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Abstract

Among the renewable energy alternatives, wind energy has made the biggest impact on the
total energy production in the last decade. Maintaining or improving the reliability of the wind
turbine system in power generation sector with optimal performances is one of the important
tasks. Especially the wind turbines connected to the grid are subjected to certain electricity
grid connection regulations specified in grid codes. A detailed study of the performance of
wind turbine systems in various case scenarios is necessary, so that appropriate solutions can
be recommended, especially in the converter controls which play the major role in the overall
system.

In this thesis, the doubly fed induction generator (DFIG) which is still the most widely used
wind turbine type is selected for detailed investigation. Its performances during steady state
operation in two alternative scenarios, namely, using different pulse width modulation (PWM)
types and using different converter topologies, are investigated. The performance criteria
include generated common mode voltage at machine side converter (MSC), current total
harmonic distortion in the low voltage network, converter power losses and reactive power
capability. Additionally, the component counts in the converter and its estimate cost are
compared.

Regarding the first scenario, the influence of different PWM types on the converter power
losses, the reactive power capability and the total harmonic distortion has been investigated in
detail, and the most suitable PWM type depending on the optimal performance criteria as well
as operational speed range is proposed.

In the second scenario, two different converter topologies, namely back-to-back two-level
converter and back-to-back three-level neutral point clamped (NPC) converter were
implemented in the simulation model, and on the basis of the simulation results their
performances in terms of cost against the accruing operational advantages are compared.
Finally, a new protection scheme for fault ride-through in back-to-back three-level NPC
converter is proposed as an alternative to conventional protection scheme using DC-link
chopper. The proposed scheme shows a very similar dynamic behaviors with the conventional
scheme when the inner IGBTs of the MSC are designed for about two times higher current
rating than the over-current protection limit. Furthermore, it implements simpler operation
without higher component count. The need for the inner IGBTs with higher current rating
significantly increases the cost of the MSC. However, the total cost of the DFIG system is

slightly reduced about 15% by the elimination of the DC-link chopper circuit.



Abstrakt

Unter den alternativen erneuerbaren Energiequellen hat Windenergie in den letzten zehn
Jahren den groRten Stellenwert im Energieerzeugungssystem erlangt. Die Erhaltung bzw. die
Verbesserung der Zuverldssigkeit des Stromversorgungsnetzes mit zunehmenden
Windenergieanlagen und deren optimale Nutzung ist eine der wichtigsten Aufgaben. Die
Windenergieanlagen sind im Netzbetrieb bestimmten in  Netzanschlussrichtlinien
angegebenen Anschlussregeln unterworfen. Dies erfordert eine detaillierte Untersuchung von
Windenergieanlagen in verschiedenen operativen Szenarien, so dass geeignete Ldsungen
empfohlen werden konnen, insbesondere bezliglich Umrichter-Regelung, die die Hauptrolle
im Gesamtsystem spielen.

In dieser Forschung wurde der doppelt-gespeiste Asynchrongenerator, der immer noch am
h&ufigsten verwendeter Windturbinentyp ist, fiir eine detaillierte Untersuchung ausgewadhlt.
Sowohl das Betriebsverhalten im stationdren Betrieb allgemein als auch unter
Bertcksichtigung von zwei alternativen Pulsweiten-Modulation (PWM)-Typen und
verschiedenen Umrichter-Topologie, untersucht. Vergleichskriterien sind die erzeugte
maschinenseitige ,common mode*“ Spannung, Gesamtverzerrung der Stromwelle im
Niederspannungsnetz, Umrichter-Leistungsverluste und Blindleistung-Einspeiseféhigkeit.
Zusétzlich werden die Anzahl der Komponenten im kompletten Umrichter-System und die
geschatzten Kosten als Vergleichskriterien herangezogen.

Bezuglich des ersten Szenarios, der Einfluss unterschiedlicher PWM-Typen auf Umrichter
Verlustleistung, die Blindleistung-Einspeisefdhigkeit und die gesamte harmonische
Verzerrung wurden im Detail untersucht, und der am besten geeignete PWM-Typ beziiglich
optimaler Leistungskriterien sowie Drehzahlbereiche vorgeschlagen.

Im zweiten Szenario wurden zwei verschiedene Umrichter-Topologie, namlich zweistufiger
»Back-to-Back®” Umrichter und dreistufiger ,,Neutral-Point-Clamped (NPC)“ ,,Back-to-Back*
Umrichter wurden im Simulationsmodell implementiert, und auf der Grundlage der
Simulation Ergebnisse ihre Eignung in Bezug auf Kosten gegen die anfallenden
Betriebsvorteile verglichen.

SchlieBlich wurde ein neues Schutzschema fir ,,Fault-Ride-Through* im dreistufigen ,,Back-
to-Back* NPC-Umrichter als Alternative zum konventionellen Schutzschema mit Chopper im
Gleichspannung-Zwischenkreis vorgeschlagen. Das vorgeschlagene Schema zeigt ein sehr
ahnliches dynamisches Verhalten wie das konventionelle Schema, wenn die inneren IGBTS
des maschinenseitigen Wechselrichters (MWR) fir etwa zweifachen Nennstrom der
Uberstromschutzgrenze ausgelegt werden. AuRerdem erméglicht eine einfachere Bedienung



ohne hohere Anzahl von Komponenten. Die Verwendung von inneren IGBTs mit htherem
Nennstrom erhoht die Kosten der MWR. Jedoch werden die Gesamt Kosten um etwa 15%

weniger, da der Chopper im Gleichspannung-Zwischenkreis dadurch Gberfllissig gemacht

wird.
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1 Introduction

In recent years, renewable energy resources such as wind, solar, geothermal, biomass, etc.
have become important resources for present and future electrical energy demand all over the
world. This is due to growing environmental, economical, and political concerns on the
electrical energy production using fossil fuels such as coal, petroleum, and natural gas.
Among the renewable energy alternatives, wind energy has made the biggest impact on the
total energy production in the last decade.

This chapter provides an overview of the wind energy status around the world. A brief
historical development in wind turbine generating systems is presented. Subsequently, the

aims of the thesis are stated and finally the structure of the report is outlined.

1.1 Background

The power of the wind has been utilized for at least 3000 years. Until the early twentieth
century wind power was used to provide mechanical power to pump water or to grind grain.
At the beginning of modern industrialization, the use of the fluctuating wind energy resource
was substituted by fossil fuel fired engines or the electrical grid, which provided a more
consistent power source.

In the early 1970s, interest in the power of the wind re-emerged after the oil crisis. This time,
the main focus was on wind power providing electrical energy instead of mechanical energy.
From this time, the technology was improved step by step. By the end of the 1990s, wind
energy has re-emerged as one of the most important sustainable energy resources. It has
increased dramatically and several international forecasts expect the growth to continue.
Figure 1-1 shows the global cumulative installed wind capacity from 1996 to 2012, while
Figure 1-2 shows the wind capacity forecast from 2013 to 2017 [1]. It is forecasted that the
cumulative capacity growth rate will be between 12% - 19% and the cumulative installed
wind capacity will reach about 536 GW in the 2017 [1]. This growth is being enabled by
advanced wind turbine production technologies based on the aerodynamic, civil, mechanical,
and electrical engineering fields; hence, wind energy is converted to electrical energy
economically and marketed at competitive prices with the electricity produced by the
conventional power plants such as thermal, hydro, and nuclear power plants.

Maintaining or improving the reliability of the wind turbine system in power generation
sector with optimal performances is one of the important tasks. Especially the wind turbines

connected to the grid are subjected to certain electricity grid connection regulations specified
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in grid codes. This task can be contributed by the power electronic converters which play the

major role for improving the electrical performances in the overall system.

Global Cumulative Installed Wind Capacity 1996-2012

J00,000 MW oo et et e et e e e e e e e e e b bR e e e e et e e e ha e Re s s e ta e e e e ettt n s e aes 282587

D). et 8 803 838 W 38 ST S S b 238,050 ...

OO s s i i S R S R T S S S S S S S S 198,001
158,975
150,000 v o SR SR ST TR S TTTE S T R
s mE B B B
00,000 - -+ e 59097 g
47,620 <
...................................................... BETIRZ <y N
50’0006 W a0 wm new 7w B0 I} . . I I

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20M 2012

Source: GWEC

Figure 1-1: Global cumulative installed wind capacity [1]
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Figure 1-2: Market forecast installed wind capacity [1]

1.2 Objectives of the thesis

As described in the previous section, the wind turbines contribute an important role in the
renewable power generation system. Among them, doubly fed induction generators (DFIGs)
are the most widely used wind turbine generation system. Thus, this thesis focuses only on the
DFIG based wind turbine (WT). A detailed study of the performance of the DFIG systems in

various case scenarios is necessary, so that appropriate solutions can be recommended to
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improve the system with optimal performances. Therefore, the thesis is written with
objectives as follows:

e Development of the dynamic model of DFIG based WT connected to the grid which
enable operating with two different converter topologies namely two-level converter
and three-level neutral point clamped (NPC) converter including their control
structure.

e Overview and analysis of existing switching methods of the insulated gate bipolar
transistors (IGBTs) to have an idea of choosing appropriate switching technique for
optimal performances in switching losses and harmonic distortion level.

e Development and analysis of the converter power losses model and thermal model
which to be implemented in the simulation model.

e Evaluation the performance of DFIG based WT in terms of generated common mode
voltage at machine side converter (MSC), converter power losses, harmonic distortion
level in the low voltage network and reactive power capability during steady state
operation in two alternative scenarios, namely using different pulse width modulation
(PWM) types and using different converter topologies.

e Analysis of the results obtained from the simulation of the two scenarios and
recommend solution for optimal performances.

e Development of a new protection scheme using zero state switching for improved
fault ride-through of the DFIG during grid faults. Then, analysis of their dynamic
behavior and comparison with conventional protection scheme using DC-link chopper.

e Analysis of the components count and their cost for different converter topologies
(two-level and three-level NPC converter). Also the cost comparison when using the

new protection scheme in the three-level NPC converter.

1.3 Outline of the thesis

The thesis starts with general introduction in chapter 1 discusses wind energy background,
objectives and contents of the thesis. Historical development and current status of wind power
is summarized at the beginning.

Chapter 2 provides an overview of the most common WT concepts. Basic configurations and
characteristics of different wind generator systems are described. The thesis focuses on the
variable speed system with partial-scale power converter which is also known as the DFIG

system. Thus, it has been explained in detail including its advantages and disadvantages.
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Chapter 3 describes the modeling of DFIG based WT that is implemented in Matlab/Simulink
environment. Detailed model is approached for dynamic simulation. The model system is
generally separated into mechanical part and electrical part. The main focus is the power
converter model where two different topologies are proposed, namely two-level converter and
three-level NPC converter.

Chapter 4 discussed the derivation and analysis of the control system of the DFIG based WT.
This includes the control of rotor blade, speed control and converter control. The standard
controller for controlling the back-to-back converter is defined which is applicable for both
two-level and three-level converter topologies.

This is followed in chapter 5 by the overview and analysis of basic concepts of converter
switching. The well known switching schemes and the standard pulse width modulation
(PWM) types are describes. From the literature analysis, the PWM switching scheme is
selected for further investigation. Among the standard PWM types, four types are selected and
proposed to be applied for the switching of the IGBTs. The performance comparison in terms
of switching losses and harmonics distortion level among the PWM types is analyzed. Then,
the switching generation method for both two-level and three-level NPC converter is defined.
In chapter 6, power losses model and thermal model for both converters are developed. Power
losses model is first developed since their outputs are required for the thermal model. This
includes the derivation of conduction losses, switching losses and total power losses of the
IGBT/diode. The calculation of power losses model are based on the manufacturer parameters
that can be obtained from the semiconductor datasheets. To develop the power losses model
for two-level and three-level NPC converter, analysis of IGBT switching state, its
commutation and suitable IGBT technology are first performed. From the obtained data of
power losses, the thermal model is developed which is also defined the junction temperature
of IGBTs. The analysis in this chapter correlates to the evaluation of the performances in
power losses and reactive power capability.

Chapter 7 investigates the performances of DFIG based WT in two different cases, namely
using different PWM types in two-level converter and using different converter topologies. In
the beginning, the performance indexes are described. This includes the generated common
mode voltage at MSC, the current total harmonic distortion in the low voltage network, the
converter power losses and the reactive power capability of the DFIG system. In each case,
the performance indexes are analyzed, and then appropriate solution for optimal performances

is recommended. A verification of the power losses and thermal model described in the
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chapter 6 is also included in this chapter. The results are compared with the standard
manufacturer simulator, namely SEMISEL from Semikron which available online.

Chapter 8 focuses of the protection schemes for three-level NPC converter of the DFIG based
WT. It starts with the introduction of the current grid code requirements concerning fault ride-
through (FRT). The existing protection schemes for FRT including crowbar and DC-link
chopper are reviewed. Then, a new protection scheme which using the control of zero state
switching is proposed and described. This protection scheme allows safe FRT without the
need for additional protection hardware. Detailed time domain simulation studies are
presented in this chapter to illustrate the effect of the protection schemes during symmetrical
and unsymmetrical grid faults. Simulation studies prove the similar dynamic performance of
the proposed scheme with the conventional scheme. In the end, component count and cost
comparison of the back-to-back three-level NPC converter between the two protection
schemes are evaluated.

Chapter 9 summarizes the main results and conclusions within the scope of the research work

performed and reported in this thesis. Possible further research topics are also highlighted.
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2 Wind Turbine Concepts

Based on the rotation speed, wind turbine (WT) concepts can be grouped into fixed speed,
limited variable speed and variable speed. For variable speed WT, based on the rating of
power converter related to the generator capacity, they can be further grouped into wind
generator systems with a partial-scale and a full-scale power electronic converter. The most
common in operation of the variable speed partial-scale power converter WT is doubly fed
induction generator (DFIG), while in the variable speed full-scale power converter WT is
permanent magnet synchronous generator or squirrel cage induction generator in combination
with a frequency converter, which is designed for the full WT electrical power. It can be
summarized as below:
- Fixed speed system
- Limited variable speed system
- Variable speed system
0 Full-scale power converter: Permanent magnet synchronous generator or
squirrel cage induction generator in combination with a frequency converter.
0 Partial-scale power converter: Doubly fed induction generator.
In this chapter, according to contemporary WT concepts, the basic configurations and

characteristics of different wind generator systems are explained.

2.1 Fixed speed system

The fixed speed system consists of a gearbox and a squirrel cage induction generator (SCIG)
which is directly connected to the grid through a transformer. Figure 2-1shows a typical
configuration of that type. The generator offers no option for electrical control and it always
consumes reactive power from the grid. Due to that reason, this type was extended with a
capacitor bank for reactive power compensation. Smoother grid connection was also achieved
by incorporating a soft-starter.

The well-known advantages of this system are it is robust, easy and relatively cheap for mass
production. In addition, it enables stall-regulated machines to operate at a constant speed
when it is connected to a large grid, which provides a stable control frequency. The power
control of fixed speed system can be implemented as stall or active stall control. While the
first only roughly limits the output power through the stall characteristic of the rotor blades,
the latter results in a constant power output above nominal wind speed. The disadvantages of

the fixed speed system are mainly on its speed controllability and its cost. The speed is not
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controllable and variable only over a very narrow range, in which only speeds higher than the
synchronous speed are possible for generator operation. The installation of capacitor bank and

the large mass of gearboxes invest a very expensive cost [2]-[9].

Gear

P
| Capacitor
| Bank |

Figure 2-1: Fixed speed wind turbine system

2.2 Limited variable speed system

The limited variable speed system consists of a gearbox and a wound rotor induction
generator (WRIG) with variable rotor resistance by means of a power electronic converter, as
shown in Figure 2-2.

The stator of WRIG is directly connected to the grid, whereas the rotor winding is connected
in series with a controlled resistor. The main limiting factors of this approach are the rotor
losses, which increase with the speed range. The dynamic speed control range depends on the
size of the variable rotor resistance, and the energy extracted from the external resistor is also
dumped as heat loss in the controllable rotor resistance. A typical limited variable speed range
is less than 10% above the synchronous speed [2]-[4], [6]. Like the fixed speed system, the
limited variable speed system is a reactive power consumer and requires compensation

devices. A soft-starter is also required for this type.

Box \/ ___l__ﬂ

| .
| Capacitor :
Converter | Bank |

Figure 2-2: Limited variable speed wind turbine system

2.3 Variable speed system

Variable speed systems are generally grouped into the full-scale power converter and the
partial-scale power converter. When compared between both types, the full-scale power

converter can perform smooth grid connection over the entire speed range. However, it has a
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higher cost and a higher power loss in the power converter, since all the generated power has
to pass through the power converter.

Commonly, the variable speed systems are equipped with pitch controlled rotor blades for
power limitation above nominal wind speed. A braking chopper in the DC circuit is used to
dissipate the generated power during grid faults. A line inductor and an output filter are used

at the line side converter for enhanced power quality.

2.3.1 Variable speed system with full-scale power converter

Basically, a type of variable speed system with full-scale power converter used in the market
is permanent magnet synchronous generator (PMSG) or SCIG in combination with a
frequency converter. The scheme of a grid-connected WT with PMSG or SCIG is shown in
Figure 2-3.
In recent years, the use of PMSG is more attractive than before, because the performance of
PMSG is improving and the cost is decreasing. PMSG is not standard off-the-shelf machines
and they allow a great deal of flexibility in their geometry, so that various topologies may be
used. PMSG can be classified into the following types: the radial flux, the axial flux and the
transversal flux, based on the direction of flux penetration.
PMSG does not require energy supply for excitation, as it is supplied by the permanent
magnets. The stator of a PMSG is wound and the rotor has a permanent magnet pole system.
The salient pole of PMSG operates at low speeds, and thus the gearbox can be removed. The
advantages of PMSG over electrically excited machines can be summarized as follows
according to literatures [2], [10]-[17]:

e Higher efficiency and energy yield due to lower generated power losses in the

machine.

e No additional power supply for the magnet field excitation.

e Improvement in the thermal characteristics due to the absence of field losses.

e Higher reliability due to the absence of mechanical components such as slip rings.

e Lighter and therefore higher power to weight ratio.
However, PMSG has some disadvantages, which can be summarized as follows:

e High cost of PM material.

e Difficulties to handle in manufacture.

e Demagnetization of PM at high temperature.
The SCIG has also the same scheme with the PMSG as shown in Figure 2-3. However, the
SCIG is not very popular compared to the PMSG due to their main disadvantage where
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having problem with obtaining excitation current from the stator terminal. A higher

maintenance of the gearbox also make not attractive for this scheme.

[ - 1

Gear

Box | l@ Converter 4-—@7
L2028 ]

Figure 2-3: PMSG or SCIG wind turbine system with full-scale power converter

Compared with the fixed speed system, the variable speed system with full-scale power
converter type has advantages of the flexible control with a full-scale power, such as variable
speed operation, better performances of reactive power compensation and smooth grid
connection. However, their disadvantage is the higher cost and losses of the full-scale
converter, and the efficiency of the total system (gearbox induction generator and converter)

may be low.

2.3.2 Variable speed system with partial-scale power converter

This configuration is known as the DFIG based WT, which corresponds to a variable speed
system with a WRIG and a partial-scale power converter on the rotor circuit, as illustrated in
Figure 2-4. The stator is directly connected to the grid, whereas the rotor is connected through
a power electronic converter. The power converter controls the rotor frequency and thus the
rotor speed. This concept supports a wide speed range operation, depending on the size of the
frequency converter. Typically, the variable speed range is £30% around the synchronous
speed [2]-[6]. The rating of the power electronic converter is only 25-30% of the generator

capacity, which makes this concept attractive and popular from an economic point of view.

Gear
[
= ={mo O
Converter
E] Crowbar

Figure 2-4: DFIG based wind turbine system
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A rotor crowbar is used to protect the rotor side converter against over-currents and the DC
capacitors against over-voltages during grid faults. But a crowbar ignition means the loss of
the generator controllability through the machine side converter (MSC), since the machine
rotor is short-circuited through the crowbar resistors and the MSC is blocked. During this
time slot the generator acts as a common induction generator and consumes reactive power,
which is not desirable from grid point of view. In order to avoid a crowbar ignition for most
fault scenarios, a DC chopper is used to limit the DC voltage by short-circuiting the DC
circuit through the chopper resistor.

The DFIG system has advantages where the rotor energy, instead of being dissipated, can be
fed into the grid by the power electronic converter. Moreover, the power converter system can
perform reactive power compensation and smooth grid connection, for example, the line side
converter (LSC) can control its reactive power, independently of the generator operation; this
allows the performance of voltage support towards the grid. However, the DFIG system has
the following disadvantages [2]-[4], [6], [10].

e A gearbox is still necessary in the drive train because the speed range for DFIG is far
from a common turbine speed of 10-25 rpm. A gearbox is inevitable to have some
drawbacks, such as heat dissipation from friction, regular maintenance and audible
noise.

e The slip ring is used to transfer the rotor power by means of a partial-scale converter,
which requires a regular maintenance, and maybe result in machine failures and
electrical losses.

e Under grid fault conditions, large stator currents result in large rotor currents and
could cause damages to the power electronic switches, rotor windings and DC-link
capacitor. Thus, protection circuit in rotor circuit or DC-link is necessary.

e According to grid connection requirements for wind turbines, in case of grid
disturbances, a ride-through capability of DFIG is also required, so that the

corresponding control strategies may be complicated.
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3 Modeling of DFIG based Wind Turbines

The main goal of this study is to develop enhanced converter control strategies for DFIG
based wind turbines (WTs) and to investigate their performances in term of harmonics
distortion level, power losses, reactive power capability and generated common mode voltage.
For this purpose it is essential to develop appropriate realistic models for the electrical system
as well as for the mechanical part of the WT. The mechanical part of the WT includes
aerodynamic model and drive train model, while the electrical system includes generator,
power electronics converter, DC circuit and transformer. An overview over the modeling
scheme is illustrated in Figure 3-1.

In this chapter, the model of the mechanical system and the electrical system are presented.
DFIG based WT of 2 MW power will be investigated. Parameters of the machine and the
control system are based on manufacturer data, and the simulation results are intended to
reflect the existing reality as accurately as possible. The DFIG based WT model are

developed using Matlab/Simulink environment.

A Electrical part

Box

Ty =
T | A

MSC Chopper LSC

Mechanical part

Figure 3-1: Modeling scheme of mechanical and electrical system of DFIG based WT

3.1 Aerodynamic model

Figure 3-2 illustrates the cross section of WT blade. The kinetic energy obtained by the blades
from the wind is transformed to mechanical torque on the rotor shaft of the WT. The blades
are attached to the rotor shaft and rotate with the tip speed w;ot X 7, where r is the length of the
blade. The blade profile experiences a relative wind velocity generated by the superposition of

the tip speed and the wind velocity vy,. While wind is passing the profile it introduces lift (L)
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and drag (D) forces on the blade, which results in movement of the blade. From these forces

the power obtained from the wind can be calculated as:

1
Py =5 pAue, (2P, (3.1)
With the power coefficient:
P, (4,
Cp(&ﬂ)=—“’( /) (3.2)
wind
And the tip speed ratio:
o, T
/1 — rot
—v (3.3)

Thereby p is the air density, vy, is the free wind speed experienced by the rotor and 4, is the

swept rotor area. The power coefficient depends upon the pitch angle 5.

4 Rotor plane

¥ O Rotor axis

[

G >

.

