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The objective of this master’s thesis is to investigate the loss behavior of three-level ANPC
inverter and compare it with conventional NPC inverter. The both inverters are controlled
with mature space vector modulation strategy. In order to provide the comparison both
accurate and detailed enough NPC and ANPC simulation models should be obtained.

The similar control model of SVM is utilized for both NPC and ANPC inverter models. The
principles of control algorithms, the structure and description of models are clarified. The
power loss calculation model is based on practical calculation approaches with certain
assumptions. The comparison between NPC and ANPC topologies is presented based on
results obtained for each semiconductor device, their switching and conduction losses and
efficiency of the inverters.

Alternative switching states of ANPC topology allow distributing losses among the switches
more evenly, than in NPC inverter. Obviously, the losses of a switching device depend on its
position in the topology. Losses distribution among the components in ANPC topology
allows reducing the stress on certain switches, thus losses are equally distributed among the
semiconductors, however the efficiency of the inverters is the same.

As a new contribution to earlier studies, the obtained models of SVM control, NPC and
ANPC inverters have been built. Thus, this thesis can be used in further more complicated
modelling of full-power converters for modern multi-megawatt wind energy conversion
systems.
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LIST OF SYMBOLS

Roman letters

E Energy [J]

f Frequency [Hz]

i Current [A]

k Number of base vectors in a sector [-]
L Inductance [H]

m Number of phases [-], Modulation index [-]
N Number of switching states [-]

n Number of voltage levels [-]

P Power loss [W]
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T, t Time period [s], Switching duration [s]
U Voltage [V]
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Greek letters

a Phase angle of voltage vector [rad]
9 Junction temperature [°C]
Subscripts

av Average value

0 Initial, Default value
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CE Collector-emitter

com Commutation

C. cond Conducting, conduction

d Delay, Discretization

DC Direct Current, DC-link parameter
D Diode parameter

f Fall, Fundamental

i Current parameter
IGBT IGBT parameter

in Inner



LL Line-to-line

load Load parameter
loss Losses

min Minimum

n Nominal,

npc Neutral Point Clamped
off Turn-off state

0, on Turn-on state

out Outer

ph Phase

r Rise

rated Rated value

rec Recovery

ref Reference

RMS Root Mean Square
sec Sector

sw Switching

s Sampling

tol Tolerance

v Voltage parameter
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S Switch

SVM Space Vector Modulation

THD Total Harmonic Distortion
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WECS Wind Energy Conversion System
WTG Wind Turbine Generator
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1 INTRODUCTION

Nowadays the amount of installed variable speed wind turbines (VSWT) increased, since
the importance of power electronics converters (PECs) performance also becomes crucial,
as PEC provides an interface between wind turbine generator (WTG) and the electrical
grid. In general, the performance of PEC is widely discussed in literature from two points
of view, which are the efficiency of the converter and the quality of output voltages and
currents. These issues become vital for PECs, as the share of energy produced by wind
energy conversion systems (WECS) increases worldwide annually. So, mature and
extensively used two-level topology converters dominating on the market are replaced by
the converters with multi-level (ML) including three-level topology with better
performance. The performance of the three-level inverter as an integral part of the three-
level converter is investigated in this work. As a new contribution to earlier studies, both
simulation models of three-level active neutral point clamped (ANPC) and neutral-point
clamped (NPC) inverters are presented in this study, combined with space vector
modulation (SVM) strategy and simulations in order to adequately assert and compare their

efficiencies.

Thus, the objective of this thesis is to design a simulation model of three-level (ANPC)
inverter with a space vector pulse-width modulation (SVPWM) control module in order to
compare its performance with neutral-point clamped (NPC) inverter. So, a simulation

model of NPC inverter should be also designed.

In general, the thesis comprises four parts with summary and conclusions. The first part is
devoted to frequency converters utilized in wind energy conversion systems, different
topologies of available medium-voltage inverters and their switching devices. In addition,

NPC and ANPC topologies are investigated here in details.



Power losses occurring in semiconductor devices of the inverter are discussed in the second
part of the thesis. The nature of switching and conduction losses of these components is

investigated here. In addition, methods for losses calculation are also presented in this part.

In the third part of the thesis available modulation strategies are discussed. Attention is
mostly focused on the space-vector modulation (SVM) principle, as exactly this method is

used in simulation models.

In the fourth part simulation models are described as well as obtained results are presented.
The implementation of the utilized SVM principle and techniques of efficiency calculation
are also presented here. The obtained voltage and current curves, as well as calculated
results can be found here. Finally, the summary with discussion of obtained results and
conclusions are presented. The further possible improvements and development of the

models are also discussed here.

1.1 Wind energy conversion systems

Greenhouse effect control has been one of the crucial global challenges, especially for the
last couple decades, when more evidences of global warming had been reported. It is
known that the further greenhouse effect developments can be eliminated only if CO,
emissions are reduced significantly. Recently, the European Commission has announced a
proposal for a new Energy Policy for Europe. One of the issues of the Energy Policy is to
increase the share of renewable energy sources in the overall generation production in order
to decrease CO, emissions by at least 20% by 2020 and 50% until 2050 (MELICIO et al
2010). So, environmental concerns become extremely relevant for electric companies as

regulations on pollutions become more severe as well.



Another issue is that in general, it is predicted that prices on fossil fuels will increase
annually in next decades (DECC 2011). In addition, governments of some countries, for
instance in Germany, announced the plan to renounce the nuclear power plants on the

territory of the country or at least drastically reduced its share in electricity generation.

Hence, it is expected that renewable energy sources will be an important part of the future
Energy Policy for Europe. Even nowadays distributed power generation systems (DPGS),
including for instance wind turbines, photovoltaic and solar panels, become an integral part
of modern power generation sector (MELICIO et al 2010).

Among all DPGSs, WECSs are the most mature and rapidly developing technology. Thus,
its annual installation growth rate exceed 30% every year and sets new records, for instance
42 GW of new capacity was installed in 2011. According to the preliminary published data
gathered by World Wind Energy Association (WWEA 2012), the total capacity of wind
power generation reached 239 Gigawatt worldwide in 2011, and it is enough to cover 3 %

of the world's electricity demand already.
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Figure 1. Wind power world total installed capacity in GW (WWEA 2012)
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As it can be seen from Fig.2, any modern WECS comprise three integral aspects:

aerodynamic, mechanical and electrical ones. The aim of this kind of the complex system is

to convert motional energy of the wind into electrical power.
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In this thesis the issues related only to electrical aspect are discussed. Variable-speed wind

energy conversion systems offer the following advantages: mechanical stress is reduced,

torque oscillations are not transmitted to the grid, and below rated wind speed the rotor

speed is controlled to achieve maximum aerodynamic efficiency. Thus,

induction

generators or doubly fed induction generators (DFIGs) fully dominate on the variable-speed

WECSs market nowadays (MELICIO et al 2010). However, as alternative for generator

unit of these conventional variable-speed WECSs with DFIGs, modern permanent magnet

synchronous generators (PMSGs) have been introduced recently. Advantages of this

approach can be found in (LAMPOLA 2000). In particular, the whole system structure with

PMSG as a generator unit is presented in Fig.3.
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From the structure scheme in Figure 3 it can be seen clearly that such a directly driven wind
turbine has gearless nature and obviously low speed. In general, in gearless drive multi-pole
low speed high power generators are preferred. In addition, the generator is completely
decoupled from the grid in this variable-speed WECS structure with full-power converter.
One of the advantages of full-power converter wind energy conversion systems is ability to
control active and reactive output power (NALLAVAN et al 2011). The possible converters
structures which are commonly used in wind power applications are considered in the

following chapters.

According to (MELICIO et al 2010; WIZELIUS 2006), in recent years, there has been a
kind of new tendency of wind turbine generators (WTGS) design revealed. Thus, the rotor
size of new WTGs has been significantly increased in order to extract more power from
wind and improve performance of wind energy conversion systems. In general, the cost
structure for wind power applications is based on the fact, that a turbine shares 40-80% of
the whole costs depending on onshore or offshore application. As a turbine comprises both
generator unit and gearbox components, eliminating gearbox and related mechanical
components may be preferable alternative.

In addition, reliability is an important factor for economic efficiency since maintenance and
repair are extremely expensive and not guaranteed at any time, for instance due to difficult
access to the offshore wind turbines especially during periods of bad weather conditions.
Therefore, gearless approach is more preferable in the most cases, as gearbox breakdown
can be one of the common causes of the whole system failure and it requires a plenty of
maintenance. In addition, the gearbox and its own losses obviously affect the efficiency of

the whole system and causes unpleasant noise.

In (BAROUDI et al 2005) it is also stated that PMSG can be recommended alternative as
well even for newer smaller scale turbine design, since it allows better performance and
higher efficiency with smaller wind turbine blade diameter. More detailed discussions

about this promising concept of variable-speed WECS with PMSG and its comparison with
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conventional DFIG approach especially for large offshore wind farm applications can be
found in (LAMPOLA 2000) and (RAMTHARAN et al 2007).

1.1.1 Frequency converters in WECS

As described earlier, the contribution of power electronics is crucial for wind energy
conversion systems, as increasing share of wind in power generation will influence
significantly the dynamic behaviour of the power system. In addition, network operators
have to ensure that consumer power quality is not compromised. Hence, new technical
challenges emerge due to the increased wind power penetration, dynamic stability and
power quality, so it consequently implies new challenging requirements and demands for

power electronics converters (PECs) either.

The main aim of a PEC in any wind energy conversion system it has been developed for is
to integrate wind power with the electric grid. Moreover, power electronics system is used
to achieve variable speed operation while wind speed varies either. In addition, the use of
PECs for variable-speed operating WECSs allows enhancing its power extraction. In
variable-speed operation, a control method also designed to extract maximum power from
the wind turbine and provide desirable constant grid voltage and frequency, and this

controlling methods issue is discussed in Chapter 3 of this work.

Hence, full-power converters offer both variable speed operation of wind turbine and its
smooth integration to grid. In general, according to (NALLAVAN et al 2011) contribution

of modern semiconductor full-power PECs in WECSs can be summarized as follows:

e Based on the wind speed, the generator speed is controlled by means of PEC, thus

variable speed operation is implemented, including gearless approach as well;

e Enhancing of maximum power extraction from WTG;
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e Constant power factor (PF) and as sinusoidal as possible output voltages and

currents are obtained, in order to supply quality power to the grid;

e High level of reliability of the system, including both protection of the generating

unit and the grid;
e The possibility of bi-directional power flow.

Thus, frequency converters can be determined as integral part of directly driven WECS
with PMSG. It should be also mentioned, that PECs for the modern trend of multi-
megawatt wind turbines for offshore applications should be able to provide higher voltage
and power capability. The possible topologies of available approaches for converters

utilized in WECSs are considered in the following chapter.

1.2 Converter topologies for high power applications.

The increase of the power capabilities of modern wind turbines in general, and wind
turbines with PMSGs in particular, definitely influence on requirements and appearance of
new power converter topologies capable to drive all desired power. In addition, the trend of
development higher voltage and current power semiconductor devices also still continues.
Thus, according to the latest generation of power semiconductor devices is capable to
support high-level voltages in the ranges up to 20kV (SUI 2007). However, such kind of
devices does not fully dominate even in high power application, due to utilization of variety
of topologies using medium power semiconductors. Further semiconductor devices used in
PECs of WECSs are considered in chapter 1.2.3.

The classification of modern available PEC topologies for high power applications is
presented in Figure 4.
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Figure 4. Classification of high-power converters. Adopted from (FRANQUELO et al 2008)

In general, among all represented converter topologies there are three the most interesting
ones from wind power generation point of view, they are two-level PWM converters,

matrix converters and multilevel (ML) converters.

The most conventional type of PEC for variable speed wind turbine (VSWT) widely
available in the current energy market is two-level PWM converter. It has relatively low
cost due to its maturity technology. Basic scheme of two-level converter is presented in
Figure 5, and it can be clearly seen two voltage source inverters (VSIs) on both generator
and grid sides divided by DC-link capacitor or just often called DC-link. In general, the
DC-link capacitor of a converter is an energy storage component of the system. In addition,
the capacitor of DC-link is the most vulnerable component of any indirect converter and it
significantly affects reliability of the system. In general, the capacitance of the intermediate

of the DC-link significantly influence on the performance of the VSI. Thus, it is reported in
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(PYRHONEN 2010), that generally DC-link capacitor is dimensioned in a way to be in a

range about 20 uF per one ampere of the rated value of the converter current.

Generator side: Rectifier DC-link Grid side: Inverter

A bt | et

G : = b _,%- Grid

gy | g8 |

Figure 5. Basic scheme of 2-level converter. Adopted from (KIM et al 2010).

There are some key drawbacks of 2-level converters which limit their application in
modern VSWT and vyield to their displacement from the wind energy market by ML, in
particular 3-level converters. Among them can be noticed relatively high transients and
switching losses, oversized semiconductor components and poor quality of harmonic
content of output voltages and currents comparing with ML converters, which yields to

necessity of including complex and expensive filters (KIM et al 2010).

Another alternative approach is utilization of matrix converters, which have a key
difference from the both 2-level and ML converters in such a way, that the matrix converter
is capable of conversion of variable frequency AC of generator side directly into constant
AC frequency of the grid. Thus, passive DC-link capacitor is removed from such AC-AC
converter design, consequently more reliable performance and smaller dimensions of
converter system are obtained. However, the number of semiconductor switching devices is

also significantly increased for this topology.

