE International Conference on Industrial 
technology, ICIT’2012, pp. 967-970, 19-21 March 2012. 

 



 



���������	
��
����
���������	�
�������������	�����������	��������	�������	�	���������	���	������
��������� ��!���"��
���������#����$��"��%�	��	�
	��	!�����&��!�������$������'���	���(�	����	������'�������
���)����	�*�"���	�����'����	����(�	����	���+,���!	�����������	���� ���	�$���-�(!��	��������	./�	���0	���.��
���123456748�9:;�:<=>?@ABCD;�EFGH;AI;A�JBI:�K:<L;?L:B>I;C�<EIBH;�A;EIB>B;A�<==FJL�ML�IF�<HFBC�CA<J@<ENL�F>�I:;�IA<CBIBFG<=�:<AC?LJBIE:;C�:<=>?@ABCD;�EFGH;AI;A�JBI:�<�CBFC;�A;EIB>B;AO�LME:�<L�:BD:�L;PBEFGCMEIFA�=FLL;L�<GC�K<A<LBIBE�FLEB==<IBFGL�BG�I:;�BGH;AI;AQ�9:BL�K<K;A�BGIAFCME;L�<�GFH;=�BPKAFH;C�EFGIAF=�<=DFABI:P�>FA�<�>M==?@ABCD;�K:<L;?L:B>I;C�<EIBH;�A;EIB>B;AO�<==FJBGD�A;CMEIBFG�F>�I:;�;G;ADR�EBAEM=<IBFG�CMABGD�BIL�FK;A<IBFGQ�9:;�<CH<GI<D;L�F>�I:;�<=DFABI:P�<A;�H;AB>B;C�JBI:�<�LP<==?LE<=;�EFGH;AI;A�KAFIFIRK;Q�9:;�;SK;ABP;GI<=�A;LM=IL�J;A;�>FMGC�BG�>M==�<EEFAC<GE;�JBI:�;SK;EI;C�J<H;>FAPLQ��  .�  �'�&%(�' &���	�T����������	����������������/���������������/�	�
�������
����$����	���������	����$�����������������	��������������������������	��������	�	�������/��$����	���	
�������
���TT�	���	�����$��������	�����������	����	�����������
�	�������
�����"."UV.W�!
������$�T$��T���������WXYW�!Z������	�T��������	
�������
�� [�'����$����\�].�'����������
���������������������������������$�/������T��������T��������
�����	��	�����	������T�	��������������������	���������	�T�	�	��������������������
��	���.��	�������������	������	����	���������	�������T���
�������������	�������	���������������	
�������
�� [�'��������	���	�
����������$���/����������	
�.�'���������������������	���������$���������	���	�
����̂$���������������"�!�_��$�������������	��$��.�Z	����$��������	����������������	������̂$���������T���	������T�������������	
�	�	������	����	��������T�	��.�`��������������������	������$�����������$����	����T����	�	�����	����	�������$�����$����/������T�����������T����	�	����T��	�	�������	��$��	����	��$	��������������	�������� [�'����$�����T��	�����������������������������!�
��	��$������.�'���������/��!���	
��	
���������������	�����	
�����������	�T���������T���������������$�����T���
���T������/����	���$���	
�	�	�����	��������	��	������T��a	���������$��	���������	�/	�	��.�����	�$���������	�����	
��	����\"]�������������������
����	������
��������	��/����T�	����b�	��	T��	�����$//��������	�������T	�
�������������T���
	������.c�������T���
���	�����T�������	��������	�������	�	���	������������������T���	�	�
�����	�����.��'�	��T�T������$�����������������	�������	����T���
������	����$�������T�	�	_��	���/��	�����$�	�
����	�T����������������
��	�������	���	�T����������T����������������������������.�'���	�T��������	������������
��	����	�������	/��������������������������������aT��	�������T������T�.�

�  .� ����)��� d')%��e����&�&(���)�' d )��'���T�������	��������������$������	�	��������T��	���������!������������������$��������	�
	�
��	���������������	�	������������	����#
��b_���������
����	���	�
c����������������	�����.�'����������������
������������	������������	��$���	�
�����
������������������̂$������T����	���������	�
������	�T���������������������������.�[������������������������������T�	�����������������$���/�	�
��	������������	
�����̂$���������������������������	�	���\f�V].�'�������	�	���T������$���/�������	�	������\Y]g�h�d$���/�	�
��h�����������TT���h��$��������$/����'���T�T����	���	�����	
������������	/	�	���������������/�	�
����T���
���	������$���/�	�
��T�������	��������������$������	�	����	�����������/���!	�
���	������bd	
.��c�����	����̂$	�����������������	�	���	�����������������������T���
�.� ����	����T���
������	����������	�������T�������	���������������$������������W.VY�������	���������	��$	�����������$�T$�������
��	�������������/����������	�
��������	���/������������$���������������	������	����������	�	������������$������������� [�'��	������	�������.��������/�
	��	�
��������������T��	���������������������$�������	������������������	����	������	������T���	�$�����������	������������
��	�������������������	����T�	��	����������	�	����$������.�'�����������������/�
	��	�
��������������T��	��������$�������	������������$
���������������	�
��	����������� [�'����$������/���$����������a��������	�
�����#
�����/����	�������������	�����.�'�����	���	�
��	�
����	��T���������	��d	
.�Y.�'�	����	���	�
���
��	�����������$�	�
������	��	T��	�����T��	�	�����$//����	������	����������������	��$��	��������	����������	�	��.�'��	�������	��T���������/���������������������!�
��	��$�������\"].�
�d	
.��.�� �����	
����������/�	�
�������������	��$	���	����������������	������������������������	��.�

ijk lmln�opqorstuvuwxsyuzyw{u{|v{|}yv~zz��{zv{�����



�������������	
�����
	�	�
������
�����	������
�����	�����	�������
��
���	����
	������������������
	����������� ����� �! """"""�#�������$ �#��$"% "�"#"$ "� &'" "
�

������(���)��������
��	
�����
	�	�
������
�����	�����	�������
��
���	����
	������������������
	������� �� *�+� �� *�+� �� *
+�

�� *�+�
�� ,��� ,�-. /0-1 �� �#�$-2.-2. �� 34 -4 &'" �� *�+������5���6����	����7���
����	���
�����	�����	����7�����������
��
���	����
	������������������
	�������8

�������	��������9�	�����
�����	�������	���
�����	���
��	����������	�7��
�	������
��
�������	�����
���������:���	�������7�	��������	��	���������
����:�*	�7����	�����
����	�������
�	��
�������	���
�����	��������	�������	������7��:�	���
���7������������������	�������:�	�7�+��;��	��������:���	�����
���	���

�����	������������������
���
�����	�������	����	�������	��������	��������������	�������	���7������	���	��	�������	���
���
�	�������	����	���������������
������
	
�
����������
����:���
���
����	���
���
�	��
�����	�������	����	�������������6��	����	��������9�	��	�����
�	�������
���
�����	�����7��
���
�����
�
	����	���
�����	����)�������9������:�
��
���	����
����
����
�	��	���������	�������	������
	���������9���
��	�������	�������
	�������	���
�����	�����������
	�������	�������
���
:�����	����
���
���
����
	������

�
��;��	���
�
��������������	����	����*������������
���������:���	���+9�	�������
	
����	��
��������
<
�
�����������

��	������;;;�� =6>?@�A6=BC6@�)?BD6E�6��8�FD8�?��D;�B?E�8AB;>?�C?AB;�;?C�B������
�7��	�����
�����	���
������
�����	���������
��
���	����
	������
	�����9�	���
��	����������	�7����	�����
	������
��	
��
�
��������7�������9��	�	���
�7��	�7��<�������	��������	���
����	����������
�����
��
���	���
��	����������	�7��8�
�7�����
��
��	�����	���������������
�����	�����
����
	�:���	����
������GHI��B��������
���������	�7��������
����
��
���	���
��	����	���	������	�����
	�
���:������	������������:���	��	���������
����:��B��
��
��
��������:���	����
����	�������	������
��	
�����
	�	�
����	�����
	������
��	
��
��B�����������
�
�����������	�7��
����
��	�����������(��B�����������������	
��������	���
��	
�����������������
����������
	�����
���J�KLMKN�O�	���
�
	���BB�����
��	
��
��P9��(�����
����
	����*�����5�+��B������	�������	���	���
���7������7��:����������
�QRSTUV9������	�	�����	��	9�	������	�������	�����
	�������
�QRWXK��KNMKV�O�	���
�
	���BB��
�	�����������B���	���
���7������	��������RWXK�
������	�����
�����
�	���
�������
���
�	��
�������
�������*�����5�+���YZ[