Figure 3-2: Cross section of wind turbine blade (a is the angle of attack) [18]

Usually, the power coefficient curves are provided by the manufacturers of the rotor blades in
form of data tables. Figure 3-3 shows the power coefficient curves of a multi-MW pitch

controlled wind turbine.
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Figure 3-3: ¢,-curves of a multi-MW pitch controlled wind turbine [19]

3.2 Drive train model

In this section the simplified drive train model of the wind turbine will be described. This
dynamical model has been explained in many literatures [20]-[30] and is widely accepted as
expressing the dynamical behavior of the drive train for the area of research.

The wind turbine drive train can be modeled as a two-mass system coupled through a gear
train as shown in Figure 3-4. The quantities on the wind turbine rotor side of the gearbox can
be reflected to the generator side. This eliminates the gear ratio and results in a two-mass
representation of the wind turbine. Neglecting the effects of the gearbox moment of inertia,
damping, and stiffness is justifiable since the moment of inertia of the wind turbine rotor is

comparatively very high.

JW

Ix

Figure 3-4: Two-mass model of the wind turbine drive train
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Torque equations representing the mechanical behavior of the wind turbine are derived based
on the two-mass model. The aerodynamic torque from the wind turbine rotor and the
electromechanical torque from the direct-connect induction generator act in opposition to each
other.

According to the momentum theorem [31], the two-mass model can be described by the

following equations where all quantities referred to the generator side.

do 1

dtW :E(z‘w — kg AO—dgy Aw) (3.4)
do 1

dtR =E(—tR + kg AO+dy Aw) (3.5)

The mechanical speed and angle difference are given as:

dAg _d(6y —6;)
dt dt

=Aw = oy — oy (3.6)

where,

Jy »Jx = moments of inertia of the wind turbine rotor and the generator [p.u.]
ty »tr = wind turbine aerodynamic and generator electromagnetic torque [p.u.]
wy, , Wy = wind turbine rotor and the generator speed [p.u.]

0y, ,0 = angular position of the rotor and the generator [p.u.]

kg, ,d, = equivalent stiffness and damping [p.u/rad], [p.u.]

3.3 Generator model

The generator of the DFIG based WT system is an induction machine with a wound rotor,
which is connected via a power converter, while the stator is directly connected to the grid.
The converter supplies an additional rotor voltage with slip frequency to the rotor terminals.
The variable rotor voltage assures variable speed operation of the generator and allows
independent control of the generator’s active and reactive power. Depending on the rotor
voltage’s amplitude and phase, the generator operates in sub-synchronous or super-
synchronous operation. In sub-synchronous operation the converter feeds power into the rotor,
while in super-synchronous operation the rotor power is fed via the converter back to the grid.
The power flow in the converter is thus bi-directional, as can be shown in Figure 3-5. The
converter must therefore consist of self-commutated semiconductors, allowing power flow in

both directions. The selection of power semiconductor will be described in section 3.4.1.
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Figure 3-5: Power flow in the DFIG based WT
3.3.1 Full-order model

The full-order model (FOM) of the DFIG is based on the dynamic equations of stator and
rotor voltage given in Eq. (3.7)-(3.10), which considers the physical three-phase quantities
with the generator reference arrow system shown in Figure 3-6.
iRa iSa
DR/ .
/A S
e, uRi uRi usl usli ul
\ \/

N N

Figure 3-6: Slip—ring induction generator with measured quantities

Voltage equations:

Us, I, d Vsa
Ug, | =T l:Sb _a Vs (3.7)
uSc lSc WSC
uRa Z:Ra d ‘//Ra
Upy | = TR l'Rb _a Vo (3-8)
uRc ch l//Rc
Flux equations:
lr//Sa iSa iRa
Vs | = ls Ig, |+ lM Ixb (3.9

WSC lSc ch
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l//Ra iSa iRa
Yo | =] Bso [+ 1r| Tro (3.10)
WRC iSc iRc

With the stator and rotor inductance:
Iy =14+, (3.11)
I, =14+, (3.12)
The three-phase equations can be described by a space vector, which consists of two
orthogonal components, without zero sequence components since the neutral point of the
DFIG is usually not connected and consequently no zero system occurs.
Using Clarke transformation, the three-phase equations, Eq. (3.7) — (3.10) are transformed
into space vectors in an arbitrary reference system (denoted by superscript£) and the
following system of equations are obtained.

Voltage equations:

VR 7
Us = Tsls —JOY  —— 4 (3.13)
Z
ug =—rix i@, o )y, —dz—/—;‘ (3.14)
Flux equations:
w o =Lis +1yiy (3.15)
wo =105 +1, 0 (3.16)

After some algebraic manipulation, the complex state equation for the stator and rotor circuits

can be expressed as:

dl//l 7 [
S S . Z M’s Z Z
— = + —u 3.17
dt [ ol 1021V O'ZSIR%R = G.17)
W, [ o, — o) |l ey g (3.18)
dt ol, c MR g, S R '
Where the leakage factor is given as:
12
azl—ll}“ (3.19)
SR

The stator and rotor currents can be expressed as:



3 Modeling of DFIG based Wind Turbines 17

Lws—1,w°
g =—=S_“=R (3.20)
ol

s ISK; _ZMKSZ

3.21
ol (3-21)

The electromagnetic torque is given as:

o =Imly_-ifj=Tmly i | (3.22)
All these equations form the FOM that can be used for instantaneous value based dynamic
time domain simulations. State variables are the stator and rotor flux components as well as

the rotor speed. The stator voltage is assumed to be constant or interpreted as an independent

input variable. This allows using the FOM for single machine infinite bus investigations.

3.3.2 Steady state model

The steady-state model of the DFIG is mainly required for the calculation of the initial
conditions for the initialization of the state variables in the dynamic models. Additionally, it is
the foundation of the derivation of the standard rotor current control structure, which will be
described in chapter 4. Based on this model, the steady-state performance of the machine will
be reviewed briefly with the objective of identifying the range of control options and the
operational capabilities of the machine.

Neglecting the derivative terms in Eq. (3.13) and Eq. (3.14), and regarding the equations in

synchronously rotating grid coordinates:
Ug =—rsls _jwsﬂs (3.23)

U =—tyiy —jlog — o )y . (3.24)

Eliminating the flux linkages using Eq. (3.15) and Eq. (3.16), the following equations are

obtained:
Ug = —rgls _jws(lsl.s +ZM£R): —rsis = JXgis = JXy iy (3.25)
u Ty . . . . R . S .
== iy _Ja)s(lMls +ZRER)=__RZR —Xuls T MXrir (3.26)
S S
gen gen gen
O, — W
where the slip, s,., = :
a)S

Eq. (3.25) and Eq. (3.26) can also be illustrated using the equivalent circuit given in Figure
3-7.
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Figure 3-7: Equivalent circuit of doubly fed induction machine in steady-state

3.4 Power converter

The power converter of DFIG based WT can be designed as different structure such as:

e The static Kramer drive (Figure 3-8a) [32], [33]

e The VCRS system (Figure 3-8b) [32], [34]

e The back-to-back system (Figure 3-8c)
The static Kramer drive and the VCRS system are uni-directional type with regard to power
flow and only able to generate power when operating above synchronous speed or below
synchronous speed. The back-to-back system is a bi-directional power converter consisting of
two voltage source converters coupled in a back-to-back fashion. It is able to generate power
both above and below synchronous speed which allows this system to track the optimum tip
speed in a larger speed range than the static Kramer drive and the VCRS system. Further, the
back-to-back system is able to provide reactive power control [35], [36] and harmonic
compensation [37] both by the line side converter (LSC) and by the machine side converter

(MSC). Thus, it is more preferable than the other two systems and implemented in this study.

F ] T Bk | T

a) The static Kramer drive b) The VCRS system ¢) The back-to-back system

Figure 3-8: Different structure of power converter in a DFIG based WT

In wind turbines applications, voltage level of the back-to-back converter can be distinguished
between low voltage (400-690 V) and medium voltage converters (3.0-6.6 kV). In medium
voltage converters, the three-level NPC converter is the most common topology and practical

in full-scale converter systems. In the DFIG based WT, the low voltage converters which is
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normally using two-level converter is widely been used since many years. In this study,
performance comparison between both two-level and three-level converters used in the DFIG
system will be investigated. In order to have a good comparison, thus the DFIG system is
designed with the same power rating (2 MW) and having the same voltage level (690 V) for
both converter topologies. In this section, both converter topologies and their switching

devices that will be used in the DFIG model are explained.

3.4.1 Switching devices

There is a large variety of power semiconductors that function as switching devices in a
converter such as metal oxide semiconductor field effect transistors (MOSFETs), insulated
gate bipolar transistors (IGBTs), gate turn-off thyristors (GTOs), and integrated gate
commutated thyristors (IGCTs). Figure 3-9 shows maximum current and voltage values for
controllable power semiconductors on the market today [38], [39]. While Figure 3-10 shows

common switching frequency ranges for various power semiconductors [39].
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Figure 3-9: Maximum current and voltage values for controllable power semiconductors on
the market [39]

IGBTs were introduced on the market in 1988. Nowadays, they have become especially

important for the “mass markets” of mains powered systems and equipment with a medium or
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high switching performance. With recent advances in semiconductor technology, IGBTs of a
rating up till 6.5 kV with DC current ratings up to 3.6 kA are commercially available today.

The selection of semiconductor devices is always a compromise between controllability and
dynamic requirements of the generator system on the one hand, and moderate losses on the
other hand. In the DFIG based WT, the IGBTs are clearly the dominating semiconductor
devices used in various converter topologies. They offer switch-on and switch-off capability
and thus provide full controllability at a wide range of switching frequencies. As shown in
Figure 3-10, the upper limit of the frequency range is determined by the semiconductor
switching losses and is approx. at 5 kHz for power applications. The lower limit is due to the
increased harmonic generation at low switching frequencies and the corresponding increased
filter size and is at approx. 500 Hz. Other switching devices like GTOs or IGCTs also offer
switch-off capability, but work at lower switching frequencies. Therefore, in this study, the

IGBTs are selected as the switching devices.

Converter Power [VA)] B

100 102 109 104 >
Device frequency [Hz] L

Figure 3-10: Common switching frequency ranges for various power semiconductors [39]

A typical module comprising of an IGBT with an anti-parallel diode is shown in Figure 3-11.
In DFIG applications, since the valves experience the entire DC voltage, the rating of the
components required is high. The diodes in the module must have a rating comparable to that
of the IGBT, as in case of short circuit faults or during overload faults they will experience a
large inrush current.

In order to avoid such large inrush current which could cause a negative impact on the aging,

lifetime, and reliability of the IGBT, the IGBT must be blocked when the current reach its
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limit. This limit is called over-current protection (OCP). Normally, in real applications the

IGBT must be blocked at about 2.5 of rated current to prevent over-voltage during switching.

Figure 3-11: Module comprising of an IGBT and its freewheeling diode

3.4.2 Two-level converter topology

Since the appearance of power semiconductors with intrinsic gate-turn-off capability, the two-
level voltage source converter has been the most widely used power converter for three phase
motor drive applications. Probably, due to the maturity obtained in the drives industry during
more than a decade, the two-level voltage source converter was widely adopted by the wind
turbine industry for use in large scale wind turbines in the late nineties.
Since the back-to-back two-level voltage source converter seems to be the preferred converter
topology in wind turbine applications, the purpose of this chapter is to establish a foundation
to compare and evaluate the back-to-back two-level voltage source converter against other
converter topologies applicable for the DFIG based WT system.
The two-level converter topology is shown in Figure 3-12. It consists of three legs, one for
each phase. Each converter leg consists of two IGBTs and two freewheeling diodes in parallel
with each IGBT. The output of each leg of the converter depends only on the DC-link voltage
upc and the switch state. The output voltage is independent of the output load current since
one of the two IGBTs or freewheeling diodes in a leg is always on at any instant. Therefore,
the converter output voltage is independent of the direction of the load current. It is capable of
producing two output voltage levels namely +u,. and —u,.. The crude AC waveform obtained
has a high harmonic content.
Some advantages of a two-level converter include:

e Simple circuitry.

e Low cost and less component count compared to multi/level converter.
Although the two-level converter topology offers some advantages there are certain
limitations that also need to be considered, such as:

e The valves experience a very high voltage and hence they need to be rated with high

blocking voltage capabilities.
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e The crude AC waveform obtained contains a lot of unwanted harmonics. The
switching frequency can be increased to push the harmonics to higher frequencies

using PWM, but this leads to higher switching losses in the converter.
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Figure 3-12: Two-level converter topology

3.4.3 Three-level NPC converter topology

With increase in power ratings, more number of switching devices needs to be added in series.
Simultaneous switching of a series chain of IGBT’s becomes complex, as there may occur a
delayed switching owing to heating of the devices. Hence, the concept of multi-level
converters was introduced. It gave flexibility in switching the devices independently and at
lower frequencies. Different topologies have been developed and a lot of research is being
done in improving the overall performance of the converter to provide an output of high
quality.
The most common multi-level converter topologies are [40]:

- Three-level Neutral Point Clamped (NPC)

- Three-level Flying Capacitor (FC)

- Three-level active NPC

- Cascade H-Bridge

- Modular Multi-level
In wind turbine generation systems, the three-level NPC converter is the most common
topology. It is mostly used in medium voltage converter for full-scale wind turbine system.

However, with improved performances as well as reduced cost of the converter, the usage of
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this topology could be broadening for other wind turbine application such as the DFIG based
WT.

The topology of the three-level NPC (diode-clamped) converter is presented in Figure 3-13. It
contains 12 IGBTs having anti-parallel diodes and 6 neutral point clamp (NPC) diodes. The
IGBTs Ty, and Txs4 are named ‘outer IGBTs’ and the remaining IGBTs Tx, and Ty; are
designated ‘inner IGBTs’. The group of NPC diodes is referred to as Py; and Py,. This
converter has a zero DC voltage centre point ‘0’, which is switchable to the phase outputs,
thereby creating the possibility of switching each converter phase leg to one of three voltage
levels. This provides another level in the modulation of the output voltage and allows the
reduction of the switching frequency or the filter size. Consequently, this leads to a reduction
of converter losses. Other benefit of this configuration is that, while there are twice as many
switches as in the two-level converter, each of the switches must block only one-half of the
DC- link voltage ‘un/2’ [41]. However, apart from that fact, the behavior of this converter is

very similar to that of the two-level topology.

P e -

Figure 3-13: Three-level NPC converter topology

Some additional features include:

e High voltage rating of blocking diodes is required.
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e Unequal device rating leading to different current ratings of devices.

e The more level in the modulation of output voltage produce better waveform quality.
Thus, the output waveform has a lower harmonics distortion level compared to the
two-level converter.

e Suffers from capacitor voltage unbalance problem.

3.5 Transformer

The nominal output voltages of wind turbine generators are in the range of 400 V-6.6 kV. For
the purpose of grid connection at a common voltage level a machine transformer is required to
step-up the voltage to the grid level (typically 10 kV or 20 kV onshore, 30 kV offshore). The
wind turbines with a stator voltage of 400 V or 690 V use a two-winding transformer with a
vector group of Dyn5 or Dynl1. DFIG based WTs with higher stator voltages have different
voltage levels at the generator and the line side converter and require a three-winding

transformer. In the most cases, it is connected with a vector group of DynSyn5.

3.6 DC circuit

The DC circuit consists of DC capacitor and DC-link chopper with its braking resistor. Figure

3-14 shows the electrical configuration of the DC circuit.

iLSg_DC IMSC_DC

) IcH
Ipc

Figure 3-14: Model of DC circuit

If the converter losses are neglected, the differential equation for the DC voltage is given as:

dup. 1 . 1 1

(_ Prsc — Pwmsc _pCH) (3.27)

= <l = (— I —1i —1 ) =
DC LSC DC MSC DC CH
& C cl e : Coun,

Where the chopper active power is given as:

0 , 1f chopper off

_ 2
Pen =1 U , if chopperon (3.28)

VCH
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4 Control of DFIG based Wind Turbines

In this chapter, mechanical control and converter control of the DFIG based WT will be
presented. The mechanical control is including generator speed control and rotor blade pitch
control which have their different control tasks. In general, the variable speed WTs may have
two different control goals, depending on the wind speed. In low to moderate wind speeds, the
control goal is to maintain a constant optimum tip speed ratio for maximum energy
conversion. In high wind speeds, the control goal is to keep the rated output power.

The converter control consists of machine side converter (MSC) control and line side
converter (LSC) control. The MSC and LSC are controlled in a d-q reference frame. The LSC
maintains the DC voltage and provides reactive current support for optimization of reactive
power sharing between MSC and LSC during steady state and grid faults. The MSC controls
active and reactive power of the WT and follows a tracking characteristic to adjust the
generator speed for optimal power generation depending on wind speed. Figure 4-1 shows the

block diagram of the overall control schemes of the DFIG based WT.

Gear

1 —
~ =
L. E]
= T ~ Measurements
MSC control: LSC control:
Active power DC-link voltage
Pitch control ‘ Speed control Reactive power Reactive power
Mechanical control Converter control

Figure 4-1: Overall control schemes of DFIG based wind turbine

4.1 Mechanical control

At high wind speeds or above nominal wind speed, it is necessary to limit the input power to

the turbine, or aerodynamic power control. There are three major methods of aerodynamic
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power control: stall, pitch and active stall control [42]. The three methods are described as
follows:

e Stall control implies that the blades are designed to stall above nominal wind speeds
and no pitch mechanism is thus required.

e Pitch control is the most common method of controlling the aerodynamic power
generated by a turbine rotor for newer larger wind turbines. Almost all variable speed
wind turbines use pitch control. Below nominal wind speed the turbine should produce
as much power as possible, using a pitch angle that maximizes the energy capture.
Above nominal wind speed the pitch angle is controlled in such a way that the
aerodynamic power is kept at its nominal value. In order to limit the aerodynamic
power, at above nominal wind speeds, the pitch angle is controlled to decrease the
angle of attack.

e Active stall is also working with the stall effect to increase angle of attack towards
stall in order to limit the acrodynamic power. This method can be used to fine-tune the
power level at high wind speeds for fixed speed turbines.

In modern multi-MW WT system, the aerodynamic pitch control is normally combined with
the speed control to achieve their control goals. Both control schemes are presented in the

next section.

4.1.1 Pitch control

As mentioned previously, the main task of the aerodynamic control is to limit WT mechanical
power (torque) at high wind speeds to the nominal value of the WT by moving the rotor
blades out of the wind.

In order to turn the rotor blades (pitch angle) out of the wind, pitch actuators are used, so that
the turbine output power which is modeled based on the cp-curves of the WT and the basic
equation of wind power conversion (Eq. 3.1) can be limited. The reference pitch angle is
determined by a PI controller which provides the quasi-stationary limitation of the rotor speed
to the given set-point. This controller is only active if the generator speed exceeds its nominal

value. Figure 4-2 shows the structure of a simple pitch controller.
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Figure 4-2: Structure of pitch control and aerodynamic model of a DFIG based WT

4.1.2 Speed control

The speed control is working to maximize the power output of the wind turbine across a wide
range of wind speeds by adjusting the turbine rotational speed according to the optimal
tracking characteristic, which considers the rotor blade characteristics. Figure 4-3 shows the

typical power tracking curve of a DFIG based WT as a function of speed range.
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Figure 4-3: Typical power tracking curve of a DFIG based WT

The speed control used in this simulation is based on PI controller. The PI controller adjusts
the generator speed by following the reference speed which is determined by a lookup table.
This lookup table stores a fixed relationship between measured electrical power and reference

speed. Figure 4-4 shows the structure of a simple speed controller.
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Figure 4-4: Structure of speed control of a DFIG based WT
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4.2 Power converter control

The converter control is the most important feature in controlling the DFIG based WT.
Different control methods for the converter control has been published in the literature.
Vector control technique, which has been well developed for DFIG using back-to-back
converters [43]-[46], is applied in this study. The vector control scheme is based on Park’s
transformation provides two orthogonal channels d and q to each converter thereby allowing
decoupled control of active and reactive power.

The objective of the vector control scheme for the LSC is to keep the DC-link voltage
constant regardless of the magnitude and direction of the rotor power. It also is responsible for
controlling reactive power flow into the grid by adjusting reactive power reference during
steady state and grid faults. The vector control scheme for the MSC ensures decoupling
control of stator-side active and reactive power drawn from the grid. The reference value of
the stator-side active power is obtained from the output of speed controller. It also provides a

generator with a wide speed range operation.

4.2.1 Line side converter control

A vector control approach is used with a reference frame oriented along the grid voltage
vector position, enabling independent control of the active and reactive power flowing
between the grid and the LSC. Figure 4-5 shows the circuit diagram of the LSC in a two-level
topology.
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Figure 4-5: LSC circuit diagram

From the LSC circuit, with the voltage drop across the grid reactor considered, the resulting

three-phase equations are [47]:

UG, Uisca Iisca Iisca
Uy | = | Ursep |~ RLSC | Trscp _LLSC E Iiscp (4-1)
UG, Upisee Iisce Tisce

Using the Park’s transformation matrix, the corresponding equations in the d-q reference

frame rotating, which aligned to the positive sequence terminal voltage (denoted by Zu,;, ) are

expressed as:

diZuG
Zug . Zug JEPA LSCd JETANS
Z’lLSC,d - uG,d + rLSC lLSC,d + lLSC a)OlLSC lLSC,q (42)
difes
Zug . Zug . . fug LSC,q . . fug
uLSC,q - uG,q + rLSC lLSC,q + ZLSC + a)() ZLSC lLSC,d (43)

It has to take note that in this rotating voltage reference frame, U é Lclf’ =0 and uéd = Ugq

ug _‘ Zug

The equations for feed-forward current control can be derived considering steady-state
operation and neglecting the derivative terms.
In order to account for uncertainty parameters, PI controllers for the d-axis and g-axis are

included with the outputs:

1
Zug _ - Zug - ug
UisCap = k, (1 + o7 (ZLSCC,diref - lLSCC,d) (4.4)
I

1

Zug _ : Zug _ sLug )

uLSC,q_PI - kP [1 + ST (ZLSC,q_rcf lLSC,q (45)
I
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The resulting controller equations are:

Zug Zug paie

_ Zug « Zug _
uLSC,d_ref - Z’tLSC,d_PI + uG,d + rLSC lLSC,d_ref a)OZLSC lLSC,q_ref (46)
Zug _ . ZLug ZLug - Zug - Zug
uLSC,chef - uLSC,q;PI + uG,q + rLSC lLSC,q;ref + a)O lLSC lLSC,dﬁref (47)

From Eq. (4.6) and (4.7), the inner current control loops for the LSC can be depicted as in
Figure 4-6. The cross-coupling terms of the voltage across the grid reactor and the grid
voltage are fed forward so that the PI controllers only have to provide a fast transition of the
current to the respective set-values. The output of the inner current control will be
transformed into three-phase voltages using inverse Park’s transformation, then passing to the
converter driver to generate pulse width modulation (PWM) switching instants for the IGBTs

in the LSC.
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Figure 4-6: Inner current control for LSC with feed-forward terms

. . . Zug . Zug
The input reference values of the inner current control, ;s s and I;s¢, o are calculated

from outer control loop which is including DC-link voltage control in the d-component and
reactive power control in the g-component, as shown in Figure 4-7. The DC-link voltage
control uses a PI controller for adjusting the measured DC-link voltage following the nominal
value. The performance of the DC voltage controller is enhanced by the feed-forward control
of the active current of the MSC, which is calculated via the MSC active power and the line
voltage. The magnitude of the current set value is limited according to the converter rating

with a priority for the active current to ensure correct DC-link voltage control.
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Figure 4-7: Outer LSC control loop with DC-link voltage and reactive power control

4.2.2 Machine side converter control

The vector control approach is also used in the MSC control with a reference frame oriented

along the stator voltage vector position. This control approach can be realized with PI

controllers for both d-axis and g-axis with the use of feed-forward decoupling terms to

improve the dynamic controller behavior.