As shown in Figure 6, the basic scheme for three-phase matrix converter connecting
generator unit with the grid consists of 9 semiconductor switches, which controlled in such
a way that any of three switches in one common leg cannot be turned on instantly. Then, to

provide bi-directional power flow total number of switches should be doubled up to 18.
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Clarified performance of matrix converters can be found in references (WHEELER et al
2002) and (JIA et al 2007).
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Figure 6. Basic scheme of matrix converter (KIM et al 2010).

Despite certain advantages, some undesirable features still limit wide industrial use of
matrix converters. They can be reported as sensitivity to distortion in input power supply
and grid disturbances due to the lack of reactive component in the power circuit and rapid
change in the input voltage frequency when used in WECSs. In addition, the level of output
voltage is limited by certain level, and relatively high conduction losses should be
mentioned (KIM et al 2010).

The most promising PEC approach for modern VSWT is multilevel converters. Compared
with two-level converters, ML converters, which have various designs, comprise three or
more voltage levels. Such a design results in certain advantages. Firstly, lower total
harmonic distortion (THD) of output signals is obtained, compared with conventional 2-
level converters. It can be noticed as one of the key issue, due to increased share of wind
power contribution in total power generation. Secondly, multilevel converters are capable
for higher power capability, even using medium power semiconductor switches, due to
voltage sharing between levels, so ML converters are fully suitable for multi-megawatt
scale VSWTs. This results also in reduction of switching losses, since voltage values during
transients are also significantly decreased, as well as switching frequency can be increased
drastically compared with 2-level converters. In addition, one DC-link capacitor, is

replaced by two or more ones, which are also should be chosen during the design of the ML
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converter. However, as capacitors are the most expensive elements of the converter, the
number of semiconductor components and capacitors in ML converter yields to increased
costs for such applications (IKONEN et al 2005).

In general, for all ML converters the following formula for different possible converter

switching states is valid
Nsw=n", (1)

where n is the number of voltage levels in the DC-link and m is the number of phases of the
converter. Thus, for three-phase two-level, three-level and five-level converters the variety

of different switching states is 8, 27 and 125, respectively.

Considering rectifier part of the ML converter, it should be mentioned that conventional
approach usually includes 6-pulse rectifier on the generator side. However, such an
approach cannot provide quality performance of full-power ML converter for the
application of PMSG in VSWT, which is in general scope of this thesis, due to the fact that
it cannot be fully controlled. The full-control converter implies the presence of controlled
both inverter and rectifier, which design is fairly demanding task. However, requirement of
full-controlled converter is crucial for modern multi-megawatt WTGs, in order to regulate
torque, rotational speed and power (MULJADI et al 1998).

In addition, unity power factor (PF) is required for modern high power rating VSWT, and
rectifier should be capable to provide it along with harmonic requirements of the grid.
Furthermore, regenerative capability and active mitigation of the system oscillations should
be provided. Therefore, it is crucial that the rectifier is an active part of the full-controlled
ML converter in order to provide harmonic mitigation and unity power factor for the whole
speed and load range (HAITHAM et al 2010).

Despite all mentioned above, multilevel converters are, however, still limited by drawbacks
of voltage unbalances, count of components and relatively complex modulation

approaches. In particular, a critical issue in three-level converters is the design of the DC-
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link capacitors, which already mentioned in previous discussion. Thus, special attention
should be paid to the unbalance in the voltage of the capacitors for the three-level
converters, which may cause a certain control problems (MELICIO et al 2010; KIM et al
2010).
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Figure 7. a) Three-level FLC VSI; b) Three-level CHB VSI (POTASHKO 2011)

According to classification presented in Figure 4, except neutral point clamped (NPC)
converters there are also so called cascade half-bridge (CHB) and fly-capacitor (FLC)
multilevel converters available for high power applications, in particular for already
mentioned multi-megawatt WTGs. FLC voltage source converters (VSCs) are characterized
with twice higher switching losses than NPC converters with the same switching frequency,
in addition its design requires 5 capacitors comparing with 2 capacitors for the same 3-level
NPC design, so the cost of the system drastically increased. On the other hand, as it can be
seen from Figure 7 the total amount of semiconductor components is less than in NPC

application.

Another available approach CHB VSC is not in favour for this work due to its general
complicity and relatively high number of switching devices which results in increased
dimensions and high cost of the system. Furthermore, high switching losses are another con
of CHB VSCs. Therefore, the detail designs of CHB and FLC VSCs are outside the focus
of this thesis, however they can be found in the literatures (RUDERMAN et al 2009),
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(HAITHAM et al 2010) and (MALINOWSKI et al 2010). Further, only scheme of 3-level
NPC inverter as a part of the converter is considered, which model and control strategy has

been discussed and implemented in the following chapters of the thesis.

1.2.1 Three-level Neutral Point Clamped inverter.

To build adequately performing simulation and control model of the NPC inverter the
principle of its design and performance should be fully clarified. So, the scheme description

according to Figure 8 follows and possible switching states are represented below.

In general, the circuit comprises three phases connected to the common DC-link capacitors.
The whole scheme consists of 12 active switches, isolated gate bipolar transistors (IGBTS)
in our case, with inversed power diodes connected in parallel and 6 neutral point clamp
diodes. Thus, switches S;1, Sp;and Ss;, either Sy4 Sp4 and Sgqare called outer switches Sqs,
as well as corresponding inverse diodes have the same indexes and also named D, All
three phases have the same structure and behaviour with assumption that load phases are
also equal and balanced, since further the first subscript number means the phase number is
replaced with ‘x’. However, it should be kept in mind that this assumption is valid only in
cases, when rough transients are not considered, as it is assumed during the simulations in
this thesis. Thus all the 6 remaining switches Sy, and Sz and corresponding to them inverse
or free-wheeling diodes are named S;, and Dj,, respectively. The group of 6 diodes

connected to the neutral point further is marked as Dys and Dyg OF Dypc.
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Three-phase three-level NPC inverter (BRUCKNER 2005).

As it was mentioned in previous chapter and according to (1) the number of possible

converter switching positions for three-phase 3-level inverter can be calculated as

Ng,=n"=3%=27. 2)

All these switching positions correspond to the three possible states of each inverter phase
leg. Thus, independently of two other phases each phase terminal of the inverter can be
connected to DC bus in the three terminal points: upper positive ‘+Vpc/2’ DC rail, neutral
‘0’ point or lower negative ‘-Vpc/2’ DC rail. Thus, possible switching positions table of

three-level NPC inverter can be formed, as presented below.

Table 1. Switching positions for a phase of three-level NPC inverter.

Switch position
State
le Sx2 Sx3 SX4
"+Vpcl2’ 1 1 0 0
0’ 0 1 1 0
’-Vpcl/2’ 0 0 1 1
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Then, consider the available current paths in each phase of the inverter both for positive and
negative phase currents formed by certain switch positions considered previously. From the
Figure 9 it can be clearly seen that all IGBTs and diodes might be stressed with maximum
levels of voltage and current Ty, and Vpc/2 respectively, and definitely these parameters
influence on the selection of the semiconductor devices for certain application
(BRUCKNER 2005).
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Figure 9. Conduction paths for one phase of three-level NPC inverter (BRUCKNER 2005)

In principle, at any state of a phase two semiconductor devices provide a conduction path
for one direction. Thus, in case of upper path positive current flows through active IGBT
switches, whereas inverse diodes provide negative direction of current flow. Otherwise,
lower current path provide positive current flow through the power diodes, while negative
current flows through IGBTS there. It should be kept in mind that in NPC inverters active
IGBT switches, which are not utilized in forming corresponding path for current flow,
should be switched off, in order to prevent short-circuit failure. In contrast to ‘+’ and °-’
states, in zero state ‘0’ both upper and lower paths of neutral tap are utilized in order to
provide bi-directional current flow as it shown in Figure 9. So, in the NPC voltage source
inverter the utilization of the upper or lower NPC path is determined by itself with the
natural direction of the phase current (BRUCKNER et al 2005).

Thus a relatively simple theoretical operation principle allows to create easy implemented

control algorithm, especially thanks to symmetrical switching states for upper and lower
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halves of the NPC inverter topology. Since, generally control signals may be formed only
for the upper Sx; and Sy, switch branches. On the other hand such conduction paths created
by switching positions create uneven power loss distribution between switching devices.
More detailed discussion for both control and losses issues for NPC inverter are presented

in Chapters 2 and 3.

1.2.2 Three-level Active Neutral Point Clamped inverter

Bruckner (2001) first introduced the modified design of NPC converter, which is referred
as active neutral point clamped (ANPC) converter. This 3-level ANPC design was
developed in order to overcome the main drawback of conventional NPC approach, namely
the uneven loss distribution among the semiconductor devices, limiting output power of the
converter. This drawback has been eliminated with adding two active switching devices,
for instance IGBTSs, in antiparallel with the clamping diodes. In general, such a modified
design provides additional current paths, but the total number of active switches is

increased up to 18, as it can be seen from topology of ANPC in Figure 10.
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Figure 10. Three-phase three-level ANPC topology. Adopted from (BRUCKNER 2005)
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Consider any phase leg of the ANPC topology shown in Figure 10, in order to obtain
possible switching positions and states of the phase. Thus, additional active NPC switches
referred as Sys and Sys allow implement more than one state to connect the phase to the
neutral tap. These new zero switching positions form possible phase states *0Up1°, *0Up2’,
’0Low1’ and *0Low?2’ either positive *+Vpc/2” and negative *-Vpc/2’, which are presented
in Table 2.

Table 2. Switching positions for a phase of three-level ANPC inverter.

Switches position
State
Sx1 Sx2 Sxa Sxa Sxs Sxe
"+Vpc/2’ 1 1 0 0 0 1
0Upl’ 0 1 0 1 1 0
"0Up2’ 0 1 0 0 1 0
’0Low1’ 1 0 1 0 0 1
"0Low?2’ 0 0 1 0 0 1
’-Vpcl2’ 0 0 1 1 1 0

Comparing states of the NPC and ANPC inverters presented both in Table 1 and Table 2,
one can noticed that positive and negative states are similar for both topologies. The only
except is additional turned on switch Sy for *+Vpc/2® state, which provides an equal
voltage sharing between Sy3 and Sy4. Similarly, the same function is provided by Sys for Sy,
and Sy, in ’-Vpc/2® state. Thus, the voltage balancing is guaranteed across the inner

switches.

In contrast to NPC topology described in previous chapter neutral tap current paths of
ANPC topology are implemented with 4 states. Thus, if active NPC switches Sy, and Sys
are turned on 0Up1” and *0Up2’ states are obtained, and the phase current is conducted

through the upper path of the neutral tap in both directions. Analogously, turned on Sy; and
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Sxs lower inner switches provide current conduction in both directions through the lower
path of the neutral tap in ’0Low1’ and *0Low?2’ sates. Obviously, all the four inner switches
Sx2, Sxs and Sy3, Sxs also can be turned on instantaneously, but this state is not considered
due to unclear current distribution among the devices (BRUCKNER et al 2005). In
addition, in case of upper NPC path is utilized IGBT Sxs may be both turned on or off, as
well as Sy; for lower neutral path, These additional switching alternatives can be utilized in
distribution of switching losses among the active switches. Thus, current paths
implemented by these four inverter neutral states as well as positive and negative paths for

the ANPC inverter are shown in Figure 11.
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Figure 11. Possible conduction paths for one phase of three-level ANPC inverter. a) *+Vpc/2® state;
b) ’0Up1’ and *0Up2’ states; c) ’0Low]1’ and *0Low?2’ states; d) *-Vpc/2’ state (BRUCKNER 2005).
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1.2.3 Switching devices of the inverter

In recent years, the field of high power applications has been one of the most actively
researched and developed area of power electronics, mainly due to increased power level
needs of industry and power generation. The development of new power semiconductor
devices obviously increases the power capability of medium voltage converters for high

power applications.

The development of high power converters started in the middle of 1980s with 4500V gate-
turn-off (GTO) thyristors introduced in commercial market. The GTOs dominated on the
market of high power applications until the end of 1990s, when insulated gate bipolar
transistors (IGBTs) and gate commutated thyristors (IGCTs) technologies were developed.
Nowadays these switching devices are mostly used in high power applications, including
multi megawatt VSWTSs, due to its controllability, quality switching characteristics and
reduced power losses (RODRIGUEZ et al 2007).

Nowadays, Siemens, ABB and Converteam offer some three-level NPC inverters in range
of 2.3-6.5kV based on IGCT and IGBT modules technology. The selection of a certain
multi voltage inverter depends on a certain criteria. The most important are its initial and
operating cost, reliability, technical performance and power capability. The initial cost of
the inverter is largely influenced by the cost of the semiconductor devices due to its
contribution of about 40% of the total material cost of the NPC inverter. Operating cost is
mostly assesses with maintenance and efficiency of the inverter. Power capability and
corresponding dimensions are also important issues especially for WTG because of limited
space in windmills. The guideline for selection technique of appropriate application of 3-
level NPC converters can be found in (SAYAGO et al 2008).
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High voltage IGBT module is one of the most promising device technology nowadays,
which capable to provide standard voltage level ratings for high power applications, as it is
presented in Table 3 (SAYAGO et al 2008).