����������	�
��

	�����������
���	��	�����	��������	�����
����	����������������	��	���	
��������� �	���		!�		���������	�"#���	�
$�
����������	�	�	�����	��������	������ �	��������������	������	��	�����	���
���!���%&��'(����)�*��+�������	����	��������	�����	

	
������������	���������	�����	
����������	
������	�����	�����������
	,
����	��
���������
��	�����	�������-�.�
!�����/0��
���!����
	������/1��
���	�	��'(����)�*�� �	����������	�����		!�		�
���������/2$�/1$�34�������	������� �	�	�	�����	��������	������
���	�$���	��	�����	�������	�',��%&�*��
������	�����
!�����/0������
�����	������!����56/�� �	�78# � #�������
	���	�	��!����59/�����������
��	�������-�.��
!�����/)��
���	�	��'(����)	*�������
�:��:���
������	��
����	�����
����	���	�;��	����������	�� ���
�
���� #�����
!����	
�/1$�/)���	������������� �	�������	������	�����
����	����������!��������
�<�����$����������	��������������	������	��	�����	���
�<�%&��� �	�����	

	
���	���	���	�	��	��!������	�����	�	��	��������	�����
�
����������	���������
��	�����	
��	����	�	�������	�$�
�����
!����	
�/0$�/1�����/2$�/)�� �	��������������	��������������	��
�����	�	��
��������������	�����		!�		��������������'���	����	�������,�-*�� �	�	�	�����	��������	�����'���	����	�������,��*��	=���	������	�����	�
��

	�����������
�������
	����
���������
������
	�;	����
�
������
���

�
�	�������	���������������������!	��������������	���	��������������

	
��� �	������
	��������������	���!�
�
������	���
����>/7?�
���!��	�� �	�
���������������	�	�
���	�
	�	��	������������	
	��	����� �
�	�7��@
�
��!�����(����A$���	�
�����������	
���
�!	�	������������������	�!����	
�����	��!��	����
��79�� BC>BD7?BE @F�9BD7(76@ 7GE�G(� HB�>H@/B,/H7( B"�@6 79B�DB6 7(7BD�7�����	���������	�	�����	���������	��������	��������������������'(����2*�������	�	I�	���	���������,
����	�����	��	��!������	����
	,
����	�������	��	�����	�$�
�I����	�	��	���>J?������	�
�!	�	��
	��� !�������	�
�!����
������	������	�!	�	��
	���������	�78# 
������	����	��	��'(����A*��(���������	�
�!	�	��
	���������������	��	�����	��� �	����	��	����������
�����
����/0�����/1���	�
����	��
����	�������K�	�����	����������,����������	��	��
!����	
�'(����L*�� �	����	��	����������
�����
�����/2�����/)���	�
����	��
����	�������MN��	�����	������/0�����/1��@��������	�
����	������
��������������	O���	����	��	��
!����	
���	���	�!����M�PQ�)A$�!���	���	��	�����	��
!����	
���	���	�!����MRPQ�A0������������	�
���������!�	���������	�����
�
���������	��	�����	���
�����	������ �	��������������	��
��	�����	��
������������	�������MNS� �	�����	
����K�����MN���	��
����	���
������!
O�� T�� 12UVK �� '0*�� T��MN 2)UV �� '1*� �	��������������	�����
	�	I��	

	��
����	������!����	=������O�

WXWWYWW Z[\\]
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