The fundamental system of equations for the DFIG in the synchronous reference frame linked

to the stator voltage that has been presented in chapter 3 as Eq. (3.13) and Eq. (3.14).

Considering steady-state operation and neglecting the derivative terms and stator resistance,

the resulting equations, which aligned to the positive sequence stator voltage vector (denoted

by Zuy) are expressed as [47]:

Zug

Uyp

From Eq. (4.8),

Zug

Zug .
;4 Ug "+ Jx\lg
g

_ . . Zug . . Zug
=—JXslg " — JXmlr

_ . Zug . . Zug . . Lug
__rRlR _Sgen(J‘leS _JxRER )

. Zug

— JXg

Inserting Eq. (4.10) into Eq. (4.9) results the feed-forward current control as:

Zug

Ugp =8

gen

xM . Zug . . ZLug
"Us —TRIgR  —)SgenXrIR O
Xs

(4.8)

(4.9)

(4.10)

4.11)
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In order to account for uncertainty parameters, PI controllers for the d-axis and g-axis are

included with the outputs:

1
Zu . Zu . Zu
Urg pr = ke| 1+ o7 (ZR,diref —lgg ) (4.12)
I
Zug k 1 1 (-LuS -Zus)
Urgpr = Kp| LT o7 IRq ref " IRg (4.13)
I

Lug __

Considering the stator voltage orientation (usf o =ug,ug® =0), the resulting controller

equations are:

Lug _ . ZLug xM . _ L5 4us . Zug
Z’lR,diref - Z’lR,diPl + Sgen X Z’lS I/‘R lR,diref + ngeanlR,iref (4 14)
S
ZLug _ g, Lus . Lug _ . Zug
uR,qiref - uR,quI h RlR,qiref oS gen leR,diref (4 15 )

From Eq. (4.14) and (4.15), the inner current control loops for the MSC can be depicted as in
Figure 4-8. By forwarding this voltage the parallel PI current controllers only have to put into
effect the transition of the rotor currents to the set values. The output of the inner current
control will be transformed into three-phase voltages using inverse Park’s transformation,
then passing to the converter driver to generate PWM switching instants for the IGBTs in the
MSC.
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Figure 4-8: Inner current control for MSC with feed-forward terms
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The rotor current set-points ié 'és_ref and ié ':iref can be calculated from the steady-state system

equations of total power of a DFIG system. The equations for the power are given as:

Pwrc = Ps 1 Prsc (4.16)
Gwr = 4qs T dysc (4.17)
Ds = Re{zsfé} (4.18)
qs = Im{zsﬁ} (4.19)

Taking into account Eq. (4.8), the following equations can be obtained:

ps == Jug| iy (4.20)
Xg
1
qs —_'|_s|2+x_M'|ﬂs|'iIiZS (4.21)
Xg Xg

From Eq. (4.20) and (4.21), the feed-forward terms of the outer power control loop can be

shown in Figure 4-9.
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Figure 4-9: Outer MSC control loop
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5 Basic Concepts of Converter Switching

The converter switching concepts are an important part of the control structure. It should
provide features like [48]:

e Wide range of linear operation.

e Increase DC voltage utilization (higher output voltage).

e Low content of higher harmonics in voltage and current.

e Low frequency harmonics.

e Operation in over-modulation.

e Reduction of generated common mode voltage.

¢ Minimal number of switching to decrease switching losses.
Figure 5-1 shows the block diagram of switching flow for semiconductor devices in a
converter, which gives a general overview. Various modulating reference signals define the
types of pulse width modulation (PWM).
This chapter will describe the basic concepts of converter switching which review the
switching schemes, the modulation strategies and the PWM types. Selected modulation
strategies and PWM types will be implemented for the converter of the DFIG system, and the

simulated results will be compared and analyzed.

Converter |Inverse Park’s Common mode . Triangular
transformation voltage injection Modulatmg carrier methods e .
current Three phase Switching Semiconductor
—_— reference |==———p- | .
controller (dq voltages sionals instants devices
components) &

Figure 5-1: Block diagram of switching flow for semiconductor devices

5.1 Switching schemes

Almost all power electronic converters are operated in the “switched mode”. This means the
semiconductor switches within the converter are always in either one of two states; turn-off
(no current flows), or saturated (turn-on completely, with only a small voltage drop across the
switch). These turn-on and turn-off states are occurred by triggering switching instants
(signals) to the gate of the semiconductor switches. The switching instants are generated
which dependent on switching schemes such as square-wave and pulse width modulation

(PWM) [49].



5 Basic Concepts of Converter Switching 35

5.1.1 Square-wave

In the square-wave switching scheme, each switch of the converter leg is turned-on for one
half-cycle (180°) of the desired output frequency as shown in Figure 5-2. One of the
advantages of the square-wave scheme is that each semiconductor switch changes its state
only twice per cycle, or less switching frequency. Thus, it generates low switching losses. A
small number of switching is important for high-power semiconductor switch e.g. thyristor
which generally have slower turn-on and turn-off speeds. This scheme also runs in a simple
operation [50].

Besides, one of the serious disadvantages of the square-wave scheme is that the converter is
not capable of regulating the output voltage magnitude. Therefore, the output voltage contains

large harmonic distortion which can become unacceptable [50].
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Figure 5-2: Square-wave switching scheme

5.1.2 Pulse width modulation (PWM)

In order to control the flow of power in a converter, the semiconductor switches alternate
between turn-on and turn-off states. This happens rapidly enough that the inductors and
capacitors at the input and output nodes of the converter average or filter the switched signal.
The switched component is attenuated and the desired DC or low frequency AC component is
retained. This process is called pulse width modulation (PWM), since the desired average
value is controlled by modulating the width of the pulses.

PWM switching scheme is used to obtain variable voltage and frequency supply. This scheme
is the most widely used switching scheme in most drive system including in the DFIG based
WT application. The advantages and disadvantages possessed by PWM switching scheme are
as below [50]:
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e The output voltage control with this method can be obtained without any additional
components.

e Lower order harmonics can be eliminated or minimized along with its output voltage
control. As higher order harmonics can be filtered easily, the filtering requirements are
minimized.

e The main disadvantage of this method when compared to the square-wave switching
scheme is that this scheme generate higher switching losses since it has higher

switching frequency.

5.2 PWM types

Several PWM types have been developed and these can be generally classified into
continuous PWM (CPWM) and discontinuous PWM (DPWM) [51], [52]. The classification is
based on the waveform of modulating reference signal, where in DPWM the modulating
reference signal is clamped to the DC-link for one third of fundamental period.

The variety of modulating reference signals (except for sinusoidal PWM) is produced by
adding different waveform shape of common mode voltage (CMV) to the fundamental
voltages. This CMV is a zero sequence signal which normally the third harmonic whose
frequency is three times that of the fundamental voltage. It can be obtained by comparing the
magnitude of the three fundamental voltages with some analytical expressions.

In converter applications, the main reason of injection CMV for PWM is to increase the DC
voltage utilization, so that the converter will have more generated output voltage with about
1.155 p.u. Apart from that, the injection CMV for PWM could also influence the generated
voltage and current harmonics distortion level, and switching losses of the converter.
Generally, adding CMV is necessary for CPWM types to have lower harmonics distortion
level while for DPWM types to have lower switching losses. These two performances are the
main focus in this thesis and will be investigated further.

The difference between CPWM and DPWM also can be seen in the generated switching
instants which reduced one third for DPWM as shown in Figure 5-3. The PWM types and

their characteristics can be summarized as in Table 5-1.
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Figure 5-3: Switching instants of CPWM and DPWM (pulse peak at 1.0)

Table 5-1: General overview of PWM types and their characteristics

PWM types Injection CMV | Characteristics
SPWM Without CMV Basic type with 1.0 p.u. output voltage
TTHIPWM
CPWM Have lower harmonics distortion level,
STHIPWM4
and more output voltage of 1.155 p.u.
STHIPWMG6
DPWMO
DPWMI With CMV
DPWM2 Have lower switching losses, and more
DPWM
DPWM3 output voltage of 1.155 p.u.
DPWMMIN
DPWMMAX

5.2.1 Continuous PWM

Continuous PWM (CPWM) types such as sinusoidal PWM (SPWM), 1/4 peak value of
sinusoidal third harmonic injection PWM (STHIPWM4), 1/6 peak value of sinusoidal third
harmonic injection PWM (STHIPWMG6), 1/4 peak value of triangular third harmonic injection
PWM (TTHIPWM) which also called space vector PWM have been studied extensively [53]-
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[70]. In CPWM, the modulating signal is a continuous time varying signal. The modulating
reference signals are always within the triangle peak boundaries and within every carrier cycle
triangle and modulation waves intersect, and, therefore, on and off switching occur.
Among the CPWM types, TTHIPWM is selected for further investigation and will be
implemented for the DFIG based WT. Figure 5-4 shows the three fundamental voltages (u,,
up, Uc ), the modulating reference signal of “phase a” (ua*) and the injection CMV (s pwm)
for TTHIPWM. The injection CMV is obtained using the following analytical expressions:
if ‘ua‘ < ‘ub‘ and ‘ua‘ < ‘uc‘ = Uy pyny = 0:5xu,
if ‘ub‘ < ‘ua‘ and ‘ub‘ < ‘uc‘ = Uy = 0-5%U,
if ‘uc‘ < ‘”a‘ and ‘uc‘ < ‘ub‘ = Uy pwms = 05X,
=0

(5.1)

else u u

no PWM,2 unofPWM,3

+u

no PWM,1°

U pwm = U +u

no PWM, 1

no_PWM,2 no_PWM,3

. voltage (p.u.)

0 0.005 0.01 0.015 0.02
time (s)

Figure 5-4: Modulating reference signal of “phase a” with injection CMV for TTHIPWM

5.2.2 Discontinuous PWM

Discontinuous PWM (DPWM) types are including DPWMO0, DPWMI1, DPWM2, DPWM3,
DPWMMAX and DPWMMIN [58]. In DPWM, the modulating reference signal of a phase
has at least one segment which is clamped to the positive or negative DC-link for at most a
total of 120°, therefore, within such intervals the corresponding converter leg discontinues
modulation.

Among the DPWM types, DPWMO, DPWMI1 and DPWM2 are selected for further
investigation and will be implemented for the DFIG based WT. Figure 5-5 shows the three

fundamental voltages (ua, up, uc ), the modulating reference signal of “phase a” (i, ) and the
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injection CMV (un, pwm) for DPWMO, DPWMI1 and DPWM2. The injection CMV for each

type is obtained using the following analytical expressions:

DPWMO:
if ‘uc‘ < ‘ua‘ and ‘uc‘ < ‘ub‘ = Uy, pwwy =Sign(u,) —u,
if ‘ub‘ < ‘uc‘ and ‘ub‘ < ‘ua‘ = Uy, pyman = SIEN(M,) — U,
if‘ua‘ < ‘ub‘ and ‘ua‘ < ‘uc‘ = Uy pyms = SigN(0 ) —u, (5.2)
else U pwm,1 > Uno pwm2 s Uno PwM3 = 0
Uo pwm = Uno pwm,i + U pwm2 + U pwms
DPWMI:
if‘ub‘ﬁ u,and ju |<ju,| = U pyy, =sign(u,)—u,
if‘ua‘s‘ub‘ and [u, S‘ub‘ = Uy pyman = SIN(M,) —u,
ifju, | <|u.|and ‘ub‘ Slu,| = Uy, pwus =Sign(u,) —u, (5.3)
else U pwm,1 > Uno pwm2 s Uno pPwM3 = 0
Us pwm = Uno pwm,i + U pwm2 + U pwms
DPWM2:
if ‘ub‘ < ‘ua‘ and ‘ub‘ < ‘uc‘ = Uy, pwny =Sign(u,) —u,
if‘uc‘ < ‘ub‘ and ‘uc‘ < ‘ua‘ = Uy pymn = SiEN(M,) —u,
if‘ua‘ < ‘uc‘ and ‘ua‘ < ‘ub‘ = Uy s = S1EN(U ) — U, (5.4)
else U pwm,1 > Ung pwm2 sUno pwms = 0
Us pwm = Uno pwM,i + U pwmo + U pwms

As shown in the figure, the modulating reference signal (ua*) is clamped to the upper and
lower terminals of the DC-link (£1.0 p.u.) with total period of clamping corresponding to one
third of the fundamental period. Adjusting modulation phase angle y from the intersection
point of the two fundamental signals (as shown in Figure 5-5) changing CMV and modulating
reference signal which is given as y=0 for DPWMO, y=n/6 for DPWMI and w =n/3 for
DPWM2.

Since modulation reference signal implies switching losses, the switching loss characteristics
of CPWM and DPWM types are different. Detailed studies indicated the waveform quality

and switching losses will be presented in the next section.
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5.2.3 Analysis of switching losses

In CPWM types, all three phase currents are commutated within each carrier cycle of a full
fundamental cycle. Therefore, for all CPWM methods, the switching losses are the same and
independent of power factor.

In DPWM types, however, the switching losses are significantly influenced by the waveform
of modulating reference signal and load power factor angle. DPWM types cease to switch
each switch for a total of 120° per fundamental cycle and the location of each DC-link
clamped segment with respect to the modulation wave fundamental component phase is
modulator type dependent. Therefore, the load power factor and the modulating reference
signal together determine the time interval that the load current is not commutated.

The switching losses of a PWM are also load current dependent and increase with the current
magnitude. Switching device manufacturers’ manual (for example IGBT datasheet) indicates
this relation is approximately linear, where the switching losses are proportional to the current
magnitude.

Assuming the converter switching devices have linear current turn-on and turn-off
characteristics with respect to time and accounting only for the fundamental component of the
load current, the average value of the switching losses over the fundamental cycle can be

derived as:

1 u '(ton +to ) i .
Dswioss zgmz—],ffj‘o |i | deot (5.5)

S

where i is the load current, ¢, is the turn-on time, #, is the turn-off time and wuyc is the DC
voltage.

Assuming steady state operation where the currents are practically sinusoidal, the Eq. (5.5) is
the function of the load power factor angle and the current magnitude. Thus, the power factor
angle ¢ enters the formula as the integral boundary term. For CPWM types which are ¢

independent, the switching losses value can be derived as:

_ uDC : (ton + toff ) l (56)

p SWloss CPWM max
nly

where imax 1S the load current maximum value. Normalizing pswies t0 Pswioss cowm, the switching

loss function (SLF) of the DPWM types can be expressed as:

SLF = —Pswioss (5.7)

Pswioss cpwm



5 Basic Concepts of Converter Switching 42

By the definition of Eq. (5.7), the SLF' of CPWM types is unity. The SLF of the DPWM types

can be easily calculated from the current switching function as:

ﬁcos 4—n+ - o< T,
) 3 v-o, 2—¢7— > v
|
SLF oy = I_ESIn(§+‘//_¢J, _§+WS¢S—%+V/ (58)
\/g T T T
——cos| —+y—-¢|, —+y<p<—
2 [3 14 (pj 6 N >

The SLF function of the DPWMO0, DPWMI1 and DPWM?2 can be easily evaluated from Eq.
(5.8) by substituting ¢~0, ¢=m/6 and yY~=m/3 respectively.

Figure 5-6 shows the switching loss function of DPWMO0, DPWMI1 and DPWM2 in relation
to power factor angle under fixed carrier frequency constraint with SLF of TTHIPWM as a

reference. In other words, the SLF of TTHIPWM is always 1.0 p.u. by definition.
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Figure 5-6: Switching loss function of TTHIPWM, DPWMO0, DPWMI1 and DPWM2 at
constant carrier frequency

From the figure, at different power factor angles, the switching losses of PWM types show
different values. For example, at ¢p=0° the DPWMI has the lowest switching losses while
having the worst at »=90° and ¢=-90°. Between ¢=15° and ¢=90°, the DPWM2 has the
lowest switching losses while between ¢=-15° and ¢=-90°the DPWMO has the lowest

switching losses.
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5.2.4 Analysis of harmonics

Harmonics of a converter concentrated at the carrier frequency, its sidebands, its multiples,
and the sideband of its multiples. A converter’s waveform quality is determined by the rms
value (per fundamental cycle) of these harmonics. With the assumption that the carrier
frequency is higher than the fundamental frequency by at least an order of magnitude and the
load high frequency model can be approximated with an inductance, the harmonic current rms
value can be closed-form calculated as a function of the modulation index [71], [72]. To
obtain a load inductance and carrier frequency independent formula, the rms harmonic current
can be normalized to a base value.

Harmonic distortion factor (HDF) function is a polynomial which only depends on the
modulation index. The HDF of TTHIPWM, DPWMI1, DPWMO0 and DPWM?2 are given as
[71]:

HDF 11yypwy =§(£Mj —M(EMj +(£_ 81&}(2}\4) (5.9)

24 n \ 4 16 64n | 4
2 3 4
i 8V3+45 | = 27 273 | wm
HDF ... =6 =M | -| =" =M | +| =+ M
et (4 ) ( 2n J[4 J ( 8 32n J[4 j (5.10)
2 3 4
n 35V3(n 27 83\ =
HDF =6 —M | — M|+ 4 M
DPWMO, DPWM2 (4 J o (4 ] [ 3 64m J(4 ] (5.11)

where m is the modulation index, defined as the ratio of the fundamental component
magnitude of the line to neutral converter output voltage uny to the fundamental component

magnitude of the six-step mode voltage umesiep=2unc/T, given as:

m = (5.12)

u mb6step

Figure 5-7 shows the harmonic distortion factor curves in the linear modulation range
assuming equal carrier frequency for each PWM types. The figure clearly shows that all

DPWM types have higher HDF compared to the TTHIPWM at the entire modulation range.
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Figure 5-7: Harmonic distortion factor of TTHIPWM, DPWMO0, DPWM1 and DPWM?2 at

constant carrier frequency in the linear modulation range

When carrier frequency is taken into account, the performances of CPWM and DPWM in

terms of switching losses and harmonic distortion factor can be characterized by the following

three practical cases [71].

A.

Constant carrier frequency:

DPWM has an average switching frequency that is two thirds of the carrier frequency. For
all DPWM types, the switching losses are lower than that of CPWM. The highest
reduction in switching losses is 50% when a phase is clamped around the peak phase
current. However, the HDF is higher than that of CPWM over the entire modulation
range.

Constant average switching frequency:

The carrier frequency of DPWM is selected as 1.5 of CPWM carrier frequency. In
general, the HDF of DPWM is lower than CPWM at modulation indexes above
approximately 0.65. However, the switching losses of DPWM are reduced by half with
maximum 25%.

Constant switching losses (at -30° < ¢ < 30°):

The carrier frequency of DPWM is selected as 2.0 of CPWM carrier frequency. The HDF
of DPWM and CPWM are at almost the same level for modulation index below
approximately 0.25. The HDF of DPWM becomes lower than that of CPWM above
approximately 0.25.

In this study, the first case with a constant carrier frequency of 2250 Hz is selected for both

CPWM and DPWM to have the converter with the maximum switching losses performance.
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5.3 Switching instants generation method: Triangle intersection

Switching instants of both CPWM and DPWM types can be produced either by triangle
intersection (also called carrier based) technique or direct digital (also called space vector
modulation) technique. Both techniques are different in their operation but generate the same
switching instants. In this study, the triangle intersection technique is selected and presented
in detail.

In triangle intersection technique, three-phase modulating reference signals are compared with
a common triangular carrier signal. In this way, the logical signals are generated, which define
the switching instants of power converter. Figure 5-8 shows the block diagram of the triangle
intersection technique with common mode voltage injection.

The purpose of PWM three-phase converters is to shape and to control the three-phase output
voltages in magnitude and frequency with an essentially constant input voltage u,.. To obtain
balanced three-phase output voltages in a three-phase PWM, the same triangular voltage
waveform uy; is compared with three modulating reference signals ua*, ub*, uc* that are 120°

out of phase.

" + U * ;/)_, T,
0
Uy L +A Up* Em 4 > Ty
GO
U _ - > | ) TC+

e o O\ 4
+

Yy v

u .
CMV tr1
Calculator 7AVAVAVAV

h J

Figure 5-8: Triangle intersection technique based PWM with common mode voltage injection

5.3.1 Switching instants generation in two-level converter

In two-level converter, in order to generate the switching instants, three modulating reference
signals are compared with a single triangular carrier waveform uy; as shown in Figure 5-9(a).

Figure 5-9(b),(c) shows the resulting switching instants for “phase a”.
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Figure 5-9: Switching instants generation in two-level converter

In order to trigger the IGBTS, the following algorithm can be used:

sk
U, >ugy,

— T,=on (T,=off) = um:‘%c (x=a,b,c)  (5.13)

u, <u, = T, ,=off (T,=on) = uxo:—u% (x=a,b,c) (5.14)

Two possible switching states for each phase leg are given in Table 5-2, where 1 and 0 denote
the on state and off state of the IGBT, respectively. For the three-phase two-level converter,
eight combinations of switching states which also called voltage vectors are possible as

shown in Table 5-3. For example, [+ - -] means that T,;, Ty, Teo are turned-on and Ta, To,
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T.; are turned-off. Table 5-3 also shows the output voltage of the converter at each phase leg
and the generated common mode voltage, un, conv Which expressed as:

uao + ubo + uco
uno_conv = 3 (515)

This generated common mode voltage will be discussed further in chapter 7.

Table 5-2: Switching states for each phase of two-level converter

Switching states Ty T
Positive “+” 1 0
Negative “-” 0 1

Table 5-3: Switching states, output phase voltage and generated common mode voltage of
three-phase two-level converter

Vector | Lega | Legb | Legc Uao Upo Uco Uno conv
U + - - Upc/2 ~Upc/2 ~Upc/2 -Upc/6
U + + - Upc/2 Upc/2 “Upc/2 Upc/6
U3 - + - ~Upe/2 Upc/2 ~Upc/2 -Upc/6
Uy - + ~Upc/2 Upc/2 Upc/2 Upc/6

+

+ ‘ch/z ‘ch/z ch/Z 'ch/6
U + - + Upc/2 ~Upe/2 Upc/2 Upc/6

+

Upc/2 Upc/2 Upc/2 Upc/2

Us - -

uz + +

Mo - - - ‘ch/z ‘ch/z 'uD(‘/z 'ch/Z

5.3.2 Switching instants generation in three-level NPC converter

In three-level NPC converter, in order to generate the switching instants, two triangular carrier
waveforms, upper carrier ugyi o, and lower carrier ugi 0w are compared with three modulating
reference signals that are 120° out of phase, as shown in Figure 5-12.
Different methods of the triangular carrier signals can be implemented for the three-level NPC
converter which including [73], [74],

e Alternative phase opposition disposition (APOD)

e Phase disposition (PD)

e Phase opposition disposition (POD)

e Hybrid (H)

e Phase shifted (PS)
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e Super imposed carrier (SIC)
Different triangular carrier method generates different level of generated common mode
voltage (CMV), which will be described in chapter 7. In this study, the commonly used
method, namely PD and POD are selected and will be presented in detail.
Phase dispositions (PD): The upper and lower carrier waveforms are all in phase as shown in
Figure 5-10.
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carrier signals (p.u.)

time (s)

Figure 5-10: Phase disposition (PD)

Phase opposition dispositions (POD): The upper and lower carrier waveforms are in phase

shift of 180° as shown in Figure 5-11.
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Figure 5-11: Phase opposition disposition (POD)
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In order to trigger the IGBTS, the following algorithm can be used:

: u
U, Uy, = (T,=on,T,=on) = u, = ;C (x=a,b,c) (5.16)

: u
ux < utri_low = (Tx3 =o0n > Tx4 = On) = uxo = _%c ('x = a’ b’ C) (517)

else = u,=0 (x=a,b,c) (5.18)

The switching instants for “phase a” are depicted in Figure 5-12(b),(c).

time (s)

(a) Modulating reference signals with upper and lower triangular carrier
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time (s)
(b) Switching instants for upper IGBT in “phase a” leg T,
1 - —— - - - —ga- - - — - -
Ta
01 Lo e
0 0.005 0.01 0.015 0.02
time (s)

(c) Switching instants for upper IGBT in “phase a” leg T,»

Figure 5-12: Switching instants generation in three-level NPC converter
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Three possible switching states for each phase leg are given in Table 5-4, where 1 and 0
denote the on state and off state of the IGBT, respectively [75]. The positive half wave of the
desired sinusoid is generated by switching the respective phase leg between the positive “+”
and zero “0” states, and the negative half wave is generated by switching between the zero
“0” and negative “-* states. The average switching frequency per device equals half the carrier

frequency visible at the output.