Table 3. Voltages of three-level NPC inverter available on the market.

Line-to-line voltage of

the system (DC-link

Semiconductor device

voltage) voltage
2.3kV 3.3kV
3.3kV 4.5kV
4.16kV 6.5kV

However, it should be kept in mind that to achieve an output line-to-line voltage the
minimum DC-link voltage should be applied to switching device, calculated as follows

= \/EVLL, ms (3)

VDC,min

To determine the nominal DC-link voltage of the converter 4% f the theoretical value is

added in order to eliminate imperfections of a real system

VDC,n = 1-04VDc,min (4)

One of the feature of IGBT converters is that its modern technology is based on so called
power electronic building blocks (PEBBs), which include IGBT modules and have the
same interfaces and dimensions independently from their voltage levels (SAYAGO et al
2008). For instance, some parameters for the model of the inverter built during this work
have been taken directly from the datasheet of the 2.3kV IGBT module FZ1200R33KF2C

by Infineon, which can be found in Appendix 1.

The IGBTSs are very popular in high power and high frequency applications, including

three-level NPC inverter simulated in this work. However, these applications require
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sophisticated thermal management systems to protect the utilized IGBTs and provide
reliable performance of the whole application system in general, as the devices commonly
operate with minimum safety margins due to the cost considerations (RAJAPAKSE et al.
2005).
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2 POWER LOSSES OF THE INVERTER

In general, power losses of any power electronic equipment comprise of power losses of all
components contained in the equipment. In electrical components the power losses caused
in the resistances of these components, so power losses, by nature, means heating of the
component. Such an undesirable in the most of applications heating limits the load
capabilities and affects either efficiency of the inverter or efficiency of the whole system. In
addition, if the temperature of any component of the system exceed a certain acceptable
limit due to untransfered heat or overload of the component, it could be finally damaged,

which in its turn might cause the failure of the whole system.

Conduction and switching losses of semiconductor devices occurred in three-level NPC
inverter during its performance are discussed in this chapter. In addition, along with loss
behaviour of the inverter, calculation methods used to assess amount of losses and its

implementation in the simulation model are also discussed here.

2.1 Commutations and losses in three-level NPC inverter

In general, switching and recovery losses are created during the commutation processes
between different switching states. The following discussion on commutations of NPC
converter is based on (BRUCKNER 2005). They are worth to mention it here since the
significant part of the thesis research is focused on losses occur during the inverter
performance. In the following discussion only on commutations obtained with positive
phase current direction are considered, however the resulting figures and tables for both

positive and negative currents are presented as well.
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As in previous chapter the commutation processes and losses occurred during them are
considered only for one ‘x’ phase of the inverter, as the principles are the same for all the
three phases. Firstly, consider the commutation from positive DC-rail, referred as ‘+ state,
to neutral tap ‘0’ state, which initiated by turning off the outer switch Sxi, and results in the
current flow through the NPC diode Dys. Then inner active switch Sz is also turned on,
however turn-on losses do not occur in it, because there is no current there during the
commutation. Instantaneously, S, and Sys stay turned on and off, respectively. Thus, Sy
and Dys devices are utilized in commutation, but only Sy, experiences significant turn-off
losses, as turn-on losses of free-wheeling diodes are negligibly small and are not taken into

account during the further discussion and simulations as well.

Then, consider the reverse commutation from zero state’0’ to positive one ‘+’. It is initiated
by turning off Sys, however turn-off losses are not experienced there, as case for positive
current is under observation. Following, after dead time Sy; is turned on, since turn-on
losses occur in it, while Dys experiences recovery losses. Thus, both commutations are
presented in Figure 12, where Sy; and Dys are encircled, as they experience switching losses

during these commutations for positive load current.

The commutations result switching losses in Dy; and Syz at negative phase current also
shown in Figure 12. In this case the principles of losses behaviour in these devices are the

same as it was described for positive load current igh.
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Figure 12. Commutations for both from ‘+’ to ‘0’ states and reversed. a) for positive load current b) for

negative load current. Adopted from (BRUCKNER 2005).
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The commutation from zero state ‘0’ to negative state ‘—° and stressed switching devices
are shown in Figure 13. During the commutation four devices are employed. Thus, the
commutation is initiated by turning off the inner switch Sy,, immediately the current is
forced to Dys and Dys. Then, Sy is turned on, while Ss3 is in on state. During these
transients only S, experiences essential turn-off losses for positive current direction.
However, for negative load current this commutation yields significant turn-on losses in Sys

and recovery losses in Dyg, as Sz stays in turn-on state during the commutation.

The back reversed commutation principle is based on turning off Sy, firstly and turning on
Sx2 then. Thus, for positive load current Dy, experiences recovery losses, while turn-on
losses in Sy, occur. It should be noticed that although Dy3; connected in series with Dy, also
turns off by nature, it does not face turn-off losses, due to Sk remains turned on and there is
no voltage across the D3 during the commutation, while the whole blocking voltage Upc/2
is adopted by Dy4 only. In case for negative load current turn-off losses occur in Sy, as it is
turned off firstly. There no any losses are experienced by other devices for this

commutation in case of negative current direction.

Figure 13. Commutations for both from ‘0’ to -’ states and reversed. a) for positive load current b) for

negative load current. Adopted from (BRUCKNER 2005).

As a result, switching losses distribution between all semiconductor devices is presented in

Table 3. It can be seen, that regardless up to four devices are utilized in each commutation,
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only two or even one device experience essential switching losses during the commutation
(BRUCKNER 2005).

Table 4. Switching losses distribution between semiconductor devices for one phase in three-level NPC
inverter. @ - turn-on losses, @ - turn-off losses, @ - recovery losses.

__Device Sxi | Sx2 | Sx3 | Sxa | Dxi | Dx2 | Dxs | Dxa | Dyxs | Dxs
Commutation

Positive load current

From ‘“+Vpc/2’ to <0’ ]
From ‘0’ to *-Vpc/2’
From ‘-Vpc/2’ to ‘0’ e
From ‘0’ to ‘+Vpc/2’ ]

Negative load current

From ‘“+Vpc/2’ to ‘0’ ]
From ‘0’ to ‘-Vpc/2’ )
From “-Vpc/2’ to ‘0’ ()
From ‘0’ to ‘+Vpc/2’ (]

Along with switching losses conduction losses are also experienced by semiconductor
devices during the inverter performance. The conduction losses distribution both for

positive and negative load current is presented in Table 4 according to NPC inverter
possible states.

Table 5. Conduction losses distribution between semiconductor devices for one phase in three-level
NPC inverter.

State Device Sxt | Sx2 | Sx3 | Sx4 | Dx1 | Dx2 | Dx3 | Dxa | Dxs | Dxs

Positive load current

‘“+Vpc/2’ ) ()

‘0’ o o

““Vpc/2’ o )
Negative load current

‘+Vpc/2’ ) [

‘0’ ) o

““Vpcl2’ ) )




32

2.2 Commutations and losses in three-level ANPC inverter

The possible states for ANPC inverter have been considered in Chapter 1.2.2. The
commutations between these states and corresponding losses occur during the
commutations are considered in this chapter. In addition, to switching losses, distribution of

conduction losses in ANPC inverter is also presented below.

In contrast to NPC inverter, there are four alternatives for commutation from positive
‘+Vpc/2’ state to neutral state in ANPC topology. Firstly, consider commutations to the
upper part of neutral tap. Thus, transient from ‘+Vpc/2’ to ’0Up2’ initiated by turning off
Sx1 and then Sys, while Sy has been already in off state. So, the inverter behaves in the
same manner as NPC during this commutation. Both commutations from ‘+Vpc/2’ to
’0Up1” and from ‘“+Vpc/2’ to *0Up2’° are identical with only difference that in *0Up1” Sy IS
turned on after Sxs. However, only Sy, is stressed with positive load current during these
transients and experiences turn-off switching losses (RODRIGUEZ et al 2010).

The backward commutations from neutral tap to ‘“+Vpc/2’ positive state are implemented in
reversed order. Consequently, Sxs is turned off first, then Sy, is turned on, and Syg is turned
off finally for 0Up1°, which yields in recovery losses in Dys and turn-on losses in S, for
positive load current, The same commutations from ‘+Vpc/2’ to *0Up1’ and *0Up2’ states
and reversed result in both switching losses in Sxs and recovery losses in Dy; for negative
load current. The all considered cases of commutations and corresponding lossy devices are
shown in Figure 14 (BRUCKNER et al 2005).

Commutations from negative state ‘-Vpc/2’ to both 0Up1” and *0Up2’ states of neutral tap
are similar, and losses occur during the transients in symmetrical devices are summarized
in Table 5.
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Figure 14. Commutations for both from “+Vpc/2’ to ‘OUpl” and *0Up2’ states and reversed. a) for
positive load current b) for negative load current. Adopted from (BRUCKNER et al 2005).

In contrast to previous case commutation, during the transient from positive ‘+Vpc/2’ to
zero 0Low]1’ state, the phase current i,n commutates to the lower path of the neutral tap, as
it is depicted in Figure 15. During this commutation Sy, is turned off first, then Sz is turned
on, while Sx; and Syg switches stay in turn-on state, and switching losses do not occur there.
Thus, only Sy, experiences essential turn-off losses for positive current direction. On the
other hand, for negative load current Sy3 and Dy, are under stress and face to turn-on and

recovery losses, respectively.

The commutation in reversed direction from 0Lowl’ to “+Vpc/2’ is analogous, but in
backward direction. Since, it is initiated by turning off the inner Sy3 switch, and Sy is turned
on after dead time. In this case, for positive load current, Sx, experiences essential turn-on
losses, while recovery losses occur in Dys . due to blocking voltage after commutation. The
commutation with negative load current characterized only with essential turn-off losses in
Sx3s (BRUCKNER et al 2005). The description of these commutations both for negative and

positive load current is shown in Figure 15.
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Figure 15. Commutations for both from ‘+Vpc/2” to ‘0Low]’ state and reversed. a) for positive load

current b) for negative load current. Adopted from (BRUCKNER 2005)

In general, both commutations from ‘+Vpc/2’ to neutral states ’0Low1’ and *0Low2’ result
in lower conduction path for both positive and negative load currents. However, during the
transient to ’0Low2’ neutral tap from positive DC rail Sy, is turned off first, which yields in
turn-off losses in it, and Sz is turned on after that without any stress for positive load
current. On the other hand, turning on Sys during the commutation results in switching

losses both in Sz and Dy, for negative load current,

The reversed commutation from zero *0Low?2’ to positive ‘“+Vpc/2’ state, during which Sy,
is turned on and Sys turned off, yields only in turn-on losses in Sy; and recovery losses in
Dys Instanteneously, negative load current stressed Sys with significant turn-off switching

losses.

It should be mentioned, that losses distribution for commutations from both neutral states
’0Low1’ and 0Low?2’ to negative ‘-Vpc/2’ state can be considered in the same manner.
Switching losses occur during these commutations in symmetrical devices of lower part of

ANPC topology are summarized in Table 5, too.
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Figure 16. Commutations for both from ‘+Vpc/2’ to ‘OLow?2’ state and reversed. a) for positive load
current b) for negative load current. Adopted from (BRUCKNER 2005).

According to Bruckner (2005) and Apeldoorn (2005), all the commutations of ANPC
inverter considered below can be divided in 3 types according to their switching losses

distribution and involved in commutation stressed devices.

Thus, first Type 1 comprises commutations, which involve one outer and one NPC device,
for instance commutation between ‘“+Vpc/2’ and *0Up1’° or 0Up2” states for positive and
negative load currents with positive voltage polarity. During Type 2 commutations, there
are one outer and one inner devices experience switching losses. The example of Type 2
commutation can be switching between ‘+Vpc/2® and ‘OLow2’ states. Finally,
commutations of Type 3 involved in stressed switching two inner semiconductor devices
(BRUCKNER 2005).

The summarized classification of commutations and involved switching devices with
corresponding losses are presented in Table 5. All three types of commutations for positive
voltage and omitted negative one with respect to the both current directions can be found in
it.
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Table 6. Switching losses distribution between semiconductor devices of one phase in three-level ANPC

inverter. @ - turn-on losses, @ - turn-off losses,

- recovery losses

Commutation type Load | S, [S,, | Sxa | Sxa | Sxs | Sxs | Dx1 | Dxz | Dxa | Dxa | Dys | Dxs
current
1 From “+Vpc/2’ + L
to “0UpL’ : o
1 From ‘0Up21’ + ®
to ‘+VD(;/2, - [ ]
1 From ‘“+Vpc/2’ + ®
to ‘0Up2’ - ®
1 From ‘0Up2’ + ®
to ‘+VD0/2’ - [ ]
3 From ‘“+Vpc/2’ + o
t0 "0Low1’ : o
3 From *0Low1’ + ®
to ‘+VD0/2’ - ()
2 From “+Vpc/2’ + o
to0 "0Low?2’ : °
5 | From’0Low2’ + d
to ‘+VDC/2’ - (]
3 From ‘0Up1’ + ®
to "VDclz’ - (]
3 From “-Vpc/2’ + o
to “0UpL’ ) =
2 From ‘0Up2’ + ®
to "VDclz’ - o
2 From “-Vpc/2’ + o
to “0Up2’ ) °
1 | From *OLow1’ + hd
to "VDch’ - o
1 From “-Vpc/2’ + L
to ’0Lowl - ®
1 | From’0Low2’ + hd
to ‘-VDc/Z’ - o
1 From ‘-Vpc/2’ + o
to ’0Low?2 - ®
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Using Table 5, appropriate commutations can be chosen, in order to distribute losses among
stressed devices by shifting switching losses from on device to another. However, in
practice, in order to achieve even loss distribution conduction losses also should be taken
into account. Thus, conduction losses distribution according to possible states of ANPC

inverter is summarized in Table 6 for both positive and negative load currents.

Table 7. Conduction losses distribution between semiconductor devices of one phase in three-level
ANPC inverter.

Device |5 |s, Sxa | Sxa | Sxs | Sx6 | Dx1 | Dx2 | Dx3 | Dxa | Dxs | Dxs

State

Positive load current
‘“+Vpcl2’ e | o
‘0Up?1’ ) )
‘0Up2’ o o
’OLow1”’ [ ®
’0Low?2’ [  J
“-Vpcl/2’ o [

Negative load current
“+Vpc/2’ e e
‘0Up?1’ ® )
‘0Up2’ o o
’0Low1’ ® e
’0Low?2’ [  J
“-Vpcl/2’ o o

From Tables presented below both for NPC and ANPC topology one can see that
regardless the increased number of switching devices, the same number of IGBTs and
diodes experience both conduction and switching losses during the transients or staying in a
certain states. Thus in each state if three-level inverter four devices face to conduction
losses for both current directions, regardless the chosen NPC or ANPC topology.
Furthermore, the same commutation voltage Vpc/2 and current iy, stress the switches, as the

number of voltage levels remains the same. Therefore, it can be assumed that ANPC
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topology can be used mostly for even distribution losses among the semiconductor devices

of the inverter, while the total inverter loss dissipation is not notably decreased.

Furthermore, based on the analysis of commutation, it can be clearly seen, that all the
commutations involve the same number of switching devices and make three of them (one
diode and two IGBTS) experience losses. Thus, all the commutations can be either assumed
as equal from total loss dissipation point of view (APELDOORN et al 2005).

2.2.1 Loss balancing in three-level ANPC converter

In practice, to achieve the most quality performance of ANPC converter loss-balancing
module is integrated to the control system of the converter. The modelling of this part of
the converter control is a demanding task, as it comprises different aspects of loss and
thermal behaviour of the converter. However, this system is crucial for reliable
performance of modern high power applications, including multi-megawatt VSWTs. On
the other hand, design of complex control systems including measurement equipment and

sensors also influences initial costs of the application.

In general, loss balance can be obtained only for each phase leg of the converter, as balance
between phases mostly depends on the load and grid properties. Thus, switching losses are
distributed in desirable way according with certain algorithm between switching devices of
topology by applying alternative types of commutations considered above. For instance, the
undesirable switching losses can be shifted from the overheated outer switches to the inner
ones, and then appropriate control vectors can be generated for ANPC to distribute losses
among inner devices as well (APELDOORN et al 2005).

In general, the main objective of the working algorithm of the loss-balancing system is to
optimize the control signal in order to keep the most stressed or hottest device of each
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phase as cool as possible (BRUCKNER et al 2005), for instance by choosing relevant
switching vector from available alternatives. Such a feedback-controlled balancing system

is shown in Figure 17.

Junction temperatures
of all semiconductors
Semiconductor Thermal
loss converter
approximations maodel
h | + +
Switch . )
PWM- vévcltgr Temperature On-line On-line
Modulator »] and switch ™ calculation »| calculation
control unit » of switching and of junction
conduction losses temperatures
A A
Cooling
Gate signals of all Phase DC-link water
semiconductors ¥ currents voltages temperature
Figure 17. Principle of the active loss-balancing system (BRUCKNER 2005).

As it can be seen from the block diagram, both switching and conduction losses are
calculated on-line from phase currents and DC-link voltages. In addition, junction
temperatures are calculated instantaneously. Then, using a thermal model of the converter
based, for instance on a Foster equivalent network, behaviour of the converter can be
simulated. Based on the obtained values of temperatures, losses and sampled phase currents
the most appropriate commutations paths are selected choosing certain suitable switching
positions, in order not to stress with significant losses the hottest semiconductor. Thus, the
loss balance requirements can be fulfilled (RODRIGUEZ et al 2010).

Thus, to achieve the quality loss balance of the converter several parameters and
characteristics of the system should be known during its performance, including real-time
parameters. Furthermore, aspects of heat network, junction temperatures of devices and, of
course, both switching and conduction losses are integral issues for such a system.
Therefore, the whole system requires efficient and modern embedded system to implement
its performance, on the other hand a certain assumptions can be made during the design in

order to simplify the approach and make it more feasible in practice.
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In this thesis, control of ANPC inverter has been implemented in the simplest case, with
assumption, that ambient temperature is constant. In addition, heat network as well as
model of thermal behaviour of the converter is out of the scope on this stage of modelling,
however it can be found in literature some approaches for implementation of the whole
system, as well as thermal behaviour issues, for instance in (MUSIKKA 2010) and
(HONSBERG et al 2009).

2.3 Power losses of semiconductor devices

Obviously, not only the fact of loss occasion, but the amount of power dissipation is crucial
in practice during modelling and design of the inverter. Regardless to the topology and type
of the switching device the generic nature of losses are analogous, and basic factors

influence the power dissipation in the same way.

Consider the principle switching characteristics of an ideal active switch shown in Figure
18. In general, the switch is turned on by applying positive control signal, for instance to
the gate of IGBT. Current through the switch start to increase after a delay time tq during
rise time t;;. Then, voltage across the switch falls during t;,. These two intervals comprise

turn-on time duration
1:on = tr,i +tf,v (3)

Analogously, after the delay time the turn-off transition occur in the reversed order during

turn-off time duration

ty = tr,v +tf,i (4)
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ton

R i

Figure 18. Principle switching characteristics: a) control signals; b) switching waveforms; c) instantaneous
switch power loss. Adopted from (MOHAN et al 2003).

Thus, switching dissipation energy through the both transitions can be obtained by

estimating the areas under waveforms during the switching occasions
Wsw = 1/ 2Vcom I cond (ton + toff ) (5)

Between turn-on and turn-off transitions the switch stay turned on. However, due to a
certain voltage drop occurs even during conducting through the switch, conduction energy
dissipation can be estimated as

W =1/N_ | t (6)

cond cond " cond*cond



42

Dividing (5) and (6) by switching time period Ty, average switching and conduction power

loss values per switching period can be obtained

_ 1/ 2\/com I cond(ton +toff)

Psw T = 1/ 2Vcom I cond fsw (ton + toff ) (7)
sw
and
P _ 1/ 2Vcond|cond
cond — T (8)

cond

From the obtained equations one can see, that switching power loss linearly depends on the
switching frequency. In addition, the proportion of the on-state period of the switch also
affects the conduction losses (MOHAN et al 2003).

In general, it can be concluded that, in principle, any switching losses calculation technique
is a geometrical method by nature. It should be kept in mind that linearized methods of
approximation and estimation of losses may be not accurate, as switching transient
waveforms usually have a complex shape, as it is shown in Figure 19. However, in practice

the accuracy of such methods is appropriate enough even with certain assumptions.

Thus, the aim of any calculation approach is to find as accurate approximation of
commutation current and voltage waveforms as possible. On the other hand it should be not
very complicated, as feasibility of the method is also important. There are certain methods
and approximation approaches can be found in literature, for instance in (RAJAPAKSE et
al 2005) and (FEIX et al 2009). The results obtained with geometrical representation of
current and voltage turn-on and turn-off waveforms are accurate enough, however, in

addition to detailed data-sheet data, some measurements should be also available.
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Figure 19. Real IGBT waveforms: a) turn-on b) turn-off. Adopted from (RAJAPAKSE et al 2005).

From the above discussion it can be summarized that power losses Pj,ss Of any
semiconductor component comprise three following types: switching losses Pgy,
conduction losses Pgng and blocking or leakage losses P, (MOHAN et al 2003;
GRAOVAC et al 2009). However, normally blocking losses assumed to be neglected, thus

Ploss = Psw + Pcond + Pb = Psw + Pcong. 9)
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2.3.1 IGBT and diode switching losses

Obviously, switching losses share a significant portion of the total amount of power losses
in a switching device. Since, accurate enough calculation of switching losses is an
important part of the loss-balancing system discussed previously. As it has been already
considered, due to derivative waveforms of commutation currents and voltages, linearized
loss model for calculation switching losses should be designed (RAJAPAKSE et al. 2005).
One of examples of such implementation can be found in (BIERHOFF et al 2004).

Recently, the equations for calculation switching losses occur in the components of two-
level application have been presented in (AARNIOVUORI et al 2012). However, the same
approach can be used for three-level inverter as well, since switching losses are calculated
for each independent device, regardless the topology and control method. Thus, the average
switching losses of an IGBT for the fundamental period T, in the three-level inverter can
be obtained as follows

I comU com
Psw, IGBT — |— Esw, IGBT Nsw (10)

rated ~ rated

Where N, is a number of switch changes during the fundamental period T, depending on

the fundamental frequency f =50 Hz

T, = % . (11)

However, it should be mentioned that any period under observation can be chosen.

Switching loss energy of the IGBT E,, s for the fixed datasheet parameters, including

reference commutation voltage and current, comprises turn-on and turn-off energies per

pulse, which are constant and can be taken from the datasheet

Esw, IGBT — Eon + Eoff' (12)
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The actual commutation voltage U, corresponds to the DC-link voltage and depends on
the number of levels of the converter. Thus, for three-level inverter commutation voltage

U, isequal to the half of DC-link voltage

:UDC _

Ucom 2

(13)
In general, during the design the turn-on losses of modern fast recovery free-wheeling
diodes are not taken into account, due to its less than 1% share of the total switching losses
in the diode. However, the reverse recovery process during the transients produce
significant amount of losses, also referred as recovery losses of free-wheeling diode, which
obviously affect the amount of switching losses, as well as total losses in general
(RAJAPAKSE et al. 2005).

Analogously with IGBT switching losses, recovery losses for the free-wheeling diode can
be calculated

UDC

2
P =—_7¢E N 14
U rec ' Y sw ( )

rated ~ rated

where E,. is reverse recovery energy taken from data-sheet for 9=125°C

2.3.2 IGBT and diode conduction losses

Obviously, along with switching losses conduction losses are also experienced by
semiconductor devices during the inverter performance. During the implementation of the
loss calculation model for the inverter the technique for conduction losses calculation in
IGBTSs and diodes proposed in (GRAOVAC et al 2009) is utilized. Thus, conduction losses
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in IGBT or diode are calculated using common approximation of the semiconductor as a
series connected DC voltage source and a resistor. So, the voltage source represents IGBT
on-state zero-current collector-emitter voltage Ucgo, While the resistor is a collector-emitter

on-state resistance of the IGBT R¢
UCE(IC):UCEO+RCIC' (15)

The parameters needed in calculation are taken from the data-sheet available in Appendix
1. It should be mentioned that the parameters of on-state resistance Rc and threshold
voltage Ucgo are not given directly there, however sometimes these values can be given by
manufacturers in datasheets. Since, the determination technique of the threshold voltage of
the IGBT Ucgo and Rc is represented in Figure 20. It can be also done by using any
software, for instance MatLab, thus more accurate margin can be obtained. It should be
kept in mind that obtained parameters correspond to the toughest conditions. In other
words, it is assumed that inverter performs at high ambient temperature or without cooling,

thus junction temperature of the device is 9=125°C, as it can be seen from the data-sheet.

2400 ] | 7
— Vee =20V /
—-- Ve =15V £
2000 +—{-..._. Vee = 12V|[ / Jy
— — Vee =10V //
Ve /17
1600 — / ‘
<. 1200 — "//A' -
o // 3 sl
// A dle | —
800 // - ¥
/I,"O'UCE e i i S
400 Al o = = =
28
_’,/% Uceo

0 1 1
00051015202530354045505560657,0
Vce [V]

Figure 20. Reading the Ucgo and R¢ using IGBT output characteristics from the data-sheet Appendix 1.
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Then, IGBT collector-emitter on-state resistance Rc can be calculated as follows

dU ¢

R. = 16
T (16)

The instantaneous value of IGBT conduction losses is
Pcond,IGBT () =U I (t) =Ucgl (1) +RI é ), (17)

from which the average losses can be obtained by

T

1 scond 1 cond
Pcond,IGBT = T_ Pcond,IGBT (t)dt = I(U CEO I c (t) + Rc I é (t))dt =U CEO I Cav + Rc I CZZ,RMS (18)

cond 0 cond 0

T

Where 1, and |.., are the average and root-mean-square value (RMS) IGBT currents

Cav

for the conduction period, respectively:

1 Tcond

le =7 [lc O, (19)
cond 0
1 Tcond )
lous =7 |16t (20)
cond 0

Analogously, the approximation discussed in the beginning of the chapter gives for the

anti-parallel diode the following
UD(ID):UDO+RDID' (21)

The diode parameters Upg and Rp are determined in the same way using typical transfer

characteristic taken from the data-sheet, as it is represented in Figure 21.
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Figure 21. Reading the Upy and Rp, using IGBT transfer characteristics from the data-sheet Appendix 1.
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Y

In the same manner, the on-state resistance of the free-wheeling diode is obtained as

follows

du,
=—0, 22
D di, (22)

The instantaneous value of the diode conduction losses is
Pcond,D (t)=U, (I, (t)=U oolp (t) + Ry é (t), (23)

from which the average losses of the diode for the conduction period can be obtained by

1 Tound 1 Toond
Pcond,D = T I I:)cond,D (t)dt = J.(U DO I D (t) + RD I Ig (t))dt :U DO I D,av + RD I S,RMS (24)
0

cond cond 0
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3 DYNAMIC SIMULATION AND MODULATION PRINCIPLES OF NPC AND
ANPC INVERTERS

Along with the converter topologies discussed in the previous chapter, chosen control
technique of a converter also impact on the efficiency and quality of the output voltages
and currents. There are some control strategies available to produce the desired output
signals, however pulse width modulation (PWM) is one of the most common used control
methods for power electronics converters (PEC) with alternating current output, due to its
maturity and known feasibility of implementation in embedded systems and

microcontrollers.