Table 5-4: Switching states for each phase of three-level NPC converter

Switching states Ty Ty Ty Tya
Positive “+” 1 1 0 0
Negative “-” 0 0 1 1
Zero “0” 0 1 1 0

For the three-phase three-level NPC converter, 27 combinations of switching states are
possible as shown in Table 5-5. For example, [+ - 0] means that Ta;, Ta2, Tbs, Toa, Tz, Tes are
turned-on and T,3, Tas, To1, Tv2, Tei, Tes are turned-off. Table 5-5 also shows the output
voltage of the converter at each phase leg and the generated common mode voltage, tno conv

which is also expressed in Eq. (5.15).
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Table 5-5: Switching states, output phase voltage and generated common mode voltage of
three-phase three-level NPC converter

Vector | Lega | Legb | Legc Uno Upo Uco Uno_conv
U - - - “Upc/2 ~Upc/2 “Upc/2 “Upc/2
U 0 - - 0 ~Upc/2 ~Upc/2 -Upc/3
U + - - Upc/2 ~Upc/2 “Upc/2 -Upc/6
U3 - 0 - “Upc/2 0 “Upc/2 -Upc/3
Uy 0 0 - 0 0 ~Upc/2 -Upc/6
Us + 0 - Upc/2 0 “Upc/2 0
Us - + - “Upc/2 Upc/2 “Up/2 | -Upc/26
U7 0 + - 0 Upc/2 ~Upc/2 0
usg + + - Upc/2 Upc/2 “Upc/2 Upc/6
Uog - - 0 “Upc/2 ~Upc/2 0 -Upc/3
Ui 0 - 0 0 ~Upc/2 0 ~Upc/6
Ui + - 0 Upc/2 ~Upc/2 0 0
U - 0 0 “Upc/2 0 0 -Upc/6
U3 0 0 0 0 0 0 0
U4 + 0 0 Upc/2 0 0 Upc/6
Uis - + 0 “Upc/2 Upc/2 0 0
Uie + 0 0 Upc/2 0 Upc/6
U7 + + 0 Upc/2 Upc/2 0 Upc/3
Ui - - + “Upc/2 ~Upc/2 Upc/2 -Upc/6
Uty 0 - + 0 ~Upc/2 Upc/2 0
U0 + - + Upc/2 ~Upc/2 Upc/2 Upc/6
Uz - 0 + “Upc/2 0 Upc/2 0
U 0 0 + 0 0 Upc/2 Upc/6
U3 + 0 + Upc/2 0 Upc/2 Upc/3
Usa - + + “Upc/2 Upc/2 Upc/2 Upc/6
Uss + + 0 Upc/2 Upc/2 Upc/3
U6 + + + Upc/2 Upc/2 Upc/2 Upc/2
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6 Converter Power Losses Model and Thermal Analysis

Modeling power losses of DFIG converter is one of important objective in this study since
their outputs are required for thermal model. Developing a valid thermal model could predict
junction temperature of the IGBT module in a voltage source converter which provides the
following benefits [76]:

e Characterize the output power capability of a converter.

e Reduce the cost of design and production.

e Increase reliability.

e Quantify the accuracy of the estimated thermal impedance of an IGBT module.

e Predict the maximum switching frequency without violating thermal limits.

e Quantify the characteristics of the heat sink needed to dissipate the heat under worst

case conditions.

This study will develop the power losses model and investigate the thermal analysis of DFIG
converter specifically to characterize the output power capability of the converter. Generally,
the output power of the DFIG converter is limited by mechanical power, stator current and
rotor current. Among these limiting factors, the rotor current is limited by the junction
temperature of the IGBT module of the machine side converter (MSC) especially during low
frequencies (namely around synchronous operating points).
The power losses inside an IGBT module can restrict its use and therefore is becomes an
important issue that cannot be ignored in the design stage. The power losses work as a heat
source inside the IGBT and this heat will elevate the junction temperature and change the
temperature profile inside the device. This is called self-heating effect.
The junction temperature should not exceed its limit that specified by the semiconductor
manufacturer (normally 150°C). It could affect overheating in the converter and lead to IGBT
failure. When the limit is exceeded, a current de-rating is necessary to reduce the junction
temperature below its limit. Consequently, it could lead to a reduction in the output power
capability of the converter. The performance of the power losses and the power capability of
the DFIG converter will be discussed and presented in the next chapter with a comparison
study on the two-level converter and the three-level NPC converter, and between continuous

PWM and discontinuous PWM.
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6.1 Power losses of IGBT and diode

The first step in performing the thermal analysis in an IGBT module is to calculate the power
losses in the module. The power losses analysis in the two-level and three-level NPC
converters has been reported extensively in a lot of literatures [77]-[80].

The power losses of semiconductor devices are divided into the static power losses and the
non-static power losses based on manufacturer application notes. The static power losses are
the on-state losses (conduction losses) and the blocking losses.

The non-static losses are divided into the switching losses (turn-on and turn-off) and driving
losses. The driving losses and blocking losses are neglected since they accounted for a small
portion of the overall power losses.

For an ideal switch, the power losses are zero. For a real switch, however there will be

conduction and switching losses which are shown in Figure 6-1.
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Figure 6-1: Current waveform, voltage waveform and instantaneous power losses for an IGBT
over one switching cycle

When turn-on or turn-off the switch, the transient process takes time (several microseconds
for IGBT) and the device consumes power while both the voltage and current are non-zero.
When the switch is conducting, because there is voltage falling on the switch (several volts
for IGBT), the conduction also has power dissipation.

There are different ways to calculate power losses of IGBT module. However, some complex
models require many IGBT and diode parameters to perform the calculations. This study
shows a way of modeling converter power losses making use of only information provided in
the IGBT datasheets [81]-[83]. The proposed algorithm provides not only relatively accurate

information, but it shows power losses for the entire operating conditions of the converter.
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6.1.1 Conduction losses equations

IGBT is a not an ideal switch. Therefore, there will be a voltage drop across the IGBT and its
free-wheeling diode while it conducts current. The calculation for conduction losses of IGBT

and diode are derived in [82], [83] and given as:

Pc1ossj = _[i(t)'(UCE (1) + Rep 'i(t)) dt (6.1)
Pryos o = [ iU (1) + Ry -i(1)) 62)

0
Where Ucg, Ur are the threshold voltages and Rcg and Ry are the on-state resistances of the
IGBT and diode, respectively. These variable parameters are obtained from the manufacturer

datasheet [83] using the I¢ vs. Ucg and I¢ vs. Ur curves.

6.1.2 Switching losses equations

Switching losses occur when there is a turn-on and turn-off signal at IGBT’s gate. The
switching losses of IGBT and diode are dependent on load current, DC-link voltage and
switching frequency.

The switching losses are calculated from the energy versus current curves obtained from
manufacturer datasheet [83]. These curves represent the turn-on and turn-off losses of IGBT

and diode which can be expressed as:

f)SWIOSgT = Eon + Eoff (63)

PSWloss_D = Err (64)

Where E,,, Eof are, respectively, the turn-on, turn-off losses on the IGBT and E;; stands for
the turn-off losses due to the reverse recovery in the diode.
In this study, these curves are approximated by a second order polynomial using the Polyfit

function of Matlab/Simulink.

6.1.3 Total power losses equations

Combining Eq. (6.1)-(6.4), the average total power losses, Pioave for a single IGBT and diode
can be calculated by averaging the total power losses over the whole pulse or switching
period, 7s. While the maximum total power losses, Pimax can be calculated by averaging the
total power losses over the total on-state time, 7., of IGBT or diode, respectively, within the

pulse period, 7.
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1

I)totavgiT = T_ ) (PClossiT + I)SW10ssiT ) (65)
S
1

})totavg_D = T_ ) (PCIOSS_D + PSWloss_D ) (66)
S
1

Rotmax_T = t_ ) (P Closs_T + PSWIOSS_T ) (67)
1

})totmaxiD = t_ ’ (PClossiD + PSWlosst ) (68)

Eq. (6.5)-(6.8) are modeled in Matlab/Simulink environment and implemented in the DFIG

system.

6.2 Power losses in two-level converter

In order to calculate the power losses of a two-level converter, it is important to understand
the operating principles of the converter. The operating principles show conduction paths and
commutations of the converter that determine which IGBT and diode generate the conduction

losses and the switching losses.

6.2.1 Conduction paths and commutations

The two-level converter produces the output voltage at the levels of +uye, -upe., which are
produced by the specific conduction paths depending on the output current direction and the
output voltage polarity. The current paths for positive and negative phase currents are
depicted in Figure 6-2. In any switching state, one semiconductor lies within the current path.
It should be noted that all IGBTs and diodes of the two-level converter are stressed by up.
Assuming a sinusoidal phase current, the maximum IGBT/diode current is the maximum

phase current. These parameters determine the rating of the main semiconductors.

- 4 -
Tc] > TCl
<‘ K‘ Dcl 1 <‘ Dcl 1
—<T 0 90
Upc - ¢ Upc
E T oo, T
De Y T, De P |
- — =

Figure 6-2: Conduction paths showing positive and negative current direction
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Switching losses are created by the commutation processes between the different switching
states. Only turn-on and turn-off losses of active IGBTs and recovery losses of diodes are
considered. Turn-on losses of diodes are usually small so that they can be neglected [77]. The
distribution of the switching losses and the conduction losses are summarized in Table 6-1

and Table 6-2 respectively.

Table 6-1: Devices that generate conduction losses in two-level converter

Switching states | Tx; | Tx2 | Dx1 | Dx2

Positive phase current

G‘+7’ X

[

Negative phase current

G‘+7’ X

¢

Table 6-2: Devices that generate switching losses in two-level converter

Commutations Tyxi | Txo | Dxi | Dx2

Positive phase current

+ > — X X

Negative phase current

+ «— — X X

For a positive phase current, the commutation (+ — —) is initiated by the turn-off of Tx; and
the current forced from T; to Dy (X = a, b, ¢). The situation is visualized in Figure 6-3, where
the current path of the switching active device is marked bold and the current path of the
switching passive device is marked with a dashed line. The loss devices are encircled. In
contrast, the commutation (— — +) is initiated by the turn-off of Dy, and the current forced
from Dy, to Tx.

For a negative phase current, the commutation (+ — —) is initiated by the turn-off of

Dy and the current forced from Dy, to Tx,. In contrast, the commutation (— — +) is initiated

by the turn-off of Ty, and the current forced from Ty, to Dyj, as shown in Figure 6-3.
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Figure 6-3: Commutations and switching losses of two-level converter

In each phase leg of the two-level converter, the conduction losses and switching losses of the
upper and lower IGBTs/diodes are distributed equally (as shown in Table 6-1 and Table 6-2).
Assuming that the three-phase AC currents are sinusoidal and symmetrical, thus the
distribution of power losses in each IGBT/diode in the two-level converter is the same in one
fundamental pulse period. Therefore, the total power losses calculation for the two-level
converter is obtained by multiplying single IGBT/diode power losses (Eq. (6.5)-(6.8)) with
the total number of IGBT/diode, which are 6.

6.2.2 IGBT module selection

As mentioned in section 6.1, the calculation of power losses in an IGBT module is based on
the information provided in the IGBT datasheets from the semiconductor manufacturer. Thus,
it is necessary to select appropriate IGBT module for the simulation. The IGBT module
selection for two-level converter of 2 MW DFIG systems is based on the availability in the
market and the commutation voltage.

The commutation voltage is the voltage across the IGBT during off-state. For the two-level
converter, it is equal to the DC voltage. According to parameters of the DFIG system
(Appendix A.1), the DC voltage is 1100 V which also the same value for the commutation
voltage of the two-level converter. Considering some voltage reserves for transient overload
or over-speed, 1700 V IGBT class with 2400 A of nominal current is proposed. Having the
required ratings, SKiiP2414GB17E4-4DUW [84] from Semikron manufacturer is selected for
this study.

6.2.3 Power losses model

For the conduction losses calculation, the Ucg versus Ic curves and the Ur versus Ir curves of

the SKiiP2414GB17E4-4DUW as shown in Figure 6-4 and Figure 6-5 are referred (Appendix
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A.2). The worst case junction temperature of 150°C is considered and the gate voltage is
selected as 15 V. The necessary values extracted from the curves are given in Table 6-3.
Using Eq. (6.1) and Eq. (6.2) and the obtained values from Table 6-3, the conduction losses of

an IGBT and a diode are calculated.
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Figure 6-4: Ucg versus Ic curves of SKiiP2414GB17E4-4DUW [84]
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Figure 6-5: Ur versus I curves of SKiiP2414GB17E4-4DUW [84]
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Table 6-3: Parameters of conduction losses

Parameter Value

Uck 1.05V

Rce 0.65875 mQ
Ur 1.05V

Ry 0.533 mQ

For the switching losses calculation, the energy losses versus current curves of the
SKiiP2414GB17E4-4DUW as shown in Figure 6-6 are referred. Three points are extracted
from each curve (EontEos curve and E, curve) and applied in the Polyfit function, which then

generate the switching losses approximation expressed as:

T
E.+E, =Ig—[(’)co(0.ll9i2(t)+9l6.7 i(f)—35710)-10° dr (6.9)
0
T
E = J%(— 0.005952 i* (£) +158.3 i(¢) +107100)- 10 d (6.10)
0

where Upc is the DC voltage that the IGBT has to withstand when it is in the off-state. Eq.
(6.9) 1s valid for the output current below 2500 A. As the curves are given for a specific
voltage value (U,=1300 V), it is necessary to consider the real DC bus voltage of the
converter. In order to remain conservative, the parameters of junction temperature at 150°C

are used.

i = 150°C
7000 | Vee=1300V | BB |/
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Figure 6-6: Turn-on and turn-off energy losses curves of SKiiP2414GB17E4-4DUW [84]
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The switching losses fitting curves should be checked with the original curves to ensure they
are accurate approximations. This checking is performed by placing the approximated curves
obtained by Polyfit on the same graph of the manufacturer datasheet.

Using Eq. (6.3), (6.4) and Eq. (6.9), (6.10), the switching losses of an IGBT and a diode are
calculated.

From the calculated conduction losses and switching losses of a single IGBT and diode, the
total power losses of the two-level converter can be calculated. Since the power losses of the
IGBT and the diode are distributed equally, the total power losses for the two-level converter

can be expressed as:

Rotavg_ZL = (])totavg_T + Rotavg_D ) ’ 6 (6 1 1)

PtotmafoL = ([)totmaxfT + Ijtotmafo ) ) 6 (6 12)

6.3 Power losses in three-level NPC converter

In order to calculate the power losses of a three-level NPC converter, same as in the two-level
converter, their operating principles including conduction paths and commutations are firstly
explained. The different if compared to the two-level converter is that the power losses

distribution in each IGBT and diode in the three-level NPC converter is unequal.

6.3.1 Conduction paths and commutations

The current paths for positive and negative phase currents are depicted in Figure 6-7. In zero
switching state, the direction of phase current determines whether the upper or lower path of
the neutral tap is utilized. Therefore, both Ty, and Ty3; have to be turned-on in zero switching
state "0" to provide an open path in case the phase current reverses. In any switching state,
two semiconductors in series lie within the current path, either two IGBTs or two diodes for
the positive "+" and negative "-" switching states. It should be noted that each of the switches
must block only one-half of the DC-link voltage up/2 assuming sinusoidal currents. The
maximum IGBT/diode current is the maximum phase current. These parameters condition the
rating of the main semiconductors. The distribution of the conduction losses is summarized in

Table 6-4.
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Figure 6-7: Conduction paths showing positive and negative current direction
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Table 6-4: Devices that generate conduction losses in three-level NPC converter

SWitChil’lg states Txl Dxl sz sz TX3 DX3 TX4 Dx4 le sz

Positive phase current

“4 X X
“0” X X
e X X
Negative phase current
“4 X X
“0” X X
> X X

Switching losses are generated by the commutation processes between the different switching
states. For a positive phase current, the commutation from "+" towards "-" (+ - 0 — —) is
named ‘“forced commutation”. The contrary natural commutation (— — 0 — +) realizes a
positive output power gradient. They are initiated by an active turn-on transient.

For the following discussion of commutations, a positive phase current is assumed. Only turn-
on and turn-off losses of IGBTs and recovery losses of diodes are considered. For a positive
phase current, the commutation (+ — 0) is initiated by the turn-off of Ty; and the current is
forced from Ty to Py;. After a dead time (to ensure that Ty; has completely turned-off), Tx3 is
turned-on. The switches Ty, and Tx4 stay on and off, respectively.

Only one IGBT and diode are involved in this commutation, that is Tx; and Py;. Essential
turn-off losses occur in Ty;. Though the switch Tys is turned-on, it does not experience losses
since it does not take over any current after the commutation.

For the reverse commutation (0 — +), all switching transitions take place in the reverse order.

T3 is turned-off first, followed by turning on Ty; after the dead time. Turning off Ty; does not
affect the phase current. It only returns to the positive rail after the turn-on of Ty;. Recovery
losses occur in Py;, and Ty; experiences turn-on losses. The situation for this pair of
commutations is visualized in Figure 6-8a, where the current path of the switching active
device is marked bold and the current path of the switching passive device is marked with a
dashed line. The loss devices are encircled.

Four devices are involved in the commutation (0 — —) (Figure 6-8b). It is started by the active
turn-off of the Ty,, forcing the current from its path through Py; and Ty, to Dys and Dy3. Txs
has already been in the on-state before; Tx4 is turned-on after a dead time. Ty, faces turn-off

losses.
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Figure 6-8: Commutations and switching losses of three-level NPC converter. (a) and (b) for
positive load current, (c) and (d) for negative load current

Although the diode Py; in series with Ty, is turned-off too, it does not experience notable
recovery losses since it does not take over voltage after the commutation. Again, for the
reverse commutation (— — 0), all switching transitions take place in the reverse order. Ty4 i
turned-off, and Ty, is turned-on after a dead time. After triggering Tx», the phase current
commutates from Dy4 and D,3; back to Py; and Ty,. Both diodes in series D,s and D43 are

turned-off, but only Dy4 takes over blocking voltage.
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Thus, only Dy4 experiences recovery losses. Tx, faces turn-on losses. This situation is depicted
in Figure 6-8b. The commutations at negative phase current are illustrated in Figure 6-8c and

Figure 6-8d. The distribution of the switching losses is summarized in Table 6-5.

Table 6-5: Devices that generate switching losses in three-level NPC converter

Commutations Txi | Dxi | Tx2 | Dxo | Txz | Dx3 | Txa | Dxa | Px1 | Pxo

Positive phase current

+<0 X X

0 — X X

Negative phase current

+<0 X X

0 — X X

The power losses of each semiconductor device in the three-level NPC converter are
unequally distributed (as shown in Table 6-4 and Table 6-5). In half cycle of a fundamental
pulse period, the power losses are contributed by five semiconductor devices, that is Ty, Dxi,
Tx2, Dx2, Px1 which also according to Txs, Dx3, Tx4, Dxa, Pxo. Thus, conduction losses and

switching losses of these five semiconductor devices have to be calculated separately.

6.3.2 IGBT module selection

The commutation voltage for the three-level NPC converter is half of the DC voltage. Thus,
for the DFIG system used in this study, the commutation voltage becomes 550 V. As
presented in the previous section, for the two-level converter, the 1700 V IGBT class has been
considered. Theoretically, for the three-level NPC converter, 850 V IGBT class, that is half
value of the IGBT in the two-level converter should be considered. However, this IGBT class
is not commercially available. Thus, a higher IGBT class, 1200 V technology with 2400 A is
proposed. Having the required ratings and regardless of the module structure,
SKiiP2414GB12E4-4DUW [85] from Semikron manufacturer is selected for this study. The
parameters for NPC diodes Py, P, are considered the same as the parameters of IGBT free-
wheeling diodes. For the converter cost calculation, the price of SKiiP2414GB12E4-4DUW
has to multiply by approx. two.

6.3.3 Power losses model

For the conduction losses calculation, the Ucg versus Ic curves and the Ur versus Ir curves of

the SKiiP2414GB12E4-4DUW as shown in Figure 6-9 and Figure 6-10 are referred
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(Appendix A.3). The worst case junction temperature of 150°C is considered and the gate
voltage is selected as 15 V. The necessary values extracted from the curves are given in Table
6-6. Using Eq. (6.1) and Eq. (6.2) and the obtained values from Table 6-6, the conduction
losses of IGBTs (T, Txz) and diodes (Dx;, Dx2, Px1) are calculated.
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Figure 6-9: Ucg versus I¢ curves of SKiiP2414GB12E4-4DUW [85]
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Figure 6-10: U versus Ir curves of SKiiP2414GB12E4-4DUW [85]
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Table 6-6: Parameters of conduction losses

Parameter Value
Uck 0.8V
Rce 0.6818 mQ
Ur 1.0V
Ry 0.5417 mQ

For the switching losses calculation, the energy losses versus current curves of the
SKiiP2414GB12E4-4DUW as shown in Figure 6-11 are referred. Three points are extracted
from each curve (EontEos curve and E, curve) and applied in the Polyfit function, which then

generate the switching losses approximation expressed as:

T
U
E, +E = .[WD(C)'(O.O4444 7 (£) + 604.4 i(1) — 38890)- 10 dr (6.13)
0

T

U
E - J' 9—(1)38(— 0.001587 % (1) + 47.78 i(r) + 70630)- 10° dr (6.14)
0

where Upc is the DC voltage that the IGBT has to withstand when it is in the off-state.
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Figure 6-11: Turn-on, turn-off energy losses curves of SKiiP2414GB127E4-4DUW [85]

As the curves are given for a specific voltage value (U,=900 V), it is necessary to consider
the real DC bus voltage of the converter. In order to remain conservative, the parameters of

junction temperature at 150°C are used.
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The switching losses fitting curves should be checked with the original curves to ensure they
are accurate approximations. This checking is performed by placing the approximated curves
obtained by Polyfit on the same graph of the manufacturer datasheet.

Using Eq. (6.3), (6.4) and Eq. (6.13), (6.14), the switching losses of IGBTs (Tx;, Txz) and
diodes (Dx1, Dx2, Px1) are calculated.