3.1 Modulation strategies for multilevel converters

From wind energy conversion system (WECS) point of view, the major objective of any
PWM method is to produce stable output voltage and current waveforms. However, another
essential aim of PWM schemes is to reduce the impact on the quality of the output signals,
for instance total harmonic distortion (THD), so they should comply with requirements of
the international standards.

In general, all the plenty of PWM methods despite of their different modifications are
usually categorized into three main groups. They are carrier-based PWM, selective
harmonic elimination (SHE) and space vector modulation (SVM) (KIM et al 2010). These

three PWM techniques are considered in the following discussion.

The most conventional PWM strategy is carrier-based PWM, due to relatively simple

implementation even using analog devices in the past. Nowadays digital implementation of
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this technique is also used, however the basic principle is the same for both
implementations, which is based on the comparison of the fundamental frequency
sinusoidal reference voltage with high frequency carrier signal. The switching states are
produced every time as reference signal intersects carrier signal. The basic control diagram
for three-phase pulse width modulator is presented in Figure 22. It should be mentioned,
that the frequency of the carrier signal corresponds to switching frequency of the inverter,

while reference signal frequency is equal to desired output voltage frequency.

L I |
—¥
Rederence a
Relstional
Operator
v <
Reference b L -
Relational control signal
Operatori
A
¥ » |
Reference ¢ g
Relationsal
Operator2
Repeating
Sequence
Figure 22. Basic control diagram of three-phase carrier-based PWM.

In order to control multi-level (ML) inverters by based-carrier PWM some modifications of
this method can be employed. Thus, a modulation signal of level-shifted multilevel PWM is
represented in Figure 23. As it can be seen, the number of carrier signals for this multi-level
pulse width modulator is defined as (N-1), where N is the number of levels of the voltage
source inverter (VSI). Thus, for three-level NPC VSI N=2.
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Figure 23. Modulation signal for three-level application (RODRIGUEZ et al 2009).

The basic principle of SHE PWM strategy for three-level applications is based on the
control of the fundamental frequency by Fourier analysis of the inverter voltage, while the
most significant undesirable 5" and 7" harmonics are eliminated by using a certain
switching angles. This method from the control of three-level inverters point of view is a
suitable alternative, due to the fact that inverter can be operated at a relatively low
switching frequency. Since, the switching losses of semiconductor devices can be reduced
significantly. Thus, recently efficient SHE PWM technique has been presented for
multilevel converters, in particular for 3-level ANPC converter (PULIKANTI et al 2011).
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Figure 24. SHE PWM modulation signal for 3-level ANPC application (PULIKANTI et al 2011).
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SHE approach is used quite widely in system level in distributed power generation systems,
for instance in large wind parks, in order to reduce the interconnection of harmonics and
eliminate the 11™ harmonic. There are obvious advantages of SHE PWM strategy usually
mentioned, such as high quality harmonic content of output voltage and reduction of
switching losses thanks to its harmonic elimination nature and low switching frequency
respectively. However, a certain drawbacks also exist, for instance relatively narrow
modulation range and complex implementation (BIERK et al 2009; PONTT et al 2003;
KIM et al 2010).

Another alternative to control three-level inverter is SVM method based on the space vector
theory with coordinate transformations. This method is the most widely utilized strategy for
three-phase NPC and ANPC three-level inverters. This fact can be explained with its
certain advantages, such as relatively simple digital implementation and quite wide linear
modulation range, as well as achievable low harmonic content of output signals and high
voltage capability (KIM et al 2010). Thus, this method has been implemented in this thesis
both for NPC and ANPC inverter topologies. So, more detailed discussion about SVM
technique to control NPC inverter is presented in the following chapter.

3.2 Space Vector Modulation of NPC inverter

As it is mentioned previously, in this thesis the mature and efficient SVM strategy is

offered to control three-phase NPC inverter in order to obtain desirable sinusoidal output
voltage. The output voltage waveform of each phase comprises three levels: +U. /2, 0
and +U./2. In total, three-phase output sinusoidal voltages are generated by 33=27

switching combinations of the inverter, according to (2). The switching states of the

inverter have been already discussed in Chapter 1.2.1 and summarized in Table 1.
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The space vector diagram for the three-level inverter is presented in Figure 25. As the space
vector diagram of two-level inverter it is also regular hexagon consisting of six A, B, C, D,
E and F 60-degrees sectors. However, in contrast to two-level application each sector is
divided into four regions, which are equilateral triangles 1, 2, 3 and 4. As it also can be
seen from Figure 25 all the apices of the triangle regions correspond to 27 inverter

switching states: 24 active and 3 zero ones lying at the centre of the hexagon.
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Figure 25. General representation of space-vector diagram of three-level inverter. Adopted from

(YAMANAKA et al 2002).

All the 27 switching states determine 27 base vectors, thus using these vectors output
voltage vector of the inverter V(e is formed. Each region as well as each sector contains
combination of relevant base vectors (switching states) utilized to obtain desired output

voltage vector. In addition, a certain sequence of switching positions which should be



54

utilized for each region is also defined beforehand. So, a required sector is selected
according to the phase of the output vector, whereas region is identified with the amplitude

of the output vector.

The SV PWM strategy is based on the principle that the output voltage vector Vi can be
accurately enough calculated by using three adjacent vectors, also referred as the nearest
triangle vectors (NTVs) (KOCALMIS et al 2006; YAMANAKA et al 2002),

VT, +V,T, +V,T, =V, T, (25)

where V,, V, and V, are vectors defined by a triangle region where output voltage vector
Vet IS located. The durations T, , T, and T, for corresponding base voltage vectors

comprise the sampling time T,

T,+T,+T, =T,. (26)

Thus, the control SV PWM strategy for three-level NPC inverter has been implemented
with the algorithm based on two papers (KOCALMIS et al 2006) and (YAMANAKA et al
2002). The point of the designed algorithm includes four steps, as follows

1. Determination of the sector, in which desired output voltage vector V. is located,
with according to phase of the vector.

2. Determination of the region, in which desired output voltage vector Vis located,
with according to amplitude of the vector.

3. Definition of combination of switching positions (base vectors) utilized in forming
of Vet and sequence of its switching on in the combination.

4. Calculation of turning on durations for base vectors included in the combination.

The description of used methods and calculation approaches of each step are considered in

the following chapters.
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3.2.1. Determination of sector and region of SV

The first design step is determining the sector. Its determination is similar to two-level
applications, as phase angle a of the voltage vector is calculated and known, the sector,
where the reference output vector Vi is located, is determined based on the following
inequalities (KOCALMIS et al 2006)

If 0° < o < 60°, then Vi is in sector A (27)
If 60° < a < 120°, then Vit IS in sector B (28)
If 120° < o < 180°, then Ve iS in sector C (29)
If 180° < o < 240°, then V¢ iS in sector D (30)
If 240° < 0. < 300°, then V(¢ IS in sector E (31)
If 300° < o < 360°, then Ve IS in sector F (32)

Sector A for three-level inverter and its switching states are presented in Figure 26. It can
be seen, that every switching state of the inverter is described with combination of three
symbols corresponding to three phases of the inverter. Each symbol means connection of
corresponding phase to positive +Upc/2, negative -Upc/2 voltage and neutral point, ‘P’, ‘N’
and ‘0’, respectively. For instance, combination of NOP means that IGBT switches S1; and
S12, Sz2 and Sps, S33 and Sz of the three-level NPC inverter topology in Figure 8 are turned

on.
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Figure 26. a) Sector A and its switching states; b) Space vector geometrical determination. Adopted
from (KOCALMIS et al 2006).

Determining the region in the sector is provided with projection of the vector Vi on the
borders of the sector, as it depicted in Figure 26. Thus, from Figure 26 (b) both m; and m,
components can be calculated as follows (KOCALMIS et al 2006)

b 2b  2m, sina
= 33
e S|n(77 ) 3 N 53
m, =m_cosa — (2m sma (/) m (cosa—smTa (34)

where modulation index m, corresponds to the length of the reference voltage vector V. In

general, the length of the maximum base voltage vector V, for instance vectors a, b

base,max ?
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and c from Figure 25, is equal to 2/3Upc. Thus, the maximum length for the amplitude of
the sinusoidal voltage is obtained as (PYRHONEN 2010)

mn,max = Nref,rmx‘ = (\/5/ 2)\/base,max‘ = (1/ \/§)U pc ¥ 0'866r\/base,max‘ (35)
Thus, modulation index is

0 <m,<0.866. (36)

Therefore, the following inequalities are used to determine the region.

If m;<0.5, my<0.5and m; + my<0.5, then Ve is located in Region 1 (37)
If my > 0.5, then Vi is located in Region 2 (38)
If m;<0.5, my<0.5and m; + my> 0.5, then V¢ is located in Region 3 (39)
If m,> 0.5, then Vit is located in Region 4 (40)

3.2.2 Determination of switching states and their sequences

In general, transitions between switching states inside the regions are provided according to
the criterion of minimum switching changes. Since, for the constant modulation index only
one phase of the inverter changes its switching state, while other two phases remain in the
same state during a commutation, as it can be seen from space vector diagram in Figure 25.
In addition, for the following discussed sequences changing a state of any phase provided

by switch changes of two active switching devices of the inverter model.

Thanks to the symmetry of upper and lower parts of NPC inverter topology, vector of

control signals only for upper part is formed directly, whereas control vector for the lower



58

part is generated just by inversing the binary code containing in the vector control. Thus,
the switching change of only one IGBT at any transition is considered, while corresponding

second IGBT is switched automatically due to control implementation approach.

The directions of switching sequences in the regions for all sectors are shown in Figure 27.
For instance, the switching orders for four regions and corresponding phases states of
sector A are as follows, according to Figures 25 and 27 (YAMANAKA et al 2002):

For region Al, as the switching direction is clockwise: PPP, PPO, P00, 000, OON, ONN,
NNN.

For region A2, as the switching direction is clockwise: POO, PON, PNN, ONN.
For region A3, as the switching direction is counter clockwise: PPO, POO, PON, OON.

For region A4, as the switching direction is clockwise: PPO, PPN, PON, OON.
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Ry a2y
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Figure 27. Vector diagram for three-level inverter with directions of switching sequences.
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Then, consider two conventional alternatives for forming sequences of switching states of
the inverter. Both symmetrical and asymmetrical orders for region A2 are shown in Figure

28.
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Figure 28. The asymmetrical (a) and symmetrical (b) switching sequences for sampling period Ts. Adopted

from (YAMANAKA et al 2002).

As it can be seen from Figure 28, the symmetrical approach requires twice more switching
transitions per one sampling period Ts, than asymmetrical one does. However, for both

sequences the following expression is true

t 4+t +t, =T, (41)
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where t;, t, and t3 are duration times of applying corresponding NTVs. The calculations of
these durations for each region are discussed in the following chapter. In addition, for three-

level inverter, as well as for two-level one, the sampling time can be calculated as

1

T = > 42
s = BKf (42)

where Kk is a total number of base vectors formed in one sector, and f is the fundamental
frequency. In this thesis, as inverter is a grid side application of the frequency converter, f =
50 Hz is the grid frequency.

In general, the appropriate switching sequence approach is chosen based on certain
compromise between better quality of output signals on one hand and reduced switching
losses of the IGBTs and more simple implementation on the other one. Thus, symmetrical
approach provides better harmonic content of output voltages and currents, due to twice
more switching transitions, however the control of the inverter becomes either more
awkward, especially during modelling, as it is described in Chapter 4.1. In addition,
complex and sophisticated analysis of the quality of output signals is out of the scope in
this thesis. However, general harmonic content analysis of output signals have been
provided during the simulations and THD has been evaluated as well. The obtained results

are also presented in Chapter 4.

Thus, the asymmetrical switching sequences have been chosen and utilized in the
simulation model, due to its more feasible implementation and reduced switching loss
dissipation. The pulse patterns and switching states for three phases in four regions of
sector 1 are presented in the diagram shown in Figure 29.



possedescacs R

‘P P P 0O O O NN O O O P P P
Al V — : ——
Co | " 5
P P 00 0 NNNNO O O P P:
W I-----------.;. .......... ] [ ——

‘P 0 0 0 N NNNT NN 0 0 0 P!

61

U i, |
P P P 0 0 P P P
A2 V
| J
0 0 N N N N 0 0
W ----------------------------------------------- '
0 N N N N N N 0o
t/2 t t3 t/2
O | |
: P P P 0 0 0 0 P P P
A3 V T _ —
Co | R 7
P 0 0 0 N N 0 0 0 P
W et ———————————
| | !
P P P 0 0 0 O P P P
to/2 t1/2 3 /2 t1/2
U e ] I
P P P 0 0 P P P
A4V |
P P 0 0 0 0 P P
L e |
-0 N N N ; N N N 0
t1/2 i3 ) t1/2
Figure 29. The asymmetrical switching sequences for one sampling period Ts in regions Al-Ad4.

Adopted from (YAMANAKA et al 2002).
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Therefore, as it can be seen from the diagram below, during sampling period Ts there are 7
and 5 switching changes in the first and third regions respectively. Both second and fourth
regions are characterized with 4 switching transients per region. The time periods during
which the corresponding to each region NTVs utilized are also shown under each region
pattern in Figure 29. These durations t;, t, and t; of applied NTVs for all the regions are

calculated in the following chapter.

3.2.3 Calculating the switching times and durations

As it has been already considered, the asymmetric switching sequences have been
implemented in the simulation model. However, for changing the switching combination
from asymmetric to symmetric one, all the time durations should be just divided by two. In
addition, the calculations of the time durations t;, t, and t; are independent from the sector,
in which the desired output voltage vector Ve is located. Thus, regardless to the number of

sector the phase angle a of Ve IS chosen for calculations from the range
0° < 0. < 60°. (43)

In general, durations tj, t, and t; can be defined as weighting coefficients calculated from
geometrical representations of applied NTVs. The time lengths for the utilized in the
simulations NTVs are calculated according to formulas taken from (YAMANAKA et al
2002).

Thus, for first regions durations are calculated
t, =T,(1—2m,sin(a + z/3)) (44)

t, =2m,T,sin(z/3-a) (45)
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t, =2m,T,sina (46)

In second regions base vectors are applied with the following durations

t, =2T,(1-m,sin(a + 7 /3)) (47)
t, =2m,T,sina (48)
t, =T, (2m, sin(z/3-a)-1) (49)

Base vectors of the third regions for all sectors are characterized with

t, =T,(1-2m,sina)

(50)

t, =T,(1-2m, sin(z/3-)) (51)

t, =T,(2m, sin(e + 7/3) 1) (52)
Finally, durations of applying base vectors in the fourth regions are

t, =2T,(1-m, sin(a + 7 /3)) (53)

t, =2m T, sin(z/3-a) (54)

t, =T.(2m, sina —1) (55)

For all time durations the expression for sampling time T (40) is fair. However, for these
calculations modulation index m, is always taken equal to unity during the simulations.

Thus, NTV duty-cycle calculations for all regions can be summarized in Table 7
(YAMANAKA et al 2002).
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Region Applied NTVs Time length of NTV applying
Al, B1, op, 00, on t, =T,(1—2m, sin(a + 7 /3))
C1, D1, ap, an t, =2m T, sin(z/3-«a)
E1,F1 bp, bn t, =2m,T,sina

A2, B2, ap, an t, =2T,(L—m, sin(a + 7z /3))
C2, D2, c t, =2m T, sina

E2, F2 a t, =T, (2m, sin(z/3—a) 1)
A3, B3, ap, an t, =T,(1-2m,sinx)
C3, D3, bp, bn t, =T.(1—2m, sin(z /3 - a))
E3, F3 c t, =T, (2m, sin(a + 7 /3)-1)
A4, B4, bp, bn t, =2T,(L—m, sin(a + 7z /3))
C4, D4, C t, =2m,T,sin(z/3-a)
E4, F4 b

t, =T, (2m,sina -1)

The NTVs and regions are referred according to the vector diagram and pulse patterns

diagram shown in Figure 25 and Figure 29, respectively. For instance, it can be seen that

total time length for base vectors op, 0o and on is t,. However, the total length t, for these

vectors is divided in the following proportions for the first regions: ti/4 for op-vector, t;/2

for oo-vector and t1/4 for on-vector. Analogously, t, and t,are divided between ap, an and

bp, bn base vectors with certain proportions, thus the whole switching period Tscomprised

from 7 durations for Al, B1, C1, D1, E1 and F1 regions. The duty-cycles for all remain

regions are divided in the same manner according to the patterns in Figure 29.
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4 SIMULATION METHODS AND RESULTS

In this chapter, modelling and simulation of both NPC and ANPC three-level inverters have
been performed with RL-load using MatLab/Simulink package program. In addition, based

on the discussion in Chapter 2 losses calculation model is performed, too.

4.1 Modelling of three-level inverter controlled with SVM

The simulation model of three-level NPC inverter has been built in MatLab/Simulink
package program. The general models of the inverters with control block and loss
calculation module is presented in Appendix 2. The control algorithm of SVM technique
has been implemented with asymmetric sequences of inverter states and forming six base
vectors of output voltage in each sector. The frequency of output voltage is assumed to be
constant (50 Hz).

In convenience, the control model can be divided in 4 functional blocks shown in Appendix
3. The first one is ‘Definition_of sector and angle’, where the frequency and amplitude of
output voltage is defined. The second block ‘Definition_of Region’ is used to specify the
region location of the reference output voltage vector Vs The block
‘Conducting_Time Calculator’ is based on equations (43) - (54), where time durations of
applying base vectors are calculated for each region. Finally, ‘Switching Control’ is the
block of logic elements and multiple switches perform connection, shift and switching of
base switching states of the inverter. Obviously, the last block differs in certain extent for

NPC and ANPC models, however its basic principle is the same for both models.
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4.1.1 SVM control of NPC inverter model

The input signals for SVM control block are the modulation index m and frequency f of
output signal. The block ‘Definition of sector and angle’ is shown in Appendix 4. The
sequence of sector number is defined with digital counter, and the period of changing the

sector number is

Te="% (56)

In addition, the amount of forming base vectors in the sector is also defined here with
sequence of the phase angle a, in particular the sequence discretely varies from 0° to 50°
with 10° step. The discrete change of a is initiated by every pulse of digital pulse generator.

The period of discretization is defined as

Ty = T% (57)

Thus, control signals for six base vectors are formed for each sector. The outputs of the
‘Definition_of sector and angle’ block are phase angle in range from 0° to 50° and

number of sector from 1 to 6.

Phasze_angle_alpha
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Figure 30. The variation of phase angle a during fundamental period.
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The variation of phase angle o is shown in Figure 30. It can be also seen that during one
fundamental period T{=0.02 the angle is counted six times up to 50 degrees, which
corresponds to 6 sectors. The counter of the sector number is reset every fundamental
period, thus output of the counter is control signal containing the number for enabling one

of six sectors.

The content of ‘Definition of Region’ block is presented in Appendix 5. Here, the
calculation is performed according with (36) - (39). As a result, the region, where the
output voltage vector is located, is defined. The inputs of the block are varying phase angle
a and modulation index m. The synchronization of calculations is performed with standard

Triggered Subsystem.

The outputs of the block are four digital control signals, which define the location of output
voltage vector. Thus, at any time the base vectors for only one region should be applied,
since the only one output signal contains positive control voltage, whereas the three others
are zero. For instance, the signals for regions are shown in Figure 31. As it can be seen for
modulation index m=1, the output vector is located in 2 and 4 regions.

Reqgionl
1 ! T ! . ! ! ! ! '
R 1 1 | i 1 1 1 | i
Q.00 0004 0.00& 0.00a 0o noma nod 0me noa 0.0z
Region
1 ) T ) ; ) I ) )
oek.......]. R . TERRE S SR IR .................. N SERTE SRS P P ......... -
i I I i I I I i I
0.0o0z 0004 0.008 0.00a 0o nomsz nola 0me noia 0.0z
Region3
1 ! ) ! ! ! ! I ! !
0 j : : : _ 1 : : :
1 i L i | i i | i |
Q.00 0004 0.008 0.00a 0o nomez nola nme no1a 0.0z
Regiond
1 ! ) ! | T T ) )
0ekL....... B I ........... e[ R N R .......... R RREREE -
0 i I | i i i | i

0.a0z2 0.004 0.006 0.003 0.m nma2 004 0.6 n.a1a 0.0z

Figure 30. The signals defining regions 1, 2, 3 and 4 for m=1.
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The calculation block for time durations t;, t, and t3 of applied base vectors can be found in
Appendix 6. The calculations in ‘Conducting Time Calculator’ block are based on (43) -
(54) for each region. There are three inputs for this block, they are sampling time T,
modulation index m=1 and varying phase angle a. The output signals are durations of
applying vectors for four regions, which are identical for all sectors, so there are twelve

output signals, according to Table 7.

Then, the signals of time durations tj, t, and t; from ‘Conducting Time Calculator’ block
are one of the inputs for ‘Switching Control’ compound module consisting of several
blocks, as it shown in Appendix 7. In general, the block contains four control channels for
four regions and the twelve time duration inputs, thus three tj, t, and t3 time durations are
connected to each region block. In addition, the signals defining the region and sector are
the other two inputs.

The forming of asymmetric sequences of pulses with desirable durations as it depicted in
Figure 29 is provided in internal blocks ‘Switching_Sequence’. The principle of performing
for each block is similar, but the only difference is the number of switching changes and
lengths of forming pulses for each region. Therefore, the following method of

implementation is considered only for one region, for instance for region 2.
For region 2 the asymmetric sequence of switching states is formed in

‘Switching_Sequence2’ internal block, and it can be written as Llé—)t2 -1, —>t%.

Thus, the inputs for this block are the signal defining the region 2, the signals of time
durations t1/2, t, and t3 calculated for vectors formed in region 2 and synchronizing pulses
utilized to initiate the forming of sequences. The signals defining the length of pulses are

compared with reference signal from digital counter and using the logic elements desired

sequence % —>t, >t —>% is obtained, as it shown in Figure 31.
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Figure 31. The sequence of pulses % >ty oty > %and control signal of theregion.

Analogously, the following sequences %—)t% —>t% —>% —>t% —>t% —>% :

t% —>% -1, —>t% at%and

regions 1, 3 and 4, respectively.

t t :
% >t >t, > % are formed in blocks for

Then, formed sequences of pulses are distributed between inputs of IGBTs of the inverter

simulation model according with the vector diagram shown in Figure 25 above. In addition,

the distribution of base states of the inverter is also provided here with respect to the sector,

which is defined with the signal coming from ‘Definition_of sector _and angle’ block. In

the model, multiple switches are utilized in order to obtain appropriate inverter states.

There are four multiple switches with six alternative base vectors formed in region 2 for all

six sectors in the block corresponding to region 2. Obviously, the number of the switches is

equal to the number of time pulses, thus for region 2 sequence % ->t, >t; > t%
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there are four multiple switches with six stored base vectors corresponding to every time
length of the sequence. Thus, there are seven, five and four multiple switches for 1, 3 and 4

regions, containing six base vectors for every sector of the diagram.

The variation of the signal from 1 to 6 defines the number of the sector, thus reading of
appropriate base vector from the switch is initiated. Each base vector of the switch contains
6-bit binary code defining a desirable combination of turned on 6 IGBTs of upper half of
the NPC inverter. As it has been mentioned previously, the upper half IGBTs Sy; and Sy,
perform in antiphase with lower half ones Sy and Sy4 respectively of the NPC inverter.
Since, control signals contains six-digit vectors for upper part of three-phase inverter,
whereas control signals for the lower part are obtained just with block of logical inversion.

In addition, the block ‘Switching Control’ contains compound logical subsystems, which
provide applying the combination of desired switching positions for the period of time,
corresponding, for instance to t;/2, t, and t; time durations in region 2. Then, control pulses
corresponding to a certain switch are summed up with operator of logical addition OR with
four inputs, corresponding to four switching states in region 2 for four time durations,
discussed above. Further, the control pulses are serially multiplied with the signal of
corresponding region in blocks of logical conjunctions. Finally, obtained control pulses for
every one IGBT analogously summed up with OR-operators, thus control signal with

desired duration for every switch is obtained for a certain moment of time.

The only difference in control models of SVM for NPC and ANPC inverter is the
implementation of forming the base switching states of the inverter. Thus,
‘Switching_Control’ block is more complicated for ANPC application, due to the fact that
control vector for the ANPC inverter is not symmetric, as upper and lower parts in the
ANPC inverter do not perform in opposite phase, and specific switching combinations
should be applied, as it was presented in Table 2. Thus, in general asymmetric control
vector for ANPC inverter contains 18-bit code for all switches instantaneously for three

phase legs of the inverter.
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The power electronics part of the simulation model with measurement model to assess
losses has been built from IGBTs, wheel-forward diodes and measurement elements of
SimPower library of Simulink. The both NPC and ANPC inverter models are presented in

Appendix 8.

4.2 Simulation results for NPC and ANPC inverters

The first step of modelling is the simulation of NPC and ANPC inverters for RL-load.
During the simulations DC-link voltage and output frequency are assumed to be constant
and modulation index m=1. Thus, basically regions 2 and 4 are utilized during the
simulations, however for NPC inverter the model is capable to perform in all the four
regions and full modulation index range, except overmodulation mode, when m>1. The
IGBTSs and diodes parameters for the inverter are taken from the data-sheet Appendix 1 and

obtained from Figures 20 and 21.

Table 9. Inverters and loss calculation model simulation parameters.