From the calculated conduction losses and switching losses of IGBTs (Txi, Tx2) and diodes
(Dx1, Dx2, Px1), the total power losses of the three-level NPC converter can be calculated.
Assuming that the three-phase AC currents are sinusoidal and symmetrical, the total power

losses of the three-level NPC converter can be given as:

Py =P 11+ P 1+ P 1+ P 02 + Posee 21 )6 (6.15)

totavg 3L totavg T1 totavg T2 totavg D1 totavg D2 totavg_P1

P = (P 4P + P + P +P )-6 (6.16)

totmax_3L totmax_T1 totmax_T2 totmax_D1 totmax_D2 totmax_P1

6.4 Thermal analysis of converters

After the development of the power losses model of both converters, the next step is to
develop their thermal model. The thermal model is necessary to derive junction temperature
equations of IGBT and diode in the converter.

The generated power losses in the IGBT/diode contribute to existence of their junction
temperature which could limit output current flowing through the IGBT/diode. This effect
mainly occurs in the machine side converter (MSC) of the DFIG especially around
synchronous speed (low frequencies) [86]. Therefore, it is necessary to analyze the thermal
model in order to define the performance of the DFIG in terms of output power capability.
The thermal model of the IGBT and diode are firstly developed referring to the manufacturer
application manual and datasheets. Once the thermal model is defined, a mathematical model
representation of the system is derived and solved. The mathematical model is then

implemented in the Matlab/Simulink model.

6.4.1 Thermal model of IGBT module

The first step in thermal modeling of an IGBT/diode is to characterize the system. Although a
more detailed system model is a ninth order system, the manufacturer has stated and showed
that the thermal response of the IGBT and diode can be approximated by the solution of a
fourth order system [87].

The data necessary to represent the fourth order approximation of the system is provided in
the manufacturer datasheet. Each fourth order system from a thermal stand point can be

characterized as a fourth order R||C load which represent the thermal impedance Zy;; between
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junction and heat sink, as seen in Figure 6-12. This thermal equivalent circuit is also known as
the Foster model [83], [87]-[91].

The manufacturer thermal model in the application notes makes some notable assumptions.
First, the temperature drop from the case of the IGBT module to the heat sink is neglected due
to SkiiP technology. In this technology, electrical main and auxiliary terminals are not
soldered to insulated ceramic substrate but pressed. The insulated ceramic substrate is pressed
to the heat sink. Second, the thermal coupling between the IGBT and the free-wheeling diode
is neglected. Instead of coupling, the application notes inform the user to use the hottest
modeled semiconductor device junction temperature to be the junction temperature (among
semiconductor devices that generate half cycle of a fundamental pulse in a phase leg, as well
as in three-level NPC converter). This assumption is made due to the semiconductor devices

close proximity to each other.

_______________________________________________
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Figure 6-12: Foster model shows the simplified thermal model of IGBT and diode. Thermal
impedance between the junction temperature and the heat sink [88]

6.4.2 Junction temperature for two-level converter

The thermal network of semiconductor devices which generate half cycle of a fundamental
pulse in a phase leg for two-level converter is represented in Figure 6-13.
From the figure, the average junction temperature the IGBT and diode, under switching

period, 75 can be calculated as:

Tjavgj =15+ Pmtavgj Z thjs_T (6.17)
Tive p = Ts + Poave 0" Zris » (6.18)

where T is the heat sink temperature given as:
Ts = Poag o " Zia 1, (6.19)

The thermal impedance between heat sink layer to ambient temperature of IGBT and diode

are approximated as the same and represented as Zys,. 7, i1s the ambient temperature whose
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variation depends on the temperature of the surroundings. In this study, the ambient

temperature is assumed constant and taken as 65°C.

T; 1

Zinis T1

of

Figure 6-13: Thermal network model of IGBT diode pair in two-level converter [89]

To investigate the effect of junction temperature on the permissible output current of the
converter, a maximum junction temperature of IGBT and diode have to be considered, and

expressed as:

7-}max_T = TS + ])totmax_T ’ Zthjs_T (620)
]wjmaxiD = TS + ])totmaxiD ) Zthjst (621)

where the heat sink temperature is given as:
TS = Rotmax_2L : Zthsa + Ta (622)

The thermal impedance values of the IGBT, diode and heat sink vary depending on the
thermal resistance, time constant, total on-state time and pulse period, generally given as:

I—exp| ——
T thi
ZthjsﬁT/ Dithsa — Ry, -
i=l ( [ 1 j]
I-exp| ——-
Tihi

Where 7=Ts for average value calculation and 7=t,, for maximum value calculation. The

(6.23)

thermal resistances, Ry, and time constant, rg of the IGBT, diode and heat sink are obtained
from the manufacturer datasheet [84] and shown in Table 6-7. Figure 6-14 shows example of
the thermal impedance characteristics of IGBT, calculated from Eq. (6.23) for different duty
cycles, D=t,/Ts. At the same duty cycle, the increase in turn-on time causes higher thermal

impedance which leads to a higher junction temperature.
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Table 6-7: Thermal parameters of IGBT, diode and heat sink in SKiiP2414GB17E4-4DUW

Rth [K/W]
1 2 3 4 5
Zinjs T 0.0010 | 0.0049 | 0.0055 | 0.0017 | 0.0007
Zipjs D 0.0020 | 0.0100 | 0.0112 | 0.0034 | 0.0015
Zihsa 0.0014 | 0.0050 | 0.0001 - -
Tth [S]
1 2 3 4 5
Zipjs. T 3.6500 | 0.4100 | 0.0650 | 0,0090 | 0.0008
Zihis D 3.6500 | 0.4100 | 0.0650 | 0,0090 | 0.0008
Zihsa 34.2609 | 5.2284 | 0.0005 - -
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Figure 6-14: Thermal impedance characteristics of IGBT at different value of duty cycle in

SKiiP2414GB17E4-4DUW

6.4.3 Junction temperature for three-level NPC converter

The thermal network of semiconductor devices which generate half cycle of a fundamental

pulse in a phase leg for three-level NPC converter is represented in Figure 6-15.
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Figure 6-15: Thermal network model of T}, Dy, T2, Dy, P; in three-level NPC converter

From the figure, the average and maximum junction temperature of each semiconductor

device for the three-level NPC converter are expressed as follow.

Average junction temperature:

T

javg Tl

T

javg D1

T

javg T2

T

javg D2

T

javg P1

=T+
=T +
=T +
=T +

=15 +

P
P
P
P

totavg_D2

P

where the heat sink temperature is given as:

Is = Ptotavg_sL L
Maximum junction temperature:
ijale =Ts+ Ptotmale ’
jmax DI — T + Ptotmax7D1 )
ijax,Tz =T+ Ptotmasz )
ijax,Dz =T+ Ptotmax7D2 )
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where the heat sink temperature is given as:

T,=P

totmax_3L : Z + Ta (635)

thsa
The thermal impedance values of the IGBT, diode and heat sink can be derived as in Eq.
(6.23). The thermal parameters used for the three-level NPC converter are obtained from the

manufacturer datasheet [85] and shown in Table 6-8.

Table 6-8: Thermal parameters of IGBT, diode and heat sink in SKiiP2414GB12E4-4DUW
R [K/W]

1 2 3 4 5

Zinjs T 0.0011 | 0.0057 | 0.0063 | 0.0019 | 0.0009

Zpis p | 0.0020 | 0.0100 | 0.0112 | 0.0034 | 0.0015

Zihsa 0.0014 | 0.0050 | 0.0001 - -

Tih [S]
1 2 3 4 5
Zinjs T 3.6500 | 0.4100 | 0.0650 | 0,0090 | 0.0008
Znisp | 3.6500 | 0.4100 | 0.0650 | 0,0090 | 0.0008
Zihsa 34.2609 | 5.2284 | 0.0005 - -

As explained in the previous section, the power losses distribution in the three-level NPC
converter is unequal. This also yields an unequal junction temperature distribution among the
semiconductor devices. Some devices become hot, whereas others stay much cooler at the
same time. The junction temperature in the most stressed device limit the permissible output
current as well as the output power of the converter.

It has been observed that the power losses distribution is most unbalanced at certain operating
points depending on the modulation index, m and the power factor, pf'[3], [92]. For example,
the most stressed (highest losses) devices at maximum modulation index and power factor
pf =1 are the outer IGBTs. While during very small modulation index and pf = 1, the NPC
diodes are the most stressed devices. Table 6-9 shows the critical operating points for the
thermal design of the semiconductor devices.

Therefore, for the performance study of the converter output power capability, the calculation
for power losses and junction temperature are based on the most stressed semiconductor

device in one fundamental pulse period, which can be figured out during simulation.
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Table 6-9: Critical operating points for thermal design of semiconductor devices [3]

' . Technical characteristics . .
Operating point Device with Tjmax
pf=cos ¢ m
OP1 1 1.0 Outer IGBTs
OP2 -1 1.0 Free-wheeling diodes of outer IGBTs
OP3 1 0 NPC diodes
OP4 -1 0 Inner IGBTs
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7 Performance Evaluation of DFIG based Wind Turbines

According to the main objective of this thesis, which is to investigate and evaluate the
performances of DFIG based wind turbines, two different cases are presented that

e using different PWM types in two-level converter

e using different converter topologies
In each case, the performances in terms of generated common mode voltage, current
harmonics distortion level, power losses and reactive power capability will be analyzed and

appropriate solution will be discussed.

7.1 Performance indexes

Performance indexes that contribute to the evaluation of DFIG based WT include generated
common mode voltage at output of machine side converter (MSC), current total harmonic
distortion in the low voltage network, converter power losses and reactive power capability
which will be described in the next sections. These performance indexes are generally

dependent on the converter topology and modulation technique.

7.1.1 Generated common mode voltage

The control of the IGBTSs in a converter is employed by pulse width modulation (PWM) to
achieve variable voltage and variable frequency output from a fixed DC bus voltage. By
applying PWM in three-phase converter, a voltage will be generated between neutral point of
the load and the ground which is known as common mode voltage (CMV). Figure 7-1 shows

the generated CMV indicated as o conv iIn MSC of DFIG system.

Machine side converter

Uno conv

Figure 7-1: Generated common mode voltage in MSC of DFIG
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The generated CMV can be expressed as Eq. (5.15). The equation shows that the output
voltage of the converter is not sinusoidal. The generated CMV waveform is similar to the
PWM pulse pattern since it dependent on the switching states of the converters (Table 5-3 for
two-level and Table 5-5 for three-level NPC), which have been described in chapter 5. The
frequency is equal to the switching frequency.

In general, only the line side current is required to be sinusoidal to satisfy IEEE standards. LC
filters are used to damp the harmonics in pulse shape waveform and convert it to sine
waveform. Therefore, the output waveform at line side converter (LSC) is sinusoidal and the
generated CMYV is not injected into the grid side due to transformer vector group which is in
delta connection. However, since rotor circuit is not equipped with any filter, the output
waveform at the MSC is not sinusoidal and the generated CMV has to be reduced to a certain
level.

This generated CMV acts as a source for many unwanted problems in motor drives such as
shaft voltage and bearing current due to parasitic capacitances which exists in the structure of
the machine [93]. The bearing current arises from the voltage built up across the bearing due
to electro-static couplings between machine windings and machine shaft/frame causing
randomly appearing bearing current spikes. These bearing currents lead to bearing material
erosion known as pitting and fluting. This effect is obviously occurred in the DFIG based
WT, where the MSC is connected to the rotor windings compared with the stator-fed
induction machine such as full-scale converter system. This is due to that the parasitic
capacitances of the DFIG based WT can be more than ten times higher than in the case of
stator-fed machine [94].

According to the analysis of [95], a high percentage of CMV generated by the MSC in a
DFIG converts to shaft voltage. This amount is much greater than IEC-34-17 standard which
is harmful phenomena and leads to bearing failures. Motor reliability studies have clarified

that bearing failures account for about 40% of all motor failures [96].

7.1.2 Current total harmonic distortion

Current harmonics are virtually always present in the utility grid. Non-linear loads, power
electronics loads, rectifiers and inverters in motor drives etc. are some sources which are
producing harmonics. In the DFIG based WT, harmonic distortion can be produced by LSC
and MSC and injected into the grid during entire rotor speed operation whether in sub-
synchronous speed, super-synchronous speed or synchronous speed. Harmonics flowing in

distribution networks downgrade the quality of electrical power. This can have a number of
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negative effects on operation of all electrical equipment like switchgear, relays that are the
guards of power system, measurement equipment, and rotating machinery.

The performance of DFIG based WT and its power quality is assessed according to the
national and international standard such as EN61000-2-4 and IEEE 519, with distortion limit
between 6% - 8%. The harmonics distortion can be quantified by several different methods.
One of the methods is the individual harmonic distortion. Another most common method is

total harmonic distortion (7HD). The THD of the current in percent is defined as [97]:

(7.1)

where [, is the rms current harmonic of harmonic order 4 and /; is the rms current of the
fundamental component. In this simulation, the current THD is measured at low voltage grid

(LV) of the DFIG system.

7.1.3 Converter power losses

In this thesis, only converter power losses (both LSC and MSC) are taken into account.
Losses in feeder cables, auxiliary components, drives, and machine (copper and iron losses of
stator and rotor) are neglected. The converter power losses are generated due to the IGBTs
and diodes behavior during conduction and commutations (turn-on and turn-ofY).

The converter power losses are about 1% - 4% of the power transferred through the converter
[86]. In DFIG based WT, at full load, the active power passing through the back-to-back
converter amounts to roughly 25% of total power. Although the percentage of the converter
power losses generation is very small, which generally may not affect the efficiency of the
DFIG system, the power losses study is important for the converter thermal analysis. The
thermal analysis could help in the intelligent design of a compact and effective cooling system
(especially the heat sink design) that could improve IGBT lifetime and avoids IGBT earlier
power cycling failures. Thus, it also helps in reducing the cost of the converter. Converter
power losses data are also important for the determination of active-reactive power capability
of the DFIG system.

The power losses calculation for two-level converter and three-level NPC converter has been
derived in chapter 6. In order to have some validation on the proposed methodology, a
comparison on the power losses and the junction temperature has been obtained. The results
from SEMISEL simulation which is an online application powered by Semikron manufacturer
are compared. The SEMISEL simulation allows simulating different topologies; however it

has limitation which is using only one PWM type that is SPWM. Figure 7-2 shows the
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comparison between the proposed methodology with Matlab/Simulink and SEMISEL
simulation of average power losses and junction temperature using SPWM. From the figure, it

¢ an be seen that both simulation results show almost the same value.
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rotor speed (p.u.)

Figure 7-2: Average power losses and junction temperature of an IGBT in MSC using SPWM
with Matlab/Simulink and SEMISEL simulation (for validation)

7.1.4 Reactive power capability

Converter power capability defines a converter’s active and reactive power limits. For wind
turbine manufacturers and/or operators, the converter power capability information is needed
to assess whether their wind turbines can fulfill grid code reactive power requirements and to
quantify how much their turbines and/or their wind power plants composed of these turbines
can provide ancillary services such as reactive power support [98]. Figure 7-3 shows an
example of two options of active power versus reactive power characteristics according to
[99].

The option to be implemented depends on the particular location of the wind turbine within
the grid. Currently, interest is focused on the extension of the reactive power generation range
by a better utilization of the reactive power capability of the DFIG. As indicated in Figure 7-3
DFIG based WTs can supply reactive power even at zero active power.

The power capability information also can be incorporated with wind turbine controller
design [86] and, thereby, with wind power plant controller design. Furthermore, transmission

system operators request the power capability information from wind power plant operators in
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order to model these plants and analyze their transmission system with these plants as they

require power capability curves from conventional power generators.

Reactive
power (p.u.)
/N
Over-excited Option 2
Capacitive ption
0.33 (Cap ) T
- -
-
-
/'
-
-
-
0 fe—
~ 02 0.5 1.0 7
\ ~ — Active
- - power (p.u.)
~
-0.33 ; R\ s
Under-excited Ontion 1
(Inductive) ption

Figure 7-3: Reactive power characteristics of DFIG base wind turbines [99]

The power capability of WTs generator is subject to several limitations resulting from the
voltage, current, and speed. Based on power system and generator technology, the power
capability of conventional turbine generator is determined by field heating limit, end heating
limit, stator heating limit, and steady state stability limit [100], [101]. For DFIG based WT,
the power capability limiting factors are involved mechanical power, stator current and rotor
current [86]. Figure 7-4 shows general overview of power capability limiting factors for DFIG

based WT.
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Figure 7-4: General overview of power capability limiting factors for DFIG based WT
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Among the limiting factors, the rotor current limit has large affect to the power capability
especially during the generator operation at around synchronous speed. Operation around
synchronous speed puts a quite heavy load both in terms of frequency and current level on the
MSC while the LSC is nearly unloaded. At these operating points, where frequencies of rotor
voltages are at low level (below 5 Hz), the junction temperature of IGBTs and diodes in the
MSC could exceed their maximum limit due to higher generated power losses. At these
conditions, a current de-rating of MSC is necessary to maintain maximum junction
temperature of IGBTs at about the same level as at the rated speed [86].

Reduction in the MSC current consequently reduces the output power of the MSC. As the
MSC currents consist of active and reactive components, reduction of one component may be
enough to limit the current magnitude by defining the priority in the control design. In this
study, active current priority is defined in the MSC control. Therefore, the reactive current is
reduced first, and the active current kept unchanged when the magnitude exceeds the limit.

The MSC reactive current according to the MSC current limit imsc max 1S €xpressed as:

. 2 2
Iuscq = \/ Lvsc max — Imsc.d (7.2)

where imsc.a 1S the MSC active current in a reference frame aligned to the stator voltage.

In the LSC, the frequency of output voltage is always constant and equal to the frequency of
grid voltage. The total rated current is at low level (about 0.21 p.u.) which will not cause high
power losses generation. At such conditions, the IGBTs/diodes junction temperature will not
exceed its limit. For typical DFIG based WT used in this thesis, the LSC current characteristic

curves are plotted in Figure 7-5.
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Figure 7-5: LSC current capability as a function of stator active current
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The analytical equations for power output are derived from system equations of DFIG

equivalent circuit (Eq. (3.23)-(3.26)) and can be expressed as [86], [102]:

Pwrg = Re{ﬂsig }+ Re{ﬂLSC é*Lsc } (7.3)

9Qvwrc = Im{ﬂs Ig }+ Im{ZLsc Iisc }+ 4 fiter (7.4)
2

9 fiter = DsCoijierUs (7.5)

where pyrc and gy are the active and reactive power of the DFIG, us and u, ¢ are the complex
stator and LSC voltages, and is and i, are the complex stator and LSC currents, respectively.
gsier 18 the reactive power produced by the capacitor in the filter at LSC side.

In order to improve the reactive power capability at around synchronous speed, the basic idea
is to have lower power losses in the converter. One approach is using a converter topology
with low power losses performance. Another approach is using a low switching frequency of
modulation technique. The performance of reactive power capability for these two approaches

will be investigated in the next section.

7.2 Comparison between continuous PWM and discontinuous
PWM

Different PWM types discussed in chapter 5 are applied for a 2 MW DFIG based wind turbine
(WT) with back-to-back two-level converter. The main components of the DFIG were
modeled throughout chapter 3 and its parameters are presented in Appendix A.1. Figure 7-6
shows the DFIG based WT system configuration used for the simulation. The system is
running under steady state operation following the active power characteristic based on a
manufacturer data and shown in Figure 7-7. A constant carrier frequency of 2250 Hz has been
chosen for both CPWM and DPWM at both LSC and MSC. Thus, the filter at the LSC line is
dimensioned with resonant frequency corresponding to the carrier frequency and double this

value.

THD measurement

GB ASGJ

~ J_CET]
— CH
MSC = s . C[

(Filter

Figure 7-6: Test system of DFIG based WT



7 Performance Evaluation of DFIG based Wind Turbines 81

1.2

1.0

0.8

0.6

0.4

0.2

active power (p.u.)

0.0

-0.2

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
rotor speed (p.u.)

Figure 7-7: Active power characteristic of DFIG based WT used in the simulation

7.2.1 Performance analysis

Among the continuous PWM (CPWM) types, the TTHIPWM is selected which has the lowest
harmonic distortion. While among the discontinuous PWM (DPWM) types, DPWMO,
DPWMI1 and DPWM?2 are selected which have higher maximum switching losses reduction
(up to 50%) compared with DPWM3, DPWMMAX and DPWMMIN. Table 7-1 shows the
PWM type combinations for the back-to-back two-level converter that used for performance

comparison study in this section.

Table 7-1: PWM type combinations for back-to-back two-level converter

Combination For LSC For MSC
1 CPWM CPWM
2 CPWM DPWM
3 DPWM CPWM
4 DPWM DPWM

CPWM: TTHIPWM
DPWM: DPWMO, DPWM1, DPWM?2

The four combinations shown in Table 7-1 are investigated in terms of generated common
mode voltage, current total harmonic distortion, converter power losses and reactive power
capability to have an idea on which combination is the most appropriate for LSC and MSC in

the two-level converter of DFIG based WT.
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7.2.1.1 Generated common mode voltage

As explained previously, the generated common mode voltage (CMV) at LSC is equal to
zero. Therefore, any PWM types applying for LSC will not contribute to the generation of
CMV. While at MSC, applying PWM will generate CMV. However, the generated CMV
level is independent on the PWM types. Thus, any standard PWM types (either among
CPWM or DPWM) generate the same level of CMV. Using Eq. (5.15), the generated CMV at

MSC for the combination 1 and 2 (as examples) are shown in Figure 7-8.

600

400

200

0

-200

-400

common mode voltage (V)

-600

600

400

200

-200

-400

common mode voltage (V)
o

-600

Figure 7-8: Generated common mode voltage with different PWM types at MSC

Both figures show the same level of generated CMV at about 550 V. It can be concluded that
the generated CMV for the back-to-back two-level converter is only generated in MSC and

0.002 0.004 0.006 0.008 0.01
time (s)
(a) Combination 1
0.002 0.004 0.006 0.008 0.01

time (s)

(a) Combination 2

the voltage level is the same for any PWM types.
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7.2.1.2 Current total harmonic distortion

The harmonics analysis considers a steady state operation during rotor speed operations of
0.70, 0.78, 0.86, 0.93, 1.00, 1.07 and 1.15 (in p.u. value) which is corresponding to the
generated active power of 0.05, 0.08, 0.12, 0.16, 0.20, 0.38 and 0.90 (in p.u. value),
respectively. These values are according to Figure 7-7. The measurement of current THD
(phase a) is taken at low voltage grid using Matlab/Simulink tool of Fast Fourier Transform
(FFT). The measurement point is shown in Figure 7-6.

Four combinations as stated in Table 7-1 are applied for the back-to-back two-level converter.
Using Eq. (7.1), the current THD are obtained and shown in Figure 7-9.

When comparing the current THD between DPWM1, DPWMO0 and DPWM2, it shows almost
the same level. Later, these three PWM types are generalized as DPWM. TTHIPWM for LSC
and MSC produced the lowest current THD while DPWM for LSC and MSC produced the
highest current THD at all operation points. Applying either TTHIPWM or DPWM for MSC
did not result a large different during synchronous and super-synchronous speed. However,
during sub-synchronous speed TTHIPWM has to be applied for LSC and MSC.

The simulation results show that the injection of current harmonics into the grid is depending
on the waveform quality. At lower rotor speed where the magnitude of rotor current is low,
the waveform quality is the worst causing high current THD at the grid. Selecting TTHIPWM
for LSC and MSC at this operation condition reduced the generation of current harmonics. At
higher rotor speed, the generation of current harmonics is not as much as during lower speed
operation. Thus, selecting either TTHIPWM or DPWM for both converters produced less
current THD which is still lower than 8% limit required by the standard EN61000-2-4.
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Figure 7-9: Current THD at different rotor speed operating points

It can be concluded that selecting CPWM for LSC and MSC (combination 1) significantly

produced the lowest current THD injected into the grid at entire speed range of DFIG based

WT.

7.2.1.3 Converter power losses

The converter power losses of both LSC and MSC are calculated during the same operating

points as in the harmonics analysis. The four cases as in Table 7-1 are also applied for the

back-to-back two-level converter. Using Eq. (6.11), the total power losses of MSC and LSC

are calculated and shown in Figure 7-10.
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Figure 7-10: Power losses of back-to-back converter at different rotor speed operating points
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In general, the simulations results show that all DPWM types applied for LSC and MSC
produced the lowest power losses while TTHIPWM applied for LSC and MSC produced the
highest power losses at all operation points. Since the ratio of LSC current over rotor current
is small and frequency of LSC voltage is significantly larger than frequencies of MSC
voltage, applying either TTHIPWM or DPWM for LSC did not show a large different. The
power losses is mainly dependent on the rotor current magnitude, thus at higher speed
operation, the power losses is at high level and reducing proportional with speed reduction.
Switching losses contribute the most losses in the total power losses and dependent on power
factor. The rotor power factor is varying over the rotor speed operations. Therefore, the power
losses in MSC are highly influenced by the DPWM types in different rotor speed operations.
However, since the obtained power losses shown in the figures are the power losses of both
MSC and LSC, thus the total generated power losses did not show a large different.

When comparing different DPWM types with TTHIPWM, applying DPWMO for LSC and
MSC during sub-synchronous speed produced the lowest power losses. However, this
combination produced the highest power losses during super-synchronous speed. While
applying DPWM2 for LSC and MSC during super-synchronous speed produced the lowest
power losses. However, this combination produced the highest power losses during sub-
synchronous speed.

It can be concluded that selecting DPWM for LSC and MSC (combination 4) significantly
produced the lowest power losses at entire speed range of DFIG. When considering on

compact design of power converters, this selection is the most preferable.

7.2.1.4 Reactive power capability

In reactive power capability study, the thermal analysis is investigated only in the MSC due to
that the MSC current could exceed the IGBT junction temperature limit at low frequency of
rotor voltage. The thermal analysis for different PWM types at LSC is not presented, only
TTHIPMW is used. While for MSC, TTHIPWM and DPWM are applied. Thus, combination
1 and 2 as shown in Table 7-1 are selected in this simulation.

Using Eq. (6.20)-(6.23) and the simulated data of IGBT power losses, the maximum junction
temperature of IGBT as a function of frequency of rotor voltage under a constant MSC output
current can be expressed as shown in Figure 7-11. The results are related to the maximum

permissible rotor current at rated speed with ipsc max = constant.
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Figure 7-11: Maximum junction temperature of IGBT in MSC as a function of frequency of
rotor voltage

From the figure, it can be found that the junction temperature is higher at lower frequencies of
rotor voltage. During super-synchronous speed, the temperature exceeds its maximum limit of
150°C below the frequency of about 0.120 p.u. for TTHIPWM, 0.065 p.u. for DPWM1, 0.050
p.u. for DPWM2 and 0.080 p.u. for DPWMO0. While during sub-synchronous speed, the
junction temperature exceeds its maximum limit of 150°C below the frequency of about 0.120
p.u. for TTHIPWM, 0.070 p.u. for DPWMI, 0.080 p.u. for DPWM?2 and 0.055 p.u. for
DPWMO. At these conditions, the junction temperature has to be reduced to avoid IGBT
failure and to increase IGBT lifetime by reducing the MSC output current. Thus, these data
are necessary to characterize the maximum permissible output current of the MSC.

As explained previously, the MSC current de-rating is necessary to maintain the maximum
junction temperature at about the same level as at the rated speed. In this simulation, the MSC
output current is reduced to a certain value where it produces the junction temperature at
maximum limit. Then, this current value is normalized to 1.11 p.u. value, which is the
maximum MSC current rating. Figure 7-12 shows the maximum MSC output current in
relation to frequency of rotor voltage. The diagram is corresponding to the pre-condition Tjmax
< (Tjmax at rated speed). Normally, the maximum junction temperature for the MSC output
current rating shown in Figure 7-12 is much lower than 150°C to have some reserves for

transient overload conditions during fault ride-through or over-speed.
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Figure 7-12: Maximum MSC output current in relation to frequency of rotor voltage

As the MSC currents consist of active and reactive components, as expressed in Eq. (7.2),
reduction of one component may be enough to limit the current magnitude by defining the
priority in the control design. In this simulation, active current priority is defined in the MSC
control. Therefore, the reactive current is reduced first, and the active current kept unchanged
when the magnitude exceeds the limit.

Figure 7-13 shows the stator reactive current as a function of active current at the rated MSC
current with limitation considered in Figure 7-12 which also includes the magnetizing current.
Positive reactive currents show the operation of DFIG during over-excited mode while

negative reactive currents show the operation during under-excited mode.

09 1 : : : .
L W
) . i

— 0.6 - ' -
3 | | R
. 1 i i N
[=} 1 ' ¥ ~.
= % | | | N
5 ' i i N
£ 00 - : : N\
> ! \
o TTHIPWM ' \
2 .03 - L L |
3 - — -DPWM1 /
® /
906 |- DPWM2 ,_-_./ ......
= — - — DPWMO y
£ .09 - > A
17 "

1.2 1 M """"""

- ' '
15
0.0 0.2 0.4 0.6 0.8 1.0 1.2

stator active current (p.h.)

Figure 7-13: Stator reactive current capability at rated MSC current as a function of active
current at nominal voltage
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In order to obtain the active-reactive current capability of DFIG based WT, the stator and
LSC reactive current capabilities have to be defined. For the stator reactive current capability,
the stator current limitation due to heating limit, the rated MSC current limitation (as Figure
7-13) and the maximum rated stator active power have to be considered. The resulting stator

reactive current capability is shown in Figure 7-14.

3
2
=]
[=
B :
5 TTHIPWM :
S 00 4 - B
g — — -DPWM1 :
b '
024 ~ === DPWM2 :
[J] i
- 04 { |~ DPWMO :
8 All PWM types !
2 0.6 -

0.8 -

-1.0

0.0 0.2 0.4 0.6 0.8

stator active current (p.u.)

Figure 7-14: Stator reactive current capability as a function of active current at nominal
voltage considering all limitations

For LSC reactive current capability, the limitation is set by the total rated current which has
been explained in section 7.1.4. Combining the stator and LSC reactive current capability
results in the reactive current capability of DFIG based WT. For analyzing the impact of
different PWM types on the reactive current capability around synchronous speed, the DFIG
reactive current capability is shown as in Figure 7-15, considering only operation during over-

excited mode.
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Figure 7-15: Reactive current capability of DFIG based WT around synchronous speed as a
function of active current at nominal voltage

The figure shows that applying DPWMO0O, DPWM1 and DPWM2 increased the reactive
current capability with the highest increase of about 6.8% with DPWM?2 when compared with
TTHIPWM during super-synchronous speed. In overall, the improvement of the reactive
current capability with DPWM?2 is the highest during super-synchronous speed while
DPWMO show the highest increment during sub-synchronous speed. At synchronous speed,
DPWM and CPWM show the worst reduction from their maximum value with approximately
12.4% and 19.8%, respectively.

Using Eq. (7.3)-(7.5), the reactive power versus active power characteristic of DFIG by
considering the relationship between active power and speed in accordance with Figure 7-7,
can be shown in Figure 7-16. All limitations discussed in this section are considered. It can be
shown that around synchronous operating point, de-rating in the MSC current due to the
limitation in IGBT junction temperature imposes a limit on the over-excited reactive power
output. Using DPWMO0 and DPWM?2 for the MSC improved the reactive power capability at
these operating points. While on the under-excited mode, stator current limitation imposes a
limit on the reactive power output. The vertical line at 1.0 p.u. represents the maximum stator

active current corresponding to the rated stator active power.
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Figure 7-16: Reactive power capability of DFIG based WT in relation to active power with
different PWM types at rated grid voltage and frequency

It can be concluded that the reactive power capability for the back-to-back two-level converter
of DFIG based WT are improved when using DPWM types compared with CPWM types

especially during the operation of generator at around synchronous speed.

7.2.2 Discussion and recommended solutions

In this section, the performances of back-to-back two-level converter for DFIG based WT
have been investigated throughout comparison with different PWM types, generally between
CPWM and DPWM.

The type of PWM not affected the level of generated common mode voltage (CMV). The
generated CMV level at MSC is about 550 V which still in higher value. It has been studied in
other literatures that the effect of generated CMV can be reduced by using filtering strategies
or shaft grounding, or primarily earthing brushes in combination with zero sequence slip ring
which is implemented at the rotor side. However, these methods required additional space and
causes higher cost. An economical method that required no extra components is using
modified PWM technique which controlling the PWM switching instants. However, reducing
generated CMV via this method increases the output current harmonics of the converter,
which has been investigated in [103]. The study has presented that the harmonics distortion is
greatly increased more than two times higher than that of standard PWM techniques at

modulation index lower than 0.5. Since the MSC of DFIG is normally operating in the range
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of modulation index below 0.6, therefore, this method is not appropriate to apply for the
DFIG.

Another approach to reduced generated CMV is using higher level of converter topology. In
this approach, triangular carrier methods used for generation of PWM switching instants are
the main factor of the generated CMV reduction. Further investigation on this approach will
be presented in the next section.

Selecting CPWM for LSC and MSC is preferable for better power quality since they
significantly produced the lowest current 7HD injected into the grid at entire speed range of
DFIG based WT. On the contrary, when considering on compact design of power converters
and improvement in reactive power capability, selecting DPWM for LSC and MSC is more
preferable.

The analysis results in this section gave an idea on selecting which type of PWM to be
applied for LSC and MSC that could obtain optimal performances of the DFIG based WT.
One suggestion is using a simple control algorithm for PWM type selection. With this control
algorithm, different PWM type can be changed and applied at certain rotor speed operation
points. This can be done by putting a switch selection at different common mode voltage
(CMV) calculator, where the switch will be triggered by rotor speed or active power signal
following the provided control algorithm. For this simulation study, the proposed block

diagram and control algorithm for PWM type selection in MSC is shown in Figure 7-17.
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Figure 7-17: Proposed block diagram and control algorithm for PWM type selection in MSC
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In this control algorithm, TTHIPWM is applied for LSC over the entire rotor speed
operations. While for MSC, TTHIPWM is applied when the rotor speed is below 0.90 p.u.,
DPWMO is applied when the rotor speed is operating between 0.90 p.u. and 1.0 p.u., and
DPWM2 is applied when the rotor speed is above 1.0 p.u. Therefore, the DFIG based WT will
has the optimal performances with less current THD at the grid, less converter power losses
and improved reactive power capability over the entire rotor speed operations.

Figure 7-18 shows an example of the PWM modulating reference signal, rotor voltage and
rotor current for “phase a” during transition at 0.90 p.u. (in figure at 0.75 s). Physically, the

current waveform quality shows the same before and after transition.
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Figure 7-18: Transition from TTHIPWM to DPWMO at 0.90 p.u. of rotor speed (phase a)

7.3 Comparison between two-level converter and three-level NPC
converter

Different converter topologies, namely two-level converter and three-level NPC converter
discussed in chapter 3 are applied for a 2 MW DFIG based wind turbine (WT). Performances
comparison between both converter topologies will be investigated and discussed. The two-
level converter has been used more widely in the wind turbine application compared to the
three-level converter due to its lower cost and need smaller space. Thus, the cost of both

converters will be also discussed in this section.
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7.3.1 Performance analysis

Table 7-2 shows the characteristics of the two-level and three-level NPC converter used for

performance comparison that will be presented in this section.

Table 7-2: Characteristics of two-level and three-level NPC converter

Two-level converter Three-level NPC converter
IGBT module SKiiP2414GB17E4-4DUW | SKiiP2414GB12E4-4DUW
Modulation method TTHIPWM TTHIPWM
Triangular carrier method | Single carrier PD and POD
Switching frequency 2250 Hz 2250 Hz
DC-link voltage 1100 V 1100 V

Except for the converter components, the other components in the DFIG system are remain
the same value for both converter topologies, as presented in Appendix A.1. TTHIPWM is
selected and applied for both converter topologies. A constant carrier frequency of 2250 Hz
has been chosen for both converter topologies. Thus, the filter at the LSC line is dimensioned
with resonant frequency corresponding to the carrier frequency and double this value. Both
converter topologies are simulated in such a way that a good comparison is possible and

enables the design of the filter with about the same size and costs.

7.3.1.1 Generated common mode voltage

As explained previously, the generated common mode voltage (CMV) can be reduced by
using higher level of converter topology with appropriate triangular carrier method. The
triangular carrier methods are presented in chapter 5.

With PD method, the voltage vector of (+,+,+), (-,-,-) (refer Table 5-4) is eliminated and
resulting uno conv With maximum value of up/3. While with POD method, the same voltage
vector in PD method, and the voltage vector of (+,+,0) (+,0,%) (0,+,+) (-,-,0) (-,0,-) (0,-,-) is
eliminated and resulting o conv With maximum value of /6. Thus, the POD method can
produce lower generated CMV than the PD method.

Figure 7-19 shows the generated CMV for two-level converter, three-level NPC converter
with PD method and three-level NPC converter with POD method. It clearly shows from
these figures that peak of generated CMV is the lowest in the case of Figure 7-19(c). The
generated CMV is reduced from about 550 V in the two-level converter to about 366 V in the
three-level NPC converter with PD method, and reduced to about 183 V in the three-level
NPC converter with POD method.



7 Performance Evaluation of DFIG based Wind Turbines 95

[e2)
o
o

H
o
o

N
o
o

common mode voltage (V)
o

-200
-400
_600 - - - - - - .- - - - - - - - - - - - - -
0 0.002 0.004 _ 0.006 0.008 0.01
time (s)
(a) Two-level converter
600

400

200 A

I [
I UL

-400

—

common mode voltage (V)
o

-600

0 0.002 0.004 0.006 0.008 0.01
time (s)

(b) Three-level NPC converter with PD

600

400

200 A

. [ 1
Ut

common mode voltage (V)

AN
S o
& o

-600

0 0.002 0.004 0.006 0.008 0.01
time (s)

(c) Three-level converter with POD

Figure 7-19: Generated common mode voltage with different converter topologies and
triangular carrier methods

It can be concluded that generated common mode voltage is reduced when using the three-

level NPC converter and POD method with maximum reduction of 66% when compared to
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the two-level converter. This great decrement helps a lot in the stress reduction of the

generator.

7.3.1.2 Current total harmonic distortion

The rotor speed operating points for the harmonics analysis are the same as in section 7.2.
Using Eq. (7.1), the current THD are obtained and shown in Figure 7-20.
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Figure 7-20: Current THD at different rotor speed operating points measured at low voltage
grid

From the figure, it shows that the current THD level at each rotor speed operation is almost at
the same value when using three-level NPC converter with PD or POD methods. It means that
different triangular carrier methods give very less influence to the generation of harmonic
distortion. Using the three-level NPC converter produced lower current 7THD than using the
two-level converter with maximum different about 0.3%.

For all cases, the current THD at the low voltage grid of the DFIG based WT during the entire
rotor speed operation points are still lower than 8% limit required by the standard EN61000-
2-4. It can be concluded that for the DFIG based WT system studied in this thesis, using
either two-level converter or three-level NPC converter produced acceptable low level of

current THD at low voltage grid for the entire rotor speed operations.
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7.3.1.3 Converter power losses

Following the same rotor speed operation points as in the performance analysis of current
THD, and using Eq. (6.11) and Eq. (6.15), the converter power losses can be calculated and

shown as in Figure 7-21.
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Figure 7-21: Total power losses of back-to-back converter two-level converter and three-level
NPC converter (PD and POD) at different rotor speed operating points

From the figure, it clearly shows that the three-level NPC converter produced lower power
losses compared to the two-level converter at the entire speed operating points of the DFIG
based WT. The power losses are reduced about 40% when using the three-level NPC
converter. This percentage reduction could contribute enough to the improvement in the
converter output power capability and to the size reduction of cooling system, such as the heat
sink.

It can be concluded that in the same DFIG system, the back-to-back three-level NPC
converter produced lower power losses compared to the back-to-back two-level converter and

different triangular carrier method did not causes differences in the power losses generation.

7.3.1.4 Reactive power capability

Since PD and POD method in the three-level NPC converter generated the same power losses,
only PD method is used in output power analysis. Using Eq. (6.20)-(6.23) and Eq. (6.30)-
(6.35), and the simulated data of IGBT/diode power losses, the maximum junction

temperature of IGBT/diode as a function of frequency of rotor voltage under a constant MSC
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output current can be expressed as shown in Figure 7-22. The results are related to the

maximum permissible rotor current at rated speed with imsc max = constant.
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Figure 7-22: Maximum junction temperature of IGBT/diode in MSC as a function of
frequency of rotor voltage

From the figure, it can be found that the junction temperature is higher at lower frequency of
rotor voltage. The junction temperature exceeds its maximum limit of 150°C below the
frequency of about 0.115 p.u. for two-level converter and 0.030 p.u. for three-level NPC
converter. During these conditions, the MSC current has to be reduced to maintain the
maximum junction temperature at about the same level as at the rated speed.

After current de-rating, the maximum MSC output current in relation to frequency of rotor
voltage can be shown as in Figure 7-23. The diagram is corresponding to the pre-condition

Timax < (Tjmax at rated speed).
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Figure 7-23: MSC output current rating in relation to frequency of rotor voltage
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The stator reactive current as a function of active current at the rated MSC current with
limitation considered in Figure 7-23 can be shown in Figure 7-24, which also includes the
magnetizing current. Positive reactive currents show the operation of DFIG during over-

excited mode while negative reactive currents show the operation during under-excited mode.
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Figure 7-24: Stator reactive current capability at rated MSC current as a function of active
current at nominal voltage

Considering all stator current limitation, the resulting stator reactive current capability can be

shown in Figure 7-25.
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Figure 7-25: Stator reactive current capability as a function of active current at nominal
voltage considering all stator current limitation

Combining the stator and LSC reactive current capability give results of the reactive current

capability of DFIG based WT. For analyzing the impact of different converter topologies on
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the reactive current capability around synchronous speed, the DFIG based WT reactive
current capability is illustrated as in Figure 7-26, considering only operation during over-
excited mode. The figure shows that using the three-level NPC converter increased the
reactive current capability at synchronous speed and around synchronous speed when
compared with the two-level converter. The highest increment is at synchronous speed with

about 19.83 %.
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Figure 7-26: Reactive current capability of DFIG based WT around synchronous speed as a
function of active current at nominal voltage

Figure 7-27 shows the resulting active-reactive power capability of DFIG based WT, which is
corresponding to the active-reactive current capability mentioned previously. Generally, the
results show that the three-level NPC converter increased the reactive power capability of
DFIG based WT at synchronous speed and around synchronous speed when compared to that
of the two-level converter. This superior performance could bring the three-level NPC
converter as one of interactive converter for wind turbine manufacturers and power utility
companies to be used in DFIG based WT regardless its cost.

It can be concluded that the back-to-back three-level NPC converter improved the reactive
power capability of DFIG based WT at synchronous speed and around synchronous speed
when compared to that of the back-to-back two-level converter. Since the cost of the
converter is one of the major factors for the converter topology selection, the cost comparison

will be discussed in the next section.



7 Performance Evaluation of DFIG based Wind Turbines 101

i
i
i
i
i
- :
5 :
o i
— i
For{ , .
0.0 §-------- ; LT B
g 1
LI B T T I
.E Two-level converter 1
P U e N e o
o = === Three-level NPC converter ]
=-06 -
= == Both converters -~
-0.8 - ~
. /
-
1.0 - T
12 Fme—— T
0.0 0.2 0.4 0.6 0.8 1.0

active power (p.u.)

Figure 7-27: Reactive power capability of DFIG based WT in relation to active power with
different converter topologies at nominal voltage

7.3.2 Discussion and recommended solutions

The performances of back-to-back three-level NPC converter have been investigated
throughout comparison with back-to-back two-level converter in the DFIG based WT
application. From four performances indexes presented previously, it can be generally said
that the three-level NPC converter is superior to the two-level converter. For the generated
common mode voltage, the triangular carrier method of POD for the three-level NPC
converter produced the lowest level. However, different triangular carrier method (POD and
PD) contributed less differences level in the harmonics performance and shown the same
results for the converter power losses performance and reactive power capability.

Although the electrical performances are the main priority for most researchers and engineers
in designing the DFIG system, on the other hand, wind turbine manufacturers and power
utility companies are mostly concern on the total cost of the system. The converter cost
contributes about 45% - 50% from the total cost of the DFIG system. Thus, it is important to
have the converter cost analysis. Here, a comparative study on the cost of both converters is
presented. The cost estimation is obtained from Semikron manufacturer and refers to some
literatures [77], [104]. The cost is shown in p.u. value where the SKiiP2414GB12E4-4DUW
price (~€2600) is taken as the reference. The SkiiP technology contains IGBT-diode pairs,
gate drivers, heat-sink, sensors, controller interface and housing case. Table 7-3 shows the

component count and cost of the two-level and three-level NPC converter.



7 Performance Evaluation of DFIG based Wind Turbines 102

Table 7-3: Component count and approximate cost of back-to-back two-level and three-level
NPC converters

Component count Approximate cost (p.u.)
Two-level Three-level Two-level Three-level
converter NPC converter converter NPC converter
LSC | MSC | LSC | MSC | LSC | MSC | LSC | MSC
IGBT-diode pair 6 6 12 12
Gate driver 6 6 12 12 1.15 1.15 2.0 2.0
Heat sink 1 1 2 2
NPC diode 0 0 6 6 0 0 0.3 0.3
Chopper circuit 1 2 0.6 1.1
DC-link capacitor 1 2 0.2 0.2
Total 28 68 3.1 5.9

The component count in the back-to-back three-level NPC converter is about 2.43 times
higher than in the back-to-back two-level converter. It means that the three-level NPC
converter has about two times more size/weight and need more space than the two-level
converter.

The cost of the back-to-back two-level converter is about 47% less than the three-level NPC
converter. This factor is one of the main reasons why the two-level converter is more
preferable by the wind turbine manufacturers. However, this comparison example is based on
assumption that the LC filter at the LSC side is designed at the same values for both
converters. In practical application, the LC filter for three-level NPC converter is designed
with smaller values where it produces harmonics distortion levels that still meet the standard
requirements. In this case, the filter cost for the three-level NPC converter is about 30% less
than the two-level converter [2]. Thus, the total cost of DFIG system using the three-level
NPC converter could be slightly reduced.

When the DFIG system are designed to have better power system quality and higher converter
efficiency, it is recommended to use back-to-back three-level converter. Although the present
cost of the three-level converter is about two times higher, advance semiconductor technology
and new development in converter control strategic could reduce the converter cost in the near
future.