Parameter Explanation Value
Upc DC-link voltage [kV] 2.8
Rioad Load resistance [Q2] 1
Lioad Load inductance [mH] 2

tiol The minimum pulse length [us] 50
tr Rise time [us] 0.2
ts Fall time [us] 0.2
fow Switching frequency [kHz] 1.8
Uceo Threshold voltage of IGBT [V] 1.9
Rc IGBT collector-emitter on-state resistance [m«Q] 2
Upo Threshold voltage of free-wheeling diode [V] 1.4
Rp On-state resistance of free-wheeling diode [mQ] 2.3
Eon Turn-on energy loss per pulse [mMWs] 2200
Eosf Turn-off energy loss per pulse [mWs] 1550
Erec Free-wheeling diode reverse recovery energy [mWs] 1550
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In general, the given values correspond to the toughest conditions, when junction

temperature of devices is $=125°C. Simulation results shown in Figure 32 and Figure 33

are obtained for output frequency f=50Hz and modulation index m=1. Obviously, obtained

results are generally identical for NPC and ANPC inverters, as the same modulation

strategy with the equal parameters is utilized during the simulations. Thus, Figure 32

illustrates output line-to-line voltage waveform with five levels.
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The line-to-line output voltage waveform for f=50Hz and m=1.
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Table 10. Comparison of obtained values of harmonic currents and permitted values from IEC 61000-
4-7 standard.

Harmonic Permitted value of related harmonic Obtained values of harmonic
currents according to IEC 61000-4-7 )
order currents for ANPC inverter model
for 10kV networks

5 0.058 0.0255
7 0.082 0.0157
11 0.052 0.0078
13 0.038 0.003
17 0.022 0.0035
19 0.018 0.0046
23 0.012 0.0048
25 0.010 0.0106

In general, considering obtained waveforms of voltages and currents the quality of

performance of the inverter model can be assessed.

For instance, the output current harmonic content obtained with Simulink FFT-analysis is
presented in Figure 33 and Table 9. From its spectra it can be clearly seen the fundamental
50 Hz first harmonic, and THD is equal to 3.49% for ANPC inverter. During the
simulations, the tolerance parameter for minimum pulse length has been varied in narrow
ranges, however the THD value for both NPC and ANPC models do not exceed 3.5% for

these simulations.

The quality of output signals can be increased with implementation of symmetrical
switching sequences instead of asymmetrical ones, which are discussed in Chapter 3.2.2.
Thus, the number of switching transitions can be twice increased in order to reduce current
ripple. On the other hand, it can lead to significant increase of the switching losses and
overheating the components of the inverter. Therefore, as an option a simple LCL-filter can

be designed for the grid side to improve harmonic content of output signals.
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4.2.1 Comparison of losses calculation results and efficiency

Then, losses calculation results are considered. The results were obtained according to the
description of the methodology from Chapter 2.3.1 and 2.3.2. It should be noted that the
following assumptions were adopted to calculate power losses of the devices during the
simulations. Firstly, the load current is assumed to be sinusoidal and current and voltage
ripples are also neglected. Secondly, the dead times of switching devices are not taken into
account during the calculation (FLORICAU et al 2009). In addition, DC-link voltage is
kept constant and auxiliary losses corresponding to stray inductances in the inverter are also
neglected, and almost unity power factor (PF) is also assumed. Moreover, due to specific
modulator model m=0.866 is kept during the simulations. Thus, the total power dissipation

of the inverter is calculated as the sum of total conduction and switching losses.

The following Tables 11 and 12 show the distribution of conduction and switching losses
between devices for a phase for the toughest conditions.

Table 11. Losses distribution between devices in NPC inverter model.

DEV|Ce le Dxl sz sz Sx3 DX3 SX4 DX4 DX5 DX6
Conduction | 4599 | 19 | 1538 | 19 | 1538 | 19 | 1200 | 19 | 279 | 279
losses [W]
Switching | a6 | 19 | 6 | 10 | 6 | 12 | 355 | 12 | 138 | 142
losses [W]
Total

1655 | 29 | 1544 | 29 | 1544 | 31 | 1645 | 31 | 417 | 421
losses [W]

Conditions: Eupec 3.3kV IGBTs Appendix 1 for $=125°C, Upc=2.8kV, In=1.2KA,
fww=1.8kHz, m=0.866, PF~1
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Table 12. Losses distribution between devices in ANPC inverter model.

DeV | ce le Dxl Sx2 Dx2 SX3 Dx3 Sx4 Dx4 SX5 Dx5 Sx6 Dx6
Conduction | 4300 | 15 |1343 | 93 |1342| 93 |1308| 15 | 174 | 207 | 173 | 207
losses [W]
Switching
losses [W] 140 13 | 112 87 | 111 88 140 14 105 65 104 63
Total

1448 | 28 | 1455 | 180 | 1453 | 181 | 1448 | 29 279 | 272 | 277 | 270
losses [W]

Conditions: Eupec 3.3kV IGBTs Appendix 1 for $=125°C, Upc=2.8kV, I;n=1.2KA,
faw=1.8kHz, m=0.866, PF~1.

In general, as it is known, due to the symmetrical structures of NPC and ANPC topologies,
the loss behaviour of the upper and lower half components is similar for the both inverters.
Therefore, the symmetrical switches Sy; and Sy, are stressed equally, as well as Sy, and Ss.
In addition, simultaneously conducting Dy, and Dy, as well as Dyz and Dy4 for NPC inverter
are also stressed equally. Actually, for PF is close to unity, there should be no losses for
FWDs, however small inductance in the load cause conducting losses there as well. The

current waveforms for the corresponding semiconductors can be found in Appendix 10.

The approach of losses distribution between outer and inner devices using the similar SVM
technique has been implemented for ANPC inverter. As it can be seen, the symmetrical
behaviour of ANPC topology also vyields in equal losses for outer and inner

semiconductors.

As it can be seen from the both tables above the total losses distributed more evenly
between switching devices, due to increased number of active switches up to 18 and created
alternative current paths in the middle NPC part of the topology. Thus, outer symmetrical
switches Sy and Sxs of ANPC topology are less stressed with total losses, comparing with
NPC one. In addition, Table 11 shows that NPC components are significantly stressed due

to the lack of alternative paths for both negative and positive load current during all the
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operation cycle, as it has already discussed in theory in Chapter 1.2.1. Therefore, additional
active switches in NPC point of ANPC inverter share the losses creating alternative ways
for current flow, since the inner and NPC semiconductors are unloaded to certain extent in

ANPC application.

For the same simulation conditions, the following total power loss calculation results are
presented in Table 12 for NPC and ANPC models.

Table 13. General loss distribution and efficiency of NPC and ANPC inverter models.

Loss type lation model NPC ANPC
IGBTSs conduction losses [kW] 16.95 16.95
Diodes conduction losses [kW] 1.89 1.89
Total conduction losses [KW] 18.84 18.84
IGBTS switching losses[kW] 2.2 2.14
Diodes switching losses[kW] 0.97 0.98
Total switching losses[kW] 3.17 3.12
Total loss dissipation [kKW] 22.01 21.96
Efficiency, % 98 98
Conditions: Eupec 3.3kV IGBT-module from Appendix 1 for 9=125°C, Upc=2.8kV,
l,h=1.2KA, fs,=1.8kHz, m=0.866, PF~1.

The obtained results show that conduction losses share significant part of total losses for
both topologies, and the most stressed devices are active IGBT switches, whereas
conduction and switching losses of free-wheeling diodes share less of total loss dissipation
for chosen simulation conditions. Furthermore, the conduction losses are equal, as the one
direction current flow is always provided by two components for both topologies. The
switching losses are mostly affected by utilized PWM method and switching frequency,
however the difference in their values between inverters is not significant either. In
addition, the total loss dissipations are approximately the same for NPC and ANPC

inverters, so, as it has been already mentioned previously, the aim of implementation of the
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ANPC is not to save total inverter losses, but distribute them evenly between the

components.

It should be mentioned that obtained results can be affected by some reasons, for instance
rough approximations and assumptions during the modelling and calculations. In addition,
the system with ANPC model is simulated with just ordinal sequences of NPC base
alternative vectors, whereas quite fair results can be obtained only with integration of

thermal behaviour of the inverter.
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5 SUMMARY AND CONCLUSIONS

As a contribution to previous studies in this thesis the SVM technique to control NPC and
ANPC inverters has been implemented in Matlab/Simulink environment. In addition, the
obtained simulation models have been utilized to investigate the distribution of both
switching and conduction losses between the components of the inverters. The analysis also
includes the calculation of total loss dissipations and efficiencies for both NPC and ANPC

inverters.

During the implementation of ANPC modelling an unequal distribution of power losses of
three-level NPC inverter has been overcome. The improved ANPC inverter model has been
simulated, and, as a result obtained waveforms of output voltages and currents show the
quality performance of the inverter. Thus, harmonic content of output signals correspond to
IEC 61000-4-7 international EMC energy supply quality standard and THD does not
exceed the accepted values. However, a simple model of grid filter can be implemented in
order to improve the model or make it more realistic, as real power converters are usually

include a certain filters in order to protect both the grid from the converter and vice versa.

The methods of calculations has been utilized in simulations are commonly used in
practise, however the assumptions which were accepted during the simulations may
essentially affect the obtained results. In general, obtained results correspond to the
theoretical issues discussed in background theories of the thesis and the similar results can
be found in and (FLORICAU et al 2009). Thus, the most stressed devices of NPC
application have been revealed. Then, extended topology of ANPC has been simulated, in
order to achieve more even distribution between semiconductors, so the losses distribution
and total loss dissipation for the both topologies can be compared. However, it should be
kept in mind that without relevant thermal behaviour model of the inverters the simulations

could be incomplete.
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Thus, the conduction and switching losses have been calculated for each component of
NPC and ANPC structures. Then, the relations and distribution between conduction and
switching losses among the semiconductors have been also investigated. Also, it has been

shown that the total losses are the same for both structures.

In general, designed models can be characterized as base ones and not flexible enough,
which can be used for different simulations by adding desired modules into them. For
instance, more complex analysis with varying PF values and sophisticated control strategies
can be provided, for instance SHE PWM. Moreover, the increased share of wind power in
total energy production demands more realistic modelling, including fully controlled AC-
DC-AC high power converter models, so not only the inverter model, but rectifier one can

be simulated further.
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APPENDIX 1:

APPENDIX 1

IGBT-modul

e datasheet

Technischel| Information / technical information

IGET-Module
IGBT-modules

FZ1200R33KF2C

Eupec

E:

IGBT-Wechselrichter / IGBT-inverter

Hichstzulissige Werte / maximum rated values

Vorlaufige Daten
preliminary data

Kollekbor-Emither: mspannung T, =28"C Ve 3300 W

collector-emitter voltage T, =-25°C =2 3300

Kollektor-Dauengleichstrom Te=80°C I nem 1200 A

DC-collector cument Te=25°C I 2000 A

Periodischer Kollektor Spitzenstrom — - BrEe -

repetitve peak collector current te=1ms To=B0°C CR 2200 A

Gesamt-Verdustiestung = mEe " )

total power dissipation Te =25°C Proc 4.5 KW

Gate-Emitter-Spitzenspannung oL

gate-ermither peak voltage Vaez ! v

Charakteristische Werte / characteristic values min.  typ.  max

Kollekbor-Emither Sattigungsspannung 1200 A, Vee= 15V, T,; =25°C VieE 3401425 | W

collector-emitter saturation voltage 1200 A, Vee =15V, T,; = 125°C 4301500 V

Gate-Schwellenspannung — T = A5, N .

gate threshold voltage = 10 mA, Vez =Vee, T, = I5°C Veem | 42 | 51| &0

g Vee=-15V . +15V, Vez = 1800V Qs 230 uC

Intemer Gatewiderstand e

internal gate resistor Toy=25°C Flow 0.42 o

Eingangskapazitat £= p— = = : n

input capacitance =TMHz T, = Z5°C. Vee =20 V. Vae =0V Cisz 50 F

Ribckwirkungskapamtat P — 2Es - - R -

reverse transfer capacitance 1MHz. T, = 25°C. Ve =26 V. Vee=0V Cres 5,00 F

Kollekbor-Emitier Reststrom - - J—— .

collechor-emitter cut-off curment Viee=3300 V. Vee =0V, T.; =25°C lcez 0,15 2 | mA

Gate-Emitter Reststrom = = = nEa

pate-ermitter leakage curment Vee=0V, Vee=20V, T,;=25°C loes 400 | nA

Einschal ungszeit {ind. Last) = 1200 A, Ve = 1800 W

tum-on delay time (inductive koad) Vee =215V, Row =081 0 220 nF, T, =25°C ta e 0,28 TH
Vee =15V, Row =0.810 ZAnF. T, =125°C 0.28 us

Anstiegszeit (induktve Last) = 1200 A, Ve = 1800 W

rise time (inductive load) Vae =215V, Raw=0010 =25°C t 0,18 ITH
Vee =15V, Row =0.810 =125"C 0.20 us

Abschal ungszeit {ind. Last) = 1200 A, Ve = 1800 W

tum-off delay tme (inductive load) ".’.:E +15 "..l' Rgur = 1,20, Cae =220 nF, T,; =25°C ta ot 1.56 Hs
Vee =215V, Rper = 1.2 0, Coe =220nF, T, = 126°C T Hs