In the next chapter, a new DC-link protection scheme is proposed that make the chopper

circuit redundant. This scheme may also lead to the cost reduction of the three-level NPC
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converter. The characteristics behavior during grid faults and the cost analysis will be

presented.
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8 Dynamic Simulation of Three-Level NPC Converter

With the increase of wind energy conversion system capacity, conventional two-level
converter tends to be replaced by three-level NPC converter. Additionally, current trend in
cost reduction of power semiconductor devices likely makes it attractive to use of the three-
level NPC converter [105], [106]. Furthermore, the three-level NPC converter has many
advantages including the capacity to generate a very good quality of waveforms, the reduced
switching frequency, the low stress on power devices, the low generated common mode
voltage, and the low energy losses [104], [107]-[111], where some of them have been
presented in the previous chapter.

In this chapter, dynamic simulation of the three-level NPC converter in DFIG based wind
turbine (WT) will be presented. The study will investigate the characteristics behavior of the
three-level converter during grid faults using different protection schemes for fault ride-
through (FRT). A new protection scheme is proposed and the results will be compared with
the conventional protection scheme. A cost evaluation of the three-level NPC converter using

both protection schemes will also be presented.

8.1 Grid code requirements concerning Fault Ride-Through
(FRT)

Concerning grid support during steady-state operation as well as during grid faults in the wind
energy generation system, some countries like Germany have released their own grid code.
According to the German grid code 2006, WTs have to ride-through the grid faults and
provide a mandatory voltage support during voltage dips. The corresponding voltage control
characteristic is shown in Figure 8-1 which specifies the reactive current set-point depending
on the depth of the voltage drop. Accordingly, WTs have to supply at least 1.0 p.u. reactive
current already when the voltage falls below 50%. The controller may include a deadband of
up to £10% and has a setting range for the gain of 0-10 p.u. with a default value of 2.0 p.u.
The voltage control must take place within 20 ms after fault recognition or after activation of
protection devices by providing a reactive current on the low voltage side of the generator
transformer amounting to at least 2% of the rated current for each percent of the voltage dip.
With conventional protection devices, the fault durations are normally in a range of some
hundred milliseconds or less. However, this time duration may be decisive for the stability of
the conventional generators connected to the grid and consequently for the whole system. In

this regard, the dynamic response of the voltage support by power generation unit is a very
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important issue. The German renewable energy law (Erneuerbare Energien-Gesetz, EEG)
includes regulations concerning ancillary services [112], which address this subject by
specifying timing rules for the system response to grid faults. These rules are based on the
diagrams in Figure 8-2, which stipulate a rise time of less than 30 ms and a settling time of

less than 60 ms considering a tolerance band between +20% and -10% of the nominal current

around the set-p

oint.

Dead band around
reference voltage

T

Additional
reactive current
Alg/ly Within dead band, e.g.

A const. power factor control
Voltage limitation ~_ Activation of voltage control
(under-excited mcide) by exceeding dead band

d
.,
- Pd Continuation of voltage

control after return into dead
I zone at least about500 ms
|
I

S

|
-50%

Voltage support
(over-excited mode)

%N 40%

i
I ] ] -
20% Voltage AU/Uy

Control characteristics
Reactive_currentivoltage gain:
k=Alg/AU 2 2.0 p.u.
Rise time <20 ms

-100%

Maximum available reactive
current lg max= In

Figure 8-1: Voltage support requirement (e.ON grid code 2006)

1
Voltage Deviation AU
Reactive Current Deviation Alr

tolerance band

settling time
<60ms

— Step change in voltage
— Step response of reactive current Ir

rise time
<30ms

time

Figure 8-2: Dynamic performance requirement for voltage support according to German EEG

[112]



8 Dynamic Simulation of Three-Level NPC Converter 106

8.2 Protection schemes for FRT

During the grid faults, DFIG based WT experience over-currents which lead also to increase
DC-link voltage on the converter side. These harmful conditions may cause damages to rotor
windings, converters, DC-link capacitors or induce drive train mechanical stress due to torque
fluctuations. In order to avoid such damages, some special protection schemes are necessary
which however should not contravene the grid code requirements.

Until nowadays, crowbar and DC-link chopper are two well known protection schemes for
FRT of the DFIG. An overview of their operation principle will be presented in the next
section. Additionally, a new protection scheme which has more simple operation and fewer

components count is proposed as alternative of the conventional protection schemes.

8.2.1 Crowbar

Crowbar is connected between rotor circuit and MSC in the DFIG system for protecting the
converter and rotor windings against over-current or DC-link over-voltage [113]. The crowbar
circuit could uses diode rectifiers with a semiconductor switch or anti-parallel semiconductor
switch pairs as shown in Figure 8-3. The crowbar circuit which uses common thyristor as the
semiconductor switch is called passive crowbar. When self-commutated semiconductor
switches (such as IGBT, IGCT, GTO) are used as the semiconductor switch, the circuit is

called active crowbar.

VI ~ L
DFIG// T C

1=
b

MSC

diode rectifiers with a anti-parallel semiconductor
semiconductor switch switch pairs

Figure 8-3: Crowbar circuit
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In the passive crowbar, the system is activated during over-current on the rotor windings or
over-voltage on the DC-link, which can occur after a short circuit fault at the grid side. The
pulse signal to trigger the common thyristor is given when the rotor current or DC-link
voltage exceeds a preset value. After crowbar triggering, it is necessary to wait for some
fundamental cycles before resetting the control signal to ensure that the main transients have
decayed. Since the common thyristor is only capable to turn-off at current zero-crossing and
the slip frequency is quite low, the MSC has to wait some additional cycles before it can be
restarted. The time duration after the crowbar triggering until the MSC restarted maybe in a
range of 100-150 ms. During that duration, the generator is uncontrolled and behaves like a
common induction machine. It is well-known that induction machines consume a
considerable amount of reactive power and the active power adjusts oneself according to the
slip. The generator changes its operating point from over-excited generator to under-excited
motor operation, which is undesirable and not compliant with the grid code requirements.

A successful crowbar should remove the short circuit as soon as fault clearance. This can be
done by using a self-commutated semiconductor switches instead of common thyristor. This
configuration is called active crowbar. The main advantage of the active crowbar is that it can
directly limit the MSC currents by short-circuiting the rotor circuit through the resistor, while
it can turn-off immediately, when the rotor current is low enough. The active crowbar has
better controllability, however, like the passive crowbar, the MSC still has to be deactivated
during crowbar activation. The time between the disconnection and reconnection of the MSC
from the rotor circuits could reach about 100 ms which still exceed the standard limit of 20
ms required by the ¢.ON grid code 2006. Additionally, it has a higher component count
compared to DC-link chopper and cannot directly limit the DC-link voltage. Due to these
advantages, nowadays, some countries like Germany are no longer use the crowbar scheme.
Alternatively, they use DC-link chopper circuit as the protection device for FRT in the DFIG
based WTs.

8.2.2 DC-link chopper

In order to limit the DC-link voltage during the grid faults, a chopper circuit can be added to
the DC-link circuit, as shown in Figure 8-4. In the three-level NPC converter, the chopper
circuit consists of two IGBTs, two freewheeling diodes and two breaking resistors. This
protection scheme is not essential for FRT operation but it increases the normal range of
DFIG operation by smoothing the DC-link voltage during heavy imbalances of active power

on the MSC and LSC. The DC chopper control is typically based on a hysteresis. The pulse
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signal to trigger the IGBTs is activated when the DC-link voltage exceeds a threshold of
approximate 5-10%, and thus, the DC-link chopper is turned-on and the energy is dissipated
by the braking resistors.

The IGBTs in the MSC are usually stopped when the rotor current exceeds over-current
protection limit, where the value is given by semiconductor manufacturer (about 2.5 p.u. of
rated current). During this condition, current from the rotor circuit still continues to flow into
the DC-link through the freewheeling diodes leading to a very fast voltage increase. During
the IGBT blocking time, the MSC is not controllable and not providing reactive power into
the grid. However, the IGBT blocking time in this scheme is normally below 30 ms which

still allowable by the standard requirement.
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Figure 8-4: DC-link chopper circuit

8.2.3 New protection scheme with zero state control

As described previously, the DC-link chopper protection scheme requires higher cost of
electrical components, such as IGBT and braking resistor. Thus, this study proposes an
alternative scheme that makes the DC-link chopper redundant. The scheme uses zero state
switching of the three-level NPC converter, and not applicable for two-level converter. This is
due to the fact that the two-level converter has only two switching states, that is positive and
negative state, while in the three-level NPC converter, it has positive, negative and zero state
switching. This scheme uses the zero state switching in order to limit the DC-link voltage
during grid faults.

Table 8-1 shows the switching states of the three-level NPC converter. Based on this table,
turn-on and turn-off of switching devices (Tx;, Tx2, Tx3 and Ty4) are controlled to determine
the output phase voltage of the converter. Switching instants (1, 0) which define the turn-on

and turn-off of the switching devices are generated dependent on the switching states that are
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produced by pulse width modulation (PWM) carrier based technique. In this technique, three-
phase modulating reference signals are compared with two triangular carrier signals ‘upper
carrier’ and ‘lower carrier’. In this way, the logical signals (+1, 0, -1) are generated, which

define the switching states.

Table 8-1: Switching states of three-level NPC converter

o Switching devices
Switching states Output phase voltage

Ty | Te | Tz | Txa
Positive state “+” 1 1 0 0 Upc/2
Zero state “0” 0 1 1 0 0
Negative state “-” | 0 0 1 1 - Upc/2

Figure 8-5 shows the block diagram of the switching instants generation including the
proposed scheme of zero state control. The switch S; will change to a constant 0 value when
any phase of instantaneous rotor voltages exceeds a preset value during overshoot. The

switching state will be forced to the zero state and produce zero output phase voltage at that

Mabc* + +1)Oa -1 .TXI
m_>_o ‘\i Switching instants T,

- generation T
S, (based on Table 8-1) >1x3

_>TX4
‘% X = a’ b’ C

Figure 8-5: Block diagram of switching instants generation including zero state control

phase leg.

Y

For more detailed description, an example of the zero state switching which occurs in “phase
a” leg of the three-level NPC converter is illustrated in Figure 8-6. When any of the phases of
instantaneous rotor voltages exceeds a preset value during overshoot, the phase leg is forced
to be at zero state switching. An example is shown in Figure 8-6, in which the “phase a” leg is
at zero state switching whereas T,; and T,4 are turned-off with T,, and T,; are turned-on. The
generated overshoot current in the rotor circuit is flowing into neutral point of the DC-link
through T,3 and is not charging the DC-link capacitor. Thus, over-voltage in the DC-link can
be avoided. It is assumed that the IGBTs (T, and T,3) are designed with two times higher
current rating than the over-current protection limit to prevent the IGBTs from being blocked

due to over-current protection.
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Figure 8-6: Example of zero state switching in “phase a” leg of three-level NPC converter
with current flow indication

8.3 Comparative studies

In order to evaluate the behavior of the DFIG based WT using the proposed protection
scheme, comparison with the conventional protection scheme, using the DC-link chopper will
be carried out in this section. Two different fault conditions, namely two-phase to ground
fault and three-phase fault are considered. Both the conventional protection scheme and the
proposed new protection scheme are simulated in such a way that a good comparison of the
two scenarios is possible. The inner IGBTs in the proposed scheme are designed with 5.0 p.u

current rating to avoid IGBTs blocking.

8.3.1 Two-phase to ground fault

In this scenario the value of the fault impedance has been selected in a way that the stator
voltage drops to approximate 60% of its nominal value. The fault duration is 150 ms starting
from 0.04 s. Figure 8-7 shows the dynamic behavior of the DFIG based WT (a) using DC-link

chopper, and (b) using zero state control.
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Figure 8-7: Dynamic behavior of DFIG based WT during two-phase to ground fault
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In the case of DFIG with the DC-link protection scheme, immediately after the short circuit,
the DC-link voltage rises to about the threshold value of 1.07 p.u. and activates the DC-link
chopper. In the case of using zero state control, the overshoot rotor current trigger the switch
controller and force the MSC to be at the zero state switching and generate zero phase
voltages. This led the rotor voltages to be reduced drastically to the zero level and
consequently blocked the charging of the DC-link capacitors. Thus, the DC-link voltage is
increased at the beginning and then stopped at about 1.07 p.u., as shown in Figure 8-7 (b).
However, the DC-link capacitors take longer discharging time of about 30 ms due to the fact
that there is no external resistor to dissipate the excess energy like in the chopper circuit.

The peak stator currents are slightly higher in the Figure 8-7(b) than in the Figure 8-7(a).
Since the IGBTs blocking in the MSC are avoided, the MSC in the proposed new scheme
remains fully controllable during fault and increases the reactive current as well as reactive

power (as shown in Figure 8-7 (b)) according to the voltage support requirement (Figure 8-1).

8.3.2 Three-phase fault

For the three-phase fault scenario the fault impedance has been set to a value, which leads to a
symmetrical voltage drop to approx. 65 % in the medium voltage grid. The fault duration is
150 ms starting from 0.04 s. Figure 8-8 shows the dynamic behavior of the DFIG based WT
(a) using DC-link chopper, and (b) using zero state control.

Generally, the dynamic behaviors during the three-phase fault show almost similar when
compared to the dynamic behaviors during the two-phase to ground fault for both protection
schemes. The DC-link chopper limits the DC-link voltage at about 1.07 p.u., while the zero
state control limit the DC-link voltage at about 1.05 p.u.. Using zero state control also limit
the overshoot rotor voltage at the start of the fault occurrence, due to immediate forcing the
phase voltage to zero level when it exceed a preset value. Both protection schemes provide

reactive currents into the grid during the faults according to the voltage support requirement.
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Figure 8-8: Dynamic behavior of DFIG based WT during three-phase fault
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8.4 Discussion and cost analysis

A new protection scheme, which can offer itself as an alternative to the DC-link chopper
protection in DFIG based wind turbines, has been proposed in this thesis. The scheme is only
applicable to three-level NPC converter. Generally, both conventional and the proposed
protection schemes improved fault ride-through capability by limiting the DC-link voltage
during the fault period. The proposed new protection scheme shows a very similar dynamic
behavior with the conventional scheme in condition when the inner IGBTs of the MSC are
designed for about two times higher current rating than the over-current protection limit
which is about 2.5 p.u. of nominal current. Furthermore, it implements more simple operation
without higher component count. The need for the inner IGBTs with higher current rating will
significantly increase the cost of the MSC and has to be considered. However, the total cost of
the DFIG system may be slightly reduced by the elimination of the DC-link chopper circuit.

Table 8-2 shows a comparative evaluation on component count and approximate cost of back-
to-back three-level NPC converter when using DC-link chopper and zero state control
schemes. It shows that using zero state control scheme slightly reduce the component count in
the converter. Consequently, it will slightly reduce the size and weight of the converter. For
the cost evaluation, the unit value is shown in p.u. where the price of upper IGBT-diode pair
(~€195) is taken as reference. When using the zero state control scheme, the cost of inner
IGBTs in the MSC is increased about 1.5 times. However, since the DC-link chopper circuit
is not being used, it reduced about 14.66 p.u. value, which leads to a slight reduction (about
15%) of the total converter cost. Since this new protection scheme has the same function and
shows the same dynamic behavior with the conventional scheme, even a small cost reduction,
it could attract wind turbine manufacturers to use the three-level NPC converter with zero

state control for the DFIG based WT application.
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Table 8-2: Component count and approximate cost of back-to-back three-level NPC converter
with DC-link chopper and zero state control schemes

Component count

Component cost (p.u.)

DC-link Zero state DC-link Zero state
chopper control chopper control
LSC | MSC | LSC | MSC | LSC | MSC | LSC | MSC
Upper and lower
IGBT-diode pair 6 6 6 6 6.0 6.0 6.0 6.0
Inner IGBT-diode pair 6 6 6 6 6.0 6.0 6.0 9.0
NPC diodes 6 6 6 6 4.0 4.0 4.0 5.0
Gate driver 12 12 12 12 4.0 4.0 4.0 4.0
Heat sink 2 2 2 2 5.87 | 5.87 | 5.87 | 5.87
Others 1 1 1 1 4.8 4.8 4.8 4.8
Chopper circuit 2 0 14.66
DC-link capacitor 2 2 2.67 2.67
Total 70 68 78.67 68.01
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9 Conclusion and Discussion

In this thesis, the performances of doubly fed induction generator (DFIG) based wind turbine
(WT) during steady state operation in two alternative scenarios, namely using different PWM
types and using different converter topologies, have been studied. The performance criteria
include the generated common mode voltage (CMV) at machine side converter (MSC), the
current total harmonic distortion in the low voltage network, the converter power losses and
the DFIG reactive power capability. Additionally, the component counts in the converter and
its estimate cost have been compared. In the last chapter, a new protection scheme for fault
ride-through in back-to-back three-level NPC converter has been proposed as an alternative to
the conventional protection scheme, using DC-link chopper. Their dynamic behaviors during
grid faults have been compared and their approximate costs have been evaluated.

Wind turbines concepts have been discussed in chapter 2. The variable speed system with a
partial-scale power converter, or namely the DFIG which is the most widely used type for a
wind turbines application has been selected for further investigation. Then, the DFIG based
WT which is generally divided into mechanical and electrical parts have been modeled and
their controller design has been derived.

The study focuses on the development of back-to-back converter in terms of its topologies
design and switching schemes. Two different converter topologies, namely two-level
converter which is the common used topology for DFIG and three-level NPC converter which
is known to having better performances have been selected. Their structure design,
semiconductor switches selection and principle of switching operations were discussed.

In many semiconductor switching devices available nowadays, insulated gate bipolar
transistor (IGBT) has been chosen since it has a capability of self-commutated and commonly
used in converter for wind turbine application. Dependent on their availability in the market
and commutation voltage, 1700 V IGBT class for the two-level converter while 1200 V IGBT
class for the three-level NPC converter have been chosen.

For the switching schemes of the IGBTs, standard pulse width modulation (PWM) scheme
which is classified into continuous PWM (CPWM) and discontinuous PWM (DPWM) were
discussed. Generally, for constant carrier frequency, the CPWM types have lower total
harmonic distortion (7HD) than that of the DPWM types over the entire modulation range.
However, for the switching losses, the DPWM types have better performance than that of the
CPWM types. Among these PWM types, TTHIPWM, DPWMO0, DPWMI1 and DPWM2 were
implemented in the DFIG system for entire speed operation range. Basically, different PWM
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types contribute different performance in harmonics distortion level, power losses and output
power of the converter. Additionally, for the three-level NPC converter, different triangular
carrier methods contribute different generated common mode voltage level at the output of
MSC. Phase opposition disposition (POD) and phase disposition (PD) have been selected and
applied for the DFIG system with three-level NPC converter.

For the performance criteria of reactive power capability, a study on the thermal analysis of
IGBT module has been provided. Firstly, power losses model was presented where the power
losses calculation is based on parameters provided from manufacturer datasheets, in this study
the Semikron. Then, thermal model of IGBT module were presented. From these models, the
equations for IGBT/diode junction temperature was derived and implemented in
Matlab/Simulink simulation. The reactive power capability in DFIG system is basically
characterized by the permissible MSC output current which is limited by the maximum
junction temperature of the IGBTSs especially around synchronous operating points.

In the first performance comparison, TTHIPWM from CPWM types, and DPWMO0, DPWM1,
DPWM?2 from DPWM types have been selected and applied for a 2 MW DFIG based WT
with back-to-back two-level converter. Carrier frequency for all PWM types was taken as
2250 Hz. From the simulation results, it clearly shows that different PWM types gave strong
influence to the performance of current THD, converter power losses and reactive power
capability, and did not give effect to the performance of generated common mode voltage.
The DFIG system has the lowest THD at the low voltage grid when CPWM was applied for
both line side converter (LSC) and MSC. For having lowest converter power losses, two
options were recommended whether applying DPWM for both LSC and MSC or applying
CPWM for LSC and DPWM for MSC. For improvement in reactive power capability
especially around synchronous speed, simulation results have shown that applying DPWM for
MSC was the best choice.

In order to have optimal performances in all criteria, the study has recommended selecting
PWM type dependent on the rotor speed operations. For rotor speed below 0.90 p.u., CPWM
was applied for both LSC and MSC, while for rotor speed above 0.90 p.u., CPWM was
applied for LSC while DPWM was applied for MSC. In other word, LSC was using CPWM
at the entire rotor speed operating points, while for MSC, it has a transition point which is at
0.90 p.u. The PWM type is changing at this transition point by using a simple control
algorithm for switch selection.

Rotor speed operations above 0.90 p.u. are including small range of sub-synchronous speed

(0.90-1.0 p.u.), and entire range of super-synchronous speed (1.0-1.2 p.u.). For this sub-
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synchronous speed range, DPWMO0 was selected while for the super-synchronous speed
range, DPWM2 was selected among the DPWM types since they have superior switching
losses performance within these speed ranges. Therefore, for MSC, another transition point
was added which is at 1.0 p.u. that changing between DPWMO0 and DPWM2.

In the second performance comparison, two different converter topologies, namely back-to-
back two-level converter and back-to-back three-level NPC converter were implemented in
the DFIG system and their performances were investigated. Since the three-level NPC
converter is less attractive to be used by wind turbine manufacturers due to its higher cost and
need more space, a comparison in the cost and component count of both converter topologies
were also presented. The simulation results clearly show that the back-to-back three-level
NPC converter was superior compared to the back-to-back two-level converter in all
performances including the generated CMV at MSC, the current THD at the grid, the
converter power losses and the improvement in reactive power capability.

The generated CMV at MSC was reduced when using the three-level NPC converter with
maximum reduction of 66% using the triangular carrier method of POD. This great decrement
helps a lot in the stress reduction of the generator. The three-level NPC converter produced
lower current THD than the two-level converter at entire rotor speed operations with about
0.3% difference. The LC filter at LSC side for the three-level NPC converter could be
designed with smaller values where it produces harmonics distortion levels that still meet the
standard requirements. In this case, the filter cost for the three-level NPC converter could be
reduced about 30%.

The three-level NPC converter produced lower power losses compared to the two-level
converter at the entire speed operating points of the DFIG system with reduction about 40%.
These converter power losses reductions contributed to the improvement in the output power
capability. The reactive power capability at around synchronous speed of the DFIG was
improved with highest increment of about 19.83% at synchronous speed.

The component count in the back-to-back three-level NPC converter is about 2.43 times
higher than in the back-to-back two-level converter. It means that the three-level NPC
converter has about two times more size/weight and need more space than the two-level
converter. The cost of the back-to-back three-level NPC converter is also about two times
higher than the back-to-back two-level converter. These factors are the main reasons why the
two-level converter is more preferable by the wind turbine manufacturers.

However, when the DFIG system are designed to have better power system quality and higher

converter efficiency, it is recommended to use the back-to-back three-level NPC converter.
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Advance semiconductor technology and new development in converter control strategic could
reduce the converter cost in the near future.

This thesis also proposed a new protection scheme for fault ride-through (FRT) during grid
faults. This protection scheme uses zero state switching which is applicable in three-level
NPC converter. It offers itself as an alternative to the DC-link chopper protection. The
proposed new protection scheme has shown a very similar dynamic behavior with the
conventional scheme in condition when the inner IGBTs of the MSC were designed for about
two times higher current rating than the over-current protection limit (about 2.5 p.u.).
Furthermore, it implements more simple operation with slightly reduced component count.
The need for the inner IGBTs with higher current rating increased the cost of the IGBTs for
about 1.5 times. However, the total cost of the DFIG system is slightly reduced by the
elimination of the DC-link chopper circuit. This small cost reduction could attract wind
turbine manufacturers to use the three-level NPC converter for the DFIG based WT
application, moreover it has superior performances in all criteria studied in this thesis.