Fallzeit (induktive Last) 1200 A, Vee = 13800 W

fall ime {inductive koad) 'l.’.:E +15V, Rgerr = 1,20, Cae =220nF, T,; = 25°C ts 0,20 ITH]
Viee =215V, Rper = 1.2 0, Coe =220nF, T, = 126°C 0,20 ps

Einschaltverlustenergie pro Puls 1200 A, Vee =1800 V. Lz =40 nH

tum-on energy loss per pulse 'l.’.:E +15V, Rop =001 O, Coe =22 nF, T, =25°C =" 1400 mJ
Vee =+15V, Rowm =001 0. Cee =220 nF. T,, = 125°C 2200 mu

Abschaltverlustenergie pro Puls 200 A, Viee = 1300V, L =40 nH

tum-off ensngy loss per pulse Vae =+15W, Rgenr = 1.2 10, Cee =220 nF, T,; = 25° = 1300 mJ
Vee =15V, Rperr = 1.2 0, Coe =220nF, T, = 126°C 155 mu

Kurzschlufverhalten tpz 10 ps Vee = 15W

SC data T, 128G Voo = 2500 V. Viogna. = Vizs -Lacs -aict Iz &00a A

Innerer Warmmewiderstand pro IGBT

thermial resistance, junction to case per IGET Rimic 850 KW

U:-ergangs—ﬂarrremde'st.a'\:l pro IGET / per IGET

thenmal resistance, case to heatsink Jrmmre = TWHMAK) T Jgrezse = 1 WImrK) Rlnces £.00 KW

preparsd by: Jingen Biermann

date of publicaton: 31182003

approwed by: Christoph Libke

reision: 2.0
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VI

Technische Information / technical information

|GBT modules FZ1200R33KF2C

Eupec

I

Diode-Wechselrichter / diode-inverter
Héchstzuldzgsige Werte ! maximum rated values

Vorldufige Daten
preliminary data

approved by Christoph Libke rexision: 2.0

Periodische Spitzenspemspanmmmng T.=25°C 3300

repetitive peak reverse voitage T.j=-25°C Vrra 3300 v

Drauergleichsirom

D forward cument IF 1200 A

Periodischer Spitzenstrom _

repetitve peak forwand cerent tp=1ms IFru 2400 A

Grerzlastintegral - - — 983 5

I - value Vr=0V, tr=10ms, T,; = 125°C it 500 kAt

Spitzenverustieistun = 3 )

rrl,:la:-c mum p:fﬁerdiss?paﬁcn Toj = 125°C From 2400 kW

Mindesteinschaltdauer ;

minimum turmn-on time tran min 0,0 ps

Charakteristische Werte | characteristic values min, v, max

Durchiassspanmmng F=1200 A, Ve =0V, T,;=25°C Ve 280|350 W

foreard voltage F=1200 A, Ve =0V, T,;=1258°C 280 (380 | W

Rickstromspitze F = 1200 A, - dig/dt = GB00 Alus

peak reverse recovery current Vrp= 1800V, Ve =-15V, T,; = 25" Il 1700 A
V= 1800V, Veg=-15V, T,; = 125°C 2000 A

Spermverzdgerungsladung F = 1200 A, -di=/dt = 3300 Afps

recoversd charge Vr= 1800V, Vae=-15V, T,; = 25" Q Ti0 pC
W =12 1300 pC

Abschaltenergie pro Puls

TEVErSE MeCOvEry energy E. s T m

155 mJ

Innerer Warmewiderstand -

thermal resistance, junction to case per diode Rinse 7.0 | KW

Ubergangs-Warmewiderstand pro Diode | per diode ;

thermal resistance, case to heatsink iPse = TWHITKD | dgresse = 1 WIMEK) Rimcs: 20 )

prepared by Jingen Biermann date of publication: 3182003
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Technische Information / technical information eu p ecC
|GBT modules FZ1200R33KF2C I

Vorldufige Daten
preliminary data

Modul / module

Isolations-Prifspannung -5 -
insulation test voltage BMS, f=50Hz t=1 min Vizou 6.0 KV

Teilenfiadungs Aussetzspannung _ o o
partial discharge extinction voitage RMS, f =50 Hz. Qrp = 10 pC (acc to IEC 128T) VizoL 2,6 KV

Kollektor-Emitter-Gleichspemspannung T. = 25°C. 100 fit

DC stability Veeo 1800 v
Material Modulgrundplatie o

material of module baseplate HISIC

Material fir innere |solation AIN

matenial for inbermnal nsulation

Kriechstrecke Kontakt - Kihlkdrper / terminal to heatsink 20 mm
creepage distance Kontakt - Kontakt [ terminal to terminal 320

Luftstrecke Kontakt - Kihlkdrper / terminal to heatsink 2,0 i
clearance distance Kontakt - Kontakt [ terminal to terminal 2,0
Vergleschszahl der Kriechwegbddung CT = 400

comparative tracking index

Ubergangs-Warmewiderstand proe Modul ! per module

thermal resistance, case to heatsink 3P = 1 WIHM'K) | grezze = 1 WHM"K) Pimee: 4,00 KW
Modulinduktivitat

stray inductance module Lace 1a nk
g‘l:-:lullgir.. "gﬂcm;i‘derstand.

rrme"ixsfc-resi:mnce Te = Z3°C. pro Zweig [ peram Roo.ee 012 mi}
tesminals - chip

Hichsizulassige Spemrschichttemperatur T 50 |
maxEmum junction temperature s =
Temperatur im Schalbetrieb g | =
temperature under switching conditions Taioe | 40 125 "C
Lagertermpsmatur : 5 | ®
storage temperature Teg -0 125 C
Anzugsdrehmoment f. mech. Bafestigung ' - =
mounting torque Schraube | screw M3 M 475 - | 575 | Mm
Anzugsdrehmoment f. elekir. Anschllsse |Schwaube | screw M4 M 1.B - 21 | Nm
terminal connection tongue Schraube [ screw M3 80 - 10 | Nm
Gewicht 5

weight G 1500 g

Mit dieser technischen Information werden Halbleiterbauelemente spezifiziert, jedoch keine
Eigenschaften zugesichert. Sie gilt in Verbindung mit den zugehorigen technischen Erlduterungen.

This technical information specifies semiconductor devices but guarantees no characteristics.
It is valid with the appropriate technical explanations.

prepared by Jingen Biermann date of publication: 3182003
approved by Christoph Libke rexision: 2.0
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IGBET-Module
IGBT-modules

Technische Information / technical information

FZ1200R33KF2C

BUpeC

g

Ausgangskenniinia IGBT-Wachsair. (typisch)
output characteristic IGBT-invarter (typical)

Vorldufige Daten
preliminary data

Ausgangskenniinianfeld |GBT-Wachselr. (typlsch)
output characteristio IGBT-inverter (typical)

0
00051015202530354045505560857.0
Ve V]

Ubertragungscharakteristik IGET-Wechsalr. (typisch)
transfer characteristic IGBT-inverter (typical)

Ic = f (VcE) Ic = f (VcE)
Vee=15V Twy =125°C
2400 2400
HEN R HEN /]
T, = 25°C ¢ Ve =oDV / )
o T,=125°C ‘ oo Vs =15V .
00 1 i - 0 e Vg = 12V 7 T
¥ —— Wz = 10V ¥
S —_— V=0V / N
N — V= =0V i :
1600 / : 1600 = .
/| I/ /i
< 1200 4 < 1200 A
) L k=) LI P [
F’ J’r - -
800 800 Vi
/ r":’,’..-’ o —_
A
/. ik
400 7 400 e - —
A G
- ___.47

Vice [V]

Schaltveruste ISBT-Wachsalr. (typisch)
switching losses 1GBT-inverter (typical)

4] T
00051015202530354045505560857,0
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date of publication: 3182003
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Ic = f (VeE) Eon = f{lc). Earr =f {Ic)
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V(VII)
Technische Information / technical information EUP EC
IGBT-Module
IGET-modules FZ1200R33KF2C J|}

Vorlaufige Daten
preliminary data
Sohaltverusts IGBT-Waechsalr. (typisch) Transientsr Wirmewiderstand IGBT-VWechsalr.
switching lossas |GBT-Invertar (typloal) transiant tharmal impadancs |GBT-inverter
Eon = f(Rg). Eorr = F(Ri) Zpnac = Tt}
VeE =15V, Ig = 1200 A, Voe = 1800 V, Ty = 125°C,
Cge =220 nF
10000 AN
[ | | ] 1
—E. L~ — Zoic - 1T
——- Egt //
2000 ]
r
]
/”'/ 11
000 g ]
7 7 : '
" d B
4000 ;’f N} "
/ e
2000 L o J__b=d==1" ;
[ Vi v 1ms 3 st 2|
/ el oo of 03 1 T
0 01 11
i 2 3 4 5 46 7 B 8 10 11 12 0,001 o 01 1 10
R [O] t[s]

Sioharer ROckwirts-Arbeltsbaraich IGBT-Wr. (RBSOA) Durchiafkennlinka der Diods-Wachsair. (typisch)

reverse bias safe operating area IGBT-inv. (RBS0A) forward characteristic of diode-inverter (typical)

lc =f{Vce) Ir =f(VF}

Ve = 15V, Reorr = 1,2 O, Ty = 125°C, Gee = 220 nF

3000 2400 | | | ki
T, = 25°C S
ap0n )| T =125°C :,
2400 . /
' 1600 L
1200 i ’

z Z o /

B =
1200 ,/

500 ;'f
400
— . Modul p
Iy Chipu /
. | 0 4=
0 500 1000 1500 2000 28500 3000 3500 00 05 10 15 20 25 30 35 40
Ve [V] VF V]
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IGBT-Module
IGBT-modules

Technische Information / technical information

FZ1200R33KF2C

EUpec

g

Schaltveriuste Diods-Wechsalr. (typisch)
switohing losses diods-Invartar (typloal)

IF [A]

Eree = rt.—'}
Rigen = 0,81 1, Vo = 1800 V, Ty = 125°C
2500
—E.
2000
..--F"'"'-”_F.-._F
.-""fff
1500 £
— [~
£ v
w
1000 /f
L] /
1]
0 300 G600 900 1200 1500 1800 2100 2400
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00—
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10

Vorldufige Daten
preliminary data

Sohaltverusta Diode-VWeochsalr. (typisch)

switching losses diods-Invertar (typloal)

Eree = rmﬁ]

I = 1200 A, Vce = 1800 V, Ty = 125°C
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Technische Information / technical information eu F' EC

|GBT-modules FZ1200R33KF2C 13

Vorlaufige Daten
preliminary data

Schaltplan / circuit diagram

external connection
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Appendix 2: General model of NPC and ANPC inverter block diagrams with SVM control

blocks
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Appendix 3: The compound SVM control module
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Appendix 4: ‘Definition_of_angle_and_sector’ block diagram
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Appendix 5: ‘Definition_of Region’ block diagram
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Appendix 6: ‘Conducting_Time_Calculator’ block diagram
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Appendix 7: ‘Switching_Control’ block diagram for

routing
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Forming signals for lower part of NPC topology IGBTs
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‘Switching Sequence’ for region 2
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Appendix 8: Three-level NPC and ANPC inverter models with measurement blocks
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Appendix 9: m-file with simulation parameters and base vectors arrays declaration for
NPC and ANPC models

clc;

clear all;

Switching states for one phase a...f=[sl s2 s3 s4 s5 s6].

States a and f give fully positive and negative voltages for one phase,
respectively, and create paths for positive and negative currents,
whereas states b,c,d and e create alternative paths for current flow
in the middle point of ANPC topology.

o® o° o oP

o\

([
~e o~

. N

Il
~.

O o Q0
Il
cokrocow
OO0 O RKRE
el eNe)
_oOor oo
_OoOOoRrRkoOo
OoORr Pk OO
el

~e

% Parameters of the model and load

m=3; % number of phases
init t=le-9; %losses calculation
Cur rise tol=4; sassumptions

A Cur rise tol=20;
Time sat limit=2e-5;
Tf=1/50;
Tsw=1/(50*36) ;
tolerance=0;
Udc=2.8e+3;

Rload=1;

Lload=2e-3;

oe

Fundamental period [s]
Switching period [s]
min pulse length [s]
DC-1ink voltage [V]
Load resistance [Ohm]
Load inductance [H]

oC o0 o o

oe

)

% Parameters of IGBTs and diodes used in calculation model
Tail time=0.0000002; % Rise time [s]
Fall time=0.0000002; % Fall time [s]

RGin=0.42;

Ldcl=0;

uCEO=1.9; % IGBT threshold voltage [V]
rC=0.002; % IGBT on-state resistance [Ohm]
ubDO=1.4; % Diode threshold voltage [V]
rD=0.0023; % Diode on-state resistance [Ohm]

Irated=1200;
Urated=1650;

o\°

Rated current from the datasheet [A]
Rated voltage from the datasheet[V]

oe

Eon=2.2; % Turn-on energy loss [J]
Foff=1.55; % Turn-off energy loss [J]
Erec=1.55; % Recovery energy loss [J]

sim('ANPC final.mdl');
sim('NPC final.mdl'");
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Appendix 10: Currents of symmetrical components Syi, Sxs and Sy, Sxs simultaneously
conducting Dy; and Dy, for NPC inverter.
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