In real practical application, the three-level NPC converter is commonly used for medium and
high voltage system such as HVDC system. It is interesting to have further research for such
system considering dynamic analysis and cost evaluation using the new proposed protection
scheme.

The results presented in this thesis were obtained only from simulation environment. It is
recommended verifying the results through experimental evaluation to check their
applicability in the real world. Regarding the cost evaluation, since the cost of electrical
components vary dependent on manufacturer, it is also necessary to have the cost comparison

from other different manufacturers.
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A.l. DFIG parameters

Parameter Symbol | Value
Rated voltage U, 690V
Rated frequency fe 50 Hz
Rated power P 2000 kW
Stator resistance 7s 0.017 p.u.
Stator leakage inductance los 0.135 p.u.
Rotor resistance R 0.02 p.u.
Rotor leakage inductance Isr 0.08 p.u.
Magnetizing inductance Im 3.35pu.
Nominal speed ny 1500 min™'
Generator inertia Jr 1.25 p.u.
Wind rotor inertia Jw 5.5p.u.
Shaft stiffness kn 455 p.u./rad
Shaft damping dsh 3.15p.u.
MSC maximum current IMSC_max 1.11 p.u.
MSC maximum voltage UMSC max | 0.45 p.u.
LSC inductance lisc 0.15 p.u.
LSC resistance FLSC 0.0015 p.u.
LSC maximum current ILSC max 0.21 p.u.
LSC maximum voltage ULSC max 1.14 p.u.
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at terminal Tj=150°C 2.27 2.62 \'%
Veo T;=25°C 1.21 1.36 Vv
T;=150°C 0.99 1.12 \Y
Ie . T;=25°C 0.34 0.41 mQ
at terminal
T;=150°C 0.53 0.63 mQ
SKiiP® 4 = Ir = 2400 A VR =900V 283 mJ
Tj=150°C Vg =1300V 456 mJ
. . . Rtn(-s) per diode switch 0.0281 K/wW
2-pack-integrated intelligent R per diode switch 00241 | KW
Power System Driver
Vg supply voltage non stabilized 19.2 24 28.8 \
SKilP 241 4 GB1 7E4'4DUW |so bias current @VS= 24V, fsw = 0, IAC =0 360 mA
Is k¢ = 47 mA/kHz, ko = 0.258 mA/A = 360 +ki*fsw +ko*lac| mMA
Virs input threshold voltage (HIGH) 0,7*Vs Vv
Features V- Input threshold voltage (LOW) 0,3"Vg \Y
¢ Intelligent Power Module Rin input resistance 13 kQ
e Integrated current and temperature Cin input capacitance 1 nF
measurement . torReSET error memory reset time 1.3 2.9 S
¢ Integrated DC-link measurement t 0 t thi
 Solder free power section pReset(ocp) | UVET current reset time HS
* IGBT4 and CAL4F technology tro top / bottom switch interlock time 3 MS
® Tjmax=175°C titter jitter clock time 52 58 ns
o S.afet?/ isolated switching and sensor tsis short pulse suppression time 0.6 us
signals
« Digital signal transmission tror Power-On-Reset completed 3.5 s
¢ 100% tested IPM Y Collector-Emitter Threshold Static 75 Vv
+ RoHS compliant CEstat Monitoring Voltage '
¢ UL recognition in progress, file no. t Collector-Emitter Threshold Static 6 s
E242581 ol Monitoring Blanking Time H
: : : digital output sink current
Typical Applications* i 9 P
pr blpp . Idlglout (HALT-signaI) 16 mA
¢ Renew nergi
SR S input threshold voltage HIGH HALT )
¢ Traction Vits HALT . 0,6"Vs Vv
* Elevators (Low —->High)
o Industrial drives v, input threshold voltage LOW HALT 0.4*V v
HALT 1 (High --> Low) s
Remarks i Error delay time (from detection to 18 170
For further information please refer to SKiiP®4 d(err) HALT), (depends on kind of error) ’ WS
ezl S aneien ltRiPsC over current trip level 3525 3600 3675 | Apeax
Thip over temperature trip level 126 130 134 °C
Torvertiip | Over temperature PCB trip level 113 120 124 °C
Vbctrip over voltage trip level, 1300 1340 1380 \'%
bandwidth of DC-voltage measurement
fi 2 kH
Ouana 1@ Vioup (-30B) z
Otan bandwith of current measurement @ 50 KHz
Itripsc (-3dB),
bandwidth of temperature
fOtana measurement @ Ty, (-3dB) 5 Hz

S ey e
TH— g}a’
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SKiiP® 4

2-pack-integrated intelligent
Power System

SKiiP 2414 GB17E4-4DUW

Features

¢ Intelligent Power Module
Integrated current and temperature
measurement

Integrated DC-link measurement
Solder free power section

IGBT4 and CAL4F technology
Timax = 175°C

Safety isolated switching and sensor
signals

Digital signal transmission

100% tested IPM

RoHS compliant

UL recognition in progress, file no.
E242581

Typical Applications*

* Renewable energies
¢ Traction

¢ Elevators

¢ Industrial drives

Remarks

For further information please refer to SKiiP®4
Technical Explanation

Characteristics

Symbol | Conditions | min. typ. max. ‘ Unit
System
turn on
ta(onyio Ve = 1300 V E:::agatlon delay 2.8 us
lc=2400 A
T =925°C turn off
ta(offio = propagation delay 2.6 us
time
dVce/dt Ic=0A 14 kV/us
e Tj=25°C Ic = 2400 A 3 kV/us
Voo = 1300 V c= H
dVee/dtoss Ic =2400 A 10 kV/us
flow rate = 15 I/min, Tgig=40°C,
Ritn(s-a) water/glycol ratio 50%:50% 0.0065 | KW
Rceee terminals to chip, Ts =25 °C 0.0675 mQ
Lce commutation inductance 4.5 nH
coupling capacitance secondary to
Cone heat sink 6 nF
Cos coupling capacitance primary to 0.08 nE
secondary
lces+lrp |Vee=0V,Vce=1700V, T;=25°C 0.199 mA
Mgc DC terminals 6 8 Nm
Mac AC terminals 13 15 Nm
w SKiiP System w/o heat sink 3.22 kg
Wh heat sink 4.25 kg

+ ’: 'r_' _?_'_ - ;‘ GSIP4GB
= o
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Isolation coordination acc. to EN 50178 and IEC 61800-5-1

Maximum grid RMS voltage, line-to-line, grounded delta mains 690V+20%
Installation altitude for maximum grid RMS voltage, line-to-line, grounded delta mains 2000m

Maximum grid RMS voltage, line-to-line, star point grounded mains 690V+20%
Installation altitude for maximum grid RMS voltage, line-to-line, star point grounded mains 4000m

Maximum transient peak voltage between low voltage circuit and mains 1900V

Pollution degree acc. to IEC 60664-1 outside the moulded power section 2

Overvoltage cat. acc. to IEC 60664-1 for mains 111

Overvoltage cat. acc. to UL 840 within mains I

Overvoltage cat. acc. to UL 840 between mains and ground 1

Overvoltage cat. acc. to UL 840 between mains and low voltage circuit 11

Basic isolation between heat sink and mains
Reinforced isolation between low voltage circuit and mains
Protection level acc. to IEC 60529 IPOO

Environmental conditions acc. to IEC 60721

Operation - fon - )

Sorsoe | Trnapraton | aroumivenide | oo

Climatic conditions 1K2 2K2 3K3y;, 5K1 6K1
Biological conditions 1B1 2B1 3B1 5B1 6B1
e o oupstances 1C2 2C1 3c2 5C2 6C2
Mechanically active substances 181 251 351 581 651
Mechanical conditions 1M3 @ 3M6,,, 5M3,;, 6M3
Contaminating fluids _— — _— 5F1 —

(1) 3K3: expanded temperature range: -40°C / +85°C

(2) 3M7 possible, but due to mechanic load capacity of external components like DC-Link capacitors limited
to 3M6
(3) 5BM3, shock only 5M2, without impact from foreign bodies, stones

(4) no declaration due to customer-specific packing

4 Rev. 1 -15.12.2011 © by SEMIKRON
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3500 // /’ 3500 // /l
3000 / 3000
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£ c
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0 1 2 VgeinV 3 4 0 1 2 Vginv 3 4
Fig. 1: Typical IGBT output characteristics Fig. 2: Typical diode output characteristics
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4000 /
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500 » E, 1000
4— — |
0 0
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Fig. 3: Typical energy losses E =f(lc, Vcc, T)) Fig. 4: Typical energy losses E =f(lc, Vcc, T))
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0,025 / 0,025 Diode
/ y
0,02 | /
_ > 0,02 /
>4 S /
£ ) c
%0,015 IGBT £0,015
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Fig. 5: Transient thermal impedance Zth(j-s) Fig. 6: Transient thermal impedance Zth(j-r)
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0,007

0,006

= 0,005
X

c
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0,001
/|| Taua=407C, 15 I/min,
o water:glycol ratio = 50%:50%
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0,01 0,1 1tins10 100 1000 10000

Fig. 7: Transient thermal impedance Zth(s-a)

Ren [K/W]

1 2 3 4 5
Zth(j_s) | 0,0010f 0,0049| 0,0055| o0,0017( 0,0007
Zinijs) D 0,0020f 0,0100f, 0,0112| o0,0034( 0,0015
Zth(j_,) | 0,0020] 0,0048| 0,0023| 0,0008
Zth(j_,) D 0,0012| 0,0039| 0,0104| 0,0054| 0,0032
Zth(s_a) 0,0014| 0,0050| 0,0001

tau [s]

1 2 3 4 5
Zth(j_s) | 3,6500| 0,4100| 0,0650| 0,0090| 0,0008
Zth(j_s) D 3,6500| 0,4100| 0,0650( 0,0090( 0,0008
Zth(j_,] | 0,4500| 0,0475| 0,0142| 0,0016
Ziniin D 4,1546| 0,2644| 0,0497( 0,0107| 0,0005
Zih(s-a) 34,2609 5,2284| 0,0005

Fig. 8: Coefficients of thermal impedances
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Fig. 9: Thermal resistance Rth(s-a) versus flow rate V
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Fig. 10: Pressure drop Ap versus flow rate V
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2860 £2

LG Link mounting holes

2158
190 [ ] o © [ ] a o [ 3 a o [ [ ] Auslaut ?
[ outlet) I
Einlauf ] o o ] ‘
[inlet)
[ ] L2 L2 ‘
\ L L] L] L] o
56,76 [ ° o o & 1)
246 o o o o o o o o é
0
]
g SRR 23
moMm 9 o=
28
T
Menndruck / KOhlsystem =3 bar nomingl pressure/cocling system =3 bar
Profdruck / KOhlsystem = & loar fest pressure/coocling systfem = & bbar
Kohlmedium mit Glykolanteil =z 10% coolant with percentage of glycol >=10%
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+ Terminals - Terminals ~ Terminals
& ) 3 N s / Z ¥ i ]
o ﬁ = 2 g8 _|
T | 3 2
M~ (=]
' ! U I u I u I u I 1 1 II' —I | S
[1 1 B (C—— I
ke n ) 2
2 :
\ tnqu_f Cutput
mounting surfaces (2x) warranty Label [ 1x) 4+ ‘ij;” -14 deep
[ System
Mé - 12 deep [ 8x) label
ground must be applied Ix on cover

with mounting @

215 T
200 T o . o
189.5 i I 1843 Input/
- - /OUTDUI
- ’ 134,25
Input / 1 107.5
Output W2 .
P B0TS T Mg -11 deep [ 8x) Hallbrdge:
55,75 —-- S‘
255 T .
i ! —25
0 0

nominal pressure = 3 bar
- o o w oBw N N W NN ® test pressure = 6 bar
-~ R R M- S 8 = coolant with percentage of glycol 210%
— — o~ [ o~ 2

334511

This is an electrostatic discharge sensitive device (ESDS), international standard IEC 60747-1, Chapter IX
* The specifications of our components may not be considered as an assurance of component characteristics. Components have to be tested

for the respective application. Adjustments may be necessary. The use of SEMIKRON products in life support appliances and systems is
subject to prior specification and written approval by SEMIKRON. We therefore strongly recommend prior consultation of our staff.
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Absolute Maximum Ratings
Symbol | Conditions | Values | unit
System
Vee M Operating DC link voltage 900 \%
Visol DC, t=1s, each polarity 4300 Vv
lrms) per AC terminal, rms, sinusoidal current 500 A
Imax (peak) | Max. peak current of power section 3600 A
Irsm T;=175°C, t, = 10 ms, sin 180° 15885 A
12t Tj=175°C, t, = 10 ms, diode 1262 kAZ%s
SK||P® 4 f fundamental output frequency 1 KH
out (sinusoidal) z
Tetg storage temperature -40 ... 85 °C
2-pack-integrated intelligent IGBT
Power System Vees T,=25°C 1200 v
e [ ]
s s —
SKiiP 2414 GB12E4-4DUW lonom 2400 A
T; 2) junction temperature -40...175 °C
Features Diode
* Intelligent Power Module VRRM Tj=25°C 1200 v
¢ Integrated current and temperature Ir T 2175°C Ts=25°C 2369 A
measurement ' i Te=70°C 1878 A
i :
* IGBT4 and CAL4F technology T;? junction temperature -40...175 °C
° ijax =175°C Driver
. S.afet?/ isolated switching and sensor Ve power supply 19.2...28.8 Vv
. g%?;lssignal transmission Vin input signal voltage (high) Ve +0.3 Vv
* 100% tested IPM dv/dt secondary to primary side 75 kV/us
* RoHS compliant fow switching frequency 10 kHz
¢ UL recognition in progress, file no.
EEAZEE Characteristics
Typical Applications* Symbol |Conditions min. typ. max. | Unit
o Rene_wable energies IGBT
¢ Traction
o Elevators VeEsat) lc=2400 A Tj=25°C 2.01 2.26 v
* Industrial drives at terminal Tj=150°C 2.49 2.69 v
Remarks Veeo Tj=25°C 0.80 0.90 v
) ) ) Tj=150°C 0.70 0.80 \Y
For further information please refer to SKiiP®4
Technical Explanation fce at terminal Tj=25°C 0.51 0.57 me
T;=150°C 0.75 0.79 mQ
Footnotes Eon+ Eoft  |Ic =2400 A Vee =600V 936 mJ
) With assembly of suitable MKP capacitor per Tj=150°C Vee =900V 1680 mJ
t2()afl'nl?ni::lpech‘ied maximum operation junction Rth(j-s) per IGBT switch 0.0159 KW
fomperature Tyop is 150°C Rin(-r) per IGBT switch 0.0115 | KW

S ey e
TH— g}a’
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SKiiP® 4

2-pack-integrated intelligent
Power System

SKiiP 2414 GB12E4-4DUW

Features

¢ Intelligent Power Module

e Integrated current and temperature

measurement

Integrated DC-link measurement

Solder free power section

IGBT4 and CAL4F technology

Timax = 175°C

Safety isolated switching and sensor

signals

Digital signal transmission

* 100% tested IPM

¢ RoHS compliant

¢ UL recognition in progress, file no.
E242581

Typical Applications*
* Renewable energies

¢ Traction

¢ Elevators

¢ Industrial drives

Remarks

For further information please refer to SKiiP®4
Technical Explanation

Footnotes

1) With assembly of suitable MKP capacitor per
terminal

2) The specified maximum operation junction
temperature Tyjop is 150°C

GSIP4GB

8)
=

Characteristics

Symbol | Conditions | min. typ. max. | Unit
Diode
VE=Vec |lp=2400 A T;=25°C 2.33 2.65 \Y
at terminal T;=150°C 2.35 2.66 \
Veo T;=25°C 1.30 1.50 Vv
T;=150°C 0.90 1.10 \
Ie . T;=25°C 0.43 0.48 mQ
at terminal
T;=150°C 0.61 0.65 mQ
= l-=2400 A Vg =600V 159 mJ
Tj=150°C Vg =900V 200 mJ
Rin(-s) per diode switch 0.0281 | K/W
Rin-n per diode switch 0.0241 K/W
Driver
Vg supply voltage non stabilized 19.2 24 28.8 \
Iso bias current @V¢= 24V, fs, =0, Iac =0 360 mA
S oot susotalouront | = %0 +kifa kel | mA
Virs input threshold voltage (HIGH) 0,7*Vs \Y
Vit input threshold voltage (LOW) 0,3"Vq Y
Rin input resistance 13 kQ
Cin input capacitance 1 nF
tpRESET error memory reset time 1300 2900 ms
tpresetocp) | Over current reset time us
tro top / bottom switch interlock time 3 V&
tiitter jitter clock time 52 58 ns
tsis short pulse suppression time 0.6 us
tror Power-On-Reset completed 3.5 S
Votea CoIIe_cto_r-Emitter Threshold Static 75 Vv
Monitoring Voltage
ty Colle_cto_r-Emitter_Thre_shoId Static 6 us
Monitoring Blanking Time
ldigiout ?Ag:E-II—?SL:tgpnlgl)smk current 16 mA
Vi baLT |(r|1_rc>)tx th:ﬁgﬁl)d voltage HIGH HALT 0.6*Ve v
VieraLr I(LF:;L tnleig?,\:;j voltage LOW HALT 0.4*V, Vv
| |18 | e
ITRIPSC over current trip level 3525 3600 3675 Apeak
Thip over temperature trip level 128 135 142 °C
Torvertip | Over temperature PCB trip level 113 120 124 °C
Vbctip over voltage trip level, 950 980 1010 \Y

Rev. 0 - 31.10.2013
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SKiiP® 4

2-pack-integrated intelligent
Power System

SKiiP 2414 GB12E4-4DUW

Features

¢ Intelligent Power Module
Integrated current and temperature
measurement

Integrated DC-link measurement
Solder free power section

IGBT4 and CAL4F technology
Timax = 175°C

Safety isolated switching and sensor
signals

Digital signal transmission

100% tested IPM

RoHS compliant

UL recognition in progress, file no.
E242581

Typical Applications*
* Renewable energies

¢ Traction

¢ Elevators

¢ Industrial drives

Remarks

For further information please refer to SKiiP®4
Technical Explanation

Footnotes

1) With assembly of suitable MKP capacitor per
terminal

2) The specified maximum operation junction
temperature Tyjop is 150°C

GSIP4GB

K

;H— gj—s)

© by SEMIKRON

Characteristics

Symbol | Conditions | min. typ. max. ‘ Unit
System
turn on
ta(onyio Voo = 600 V E:::agation delay 2.8 us
lc=2400 A
T =925°C turn off
ta(offio = propagation delay 2.6 us
time
dVce/dt Ic=0A 9 kV/us
e Tj=25°C Ic = 2400 A 3 kV/us
Voo =600 V c= H
dVee/dtoss Ic =2400 A 3 kV/us
flow rate = 15 I/min, Tgig=40°C,
Ritn(s-a) water/glycol ratio 50%:50% 0.0065 | KW
Rceee terminals to chip, Ts =25 °C 0.0675 mQ
Lce commutation inductance 4.5 nH
coupling capacitance secondary to
Cone heat sink 6 nF
Cos coupling capacitance primary to 0.08 nE
secondary
lces +lrp |Vee=0V, Vce=1200V, T;=25°C 0.209 mA
Mgc DC terminals 6 8 Nm
Mac AC terminals 13 15 Nm
w SKiiP System w/o heat sink 3.22 kg
Wh heat sink 4.25 kg
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Isolation coordination acc. to EN 50178 and IEC 61800-5-1

Maximum grid RMS voltage, line-to-line, grounded delta mains 480V+20%
Installation altitude for maximum grid RMS voltage, line-to-line, grounded delta mains 4000m
Maximum grid RMS voltage, line-to-line, star point grounded mains 480V+20%
Installation altitude for maximum grid RMS voltage, line-to-line, star point grounded mains 8000m
Maximum transient peak voltage between low voltage circuit and mains 1900V
Pollution degree acc. to IEC 60664-1 outside the moulded power section 2

Overvoltage cat. acc. to IEC 60664-1 for mains 1]

Overvoltage cat. acc. to UL 840 within mains I

Overvoltage cat. acc. to UL 840 between mains and ground 1]

Overvoltage cat. acc. to UL 840 between mains and low voltage circuit 1]

Basic isolation between heat sink and mains
Reinforced isolation between low voltage circuit and mains
Protection level acc. to IEC 60529 IPOO

Environmental conditions acc. to IEC 60721

Operation )
) Operating ground ) .
. stationary use at - Operating ship
Storage Transportation vehicle )
weather protected . ) environment
) installations

locations
Climatic conditions 1 K2[1} 2K2[1} 3K3[1} kA U] Gk 1
Biolagical conditions 181 2B1 3B1 581 681

Chemically active
substances 1C2 2C1 ac2 5C2 B2
(excluded: salt spray)

Mechanically active

131 251 351 531 G351
substances
Mechanical conditions M3 % 3MEz 5M33 GM3
Contaminating fluids - — — 5F1 —

(1) expanded temperature range: -40°C / +85°C. Please note: by operation near 85°C the life time of product is reduced.
(2) 3M7 possible, but due to the mechanic load capacity of external components like DC-Link capacitors limited to 3M6
(3) 5M3 without impact of foreign bodies, stones

{4) no declaration due to customer-specific packing

4 Rev. 0 - 31.10.2013 © by SEMIKRON
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Fig. 1: Typical IGBT output characteristics Fig. 2: Typical diode output characteristics
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Fig. 3: Typical switching energy E = f(l;) Fig. 4: Typical switching energy E = f(l;)
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Fig. 5: Transient thermal impedance Zth(j-s) Fig. 6: Transient thermal impedance Zth(j-r)
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Fig. 7: Transient thermal impedance Zth(s-a)

0,007
Taus=40°C, 15 I/min, ] Ren [K/W]
0.006 | water:glycol ratio = 50%:50% /’/ 1 2 3 4 5
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- / Zin) | 0,0023| 0,0056| 0,0027| 0,0009
2 0 004 / Zyypy D 0,0012| 0,0039| 0,0104| 0,0054| 0,0032
< / Zinjea) 0,0014 0,0050[ 0,0001
N 0,003 tau [s]
1 2 3 4 5
0,002 Zinjq) | 3,6500] 0,4100| 0,0650] 0,0090| 0,0008
Zy (45 D 3,6500| 0,4100| 0,0650| 0,0090| 0,0008
0,001 v Zyn | 0,4500 0,0475| 0,0142| 0,0016
S Ziyj D 4,1546| 0,2644| 0,0497[ 0,0107| 0,0005
0 Zih(s-a) 34,2609| 5,2284| 0,0005
0,1 1 tins!0 100 1000

Fig. 8: Coefficients of thermal impedances

Fig. 9: Thermal resistance Rth(s-a) versus flow rate V
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Fig. 10: Pressure drop Ap versus flow rate V
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2860 £2

LG Link mounting holes

2158
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T
Menndruck / KOhlsystem =3 bar nomingl pressure/cocling system =3 bar
Profdruck / KOhlsystem = & loar fest pressure/coocling systfem = & bbar
Kohlmedium mit Glykolanteil =z 10% coolant with percentage of glycol >=10%
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+ Terminals - Terminals ~ Terminals
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with mounting @
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This is an electrostatic discharge sensitive device (ESDS), international standard IEC 60747-1, Chapter IX
* The specifications of our components may not be considered as an assurance of component characteristics. Components have to be tested

for the respective application. Adjustments may be necessary. The use of SEMIKRON products in life support appliances and systems is
subject to prior specification and written approval by SEMIKRON. We therefore strongly recommend prior consultation of our staff.
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