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Preface

PREFACE

The present project was conducted by group PED4 — 1043 during 9" and 10" Semesters at
the Department of Energy Technology from Aalborg University. The work was carried out between
the 1% of September 2012 and 30" of May, 2013.

Reading Instructions

The references are shown as numbers between square brackets. Detailed information about
the works cited is presented in the References. The numbering of equations is of form (X.Y), where
X is the chapter number and Y represents the number of the entry in the chapter. Figures and tables
are numbered on the format X-Y, with the same meanings for X and Y.

Lists of figures and tables presented in the report are presented in the beginning, in order to
easily find information about the existing data. Also a nomenclature with the used abbreviations is
presented in the beginning of the report.

Page |3



Thermoelectric Modeling of IGBT Modules for Transient Operation

4|Page



Acknowledgements

ACKNOWLEDGEMENTS

| would like to express my gratitude for the guidance and professional support from my
supervisor, Stig Munk-Nielsen, and my co-supervisor, Bjern Rannestad, which devoted valuable
time and supported me both spiritually and professionally during the entire year.

Also, I would like to thank Kristian Bonderup Pedersen, Ph.D. student from the Department
of Nanophysics and Materials at Aalborg University, for the technical support needed for the
modeling chapter.

Many thanks to Bogdan lonut Craciun, Nicolae Cristian Sintdmarean and Ionut Trintis for
the constructive discussions and moral support.Also | would like to thank to all my colleagues for
the friendly and constructive environment that we have managed to build between us.

Finally, I would like to thank my family for their continuous support in the past two years.

Aalborg, 30th of May, 2013
Ovidiu Nicolae Faur

Page |5



Thermoelectric Modeling of IGBT Modules for Transient Operation

6|Page



List of Figures

LIST OF FIGURES

Figure 1-1. Evolution of Energy Production Growth in EUrope [3] .......ccocovviiiniiiiieicecceen 16
Figure 1-2. Wind Turbing StruCtUE [6] ......ccvivveieeriiiieiieie e 17
Figure 1-3. Dimensioning Voltages and Frequencies for Wind Turbines Connected to Danish Grid
S SO OUSRP PP 18
Figure 1-4. Distribution of the average failure rates of the subassemblies in wind turbines [10].....19
Figure 1-5. Voltage vs. Time Profile during FRT [L11].....coovoiiiiieiice e 20
Figure 1-6. Example of Bond Wire lIftiNg [15] ......covoiiiiiiiiiiiieeee s 22
Figure 1-7. Bonded Wire Failure due to Heel Crack [16] .......ccccevvvivieiieiiiieciese e 23
Figure 1-8. Acoustic Map of Solder Illustrating Voids (Red Stains) in the Material [19] ................ 23
Figure 1-9. Structure of an Insulated Gate Bipolar Transistor [22] ........ccccooovvveiiieieiiic i 24
Figure 1-10. IGBT Structure and Representation of Parasitic Capacitances [23] ........cccccoovvervrinnne. 26
Figure 1-11. Foster Network Representation for Half-Bridge Power Module Cell........................... 28
Figure 1-12. Extended Cauer Model for a two-layer System [21].......ccccoviniiiiiniiiiieie e 29
Figure 2-1. Block Diagram of Test System for Single Pulse Testing of 1400A IGBT Module........ 32
Figure 2-2. Equivalent Diagram of 100 Hz 400/25 V Transformer at Nominal Load Operation .....33
Figure 2-3. VCE Measuring CirCuit DIagram............cccocveiiiieiieeie e se e se e 35
Figure 2-4. Block Diagram of CONIOl PCB .......ccooiiiiiiiiiiieecee s 36
Figure 2-5. Voltage Regulators CIrCUILIY ........ccoveiiiiiiieeie et 37
Figure 2-6. Differential Amplifier ConfIQUration ...........cccooiiiiiiiiiii s 38
Figure 2-7. Over current ProteCtion CIFCUIL...........cciiieiieiiie e 38
Figure 2-8. Gate Signal Conditioning and Pulse Width Diagram............c.ccocevvrininiinenenenc e 39
Figure 2-9. 5 [V] Voltage Supply Functionality (channel 1) and Button Output (channel 2) Signals
............................................................................................................................................................ 40
Figure 2-10. Push Button Actuation Functionality (Gate Turn-On Command) ...........cccceeeeiveieennene 40
Figure 2-11. Gate Turn-On Control: Command Signal from Push Button (Channel 1) and Gate
Command (ChaNNEI 2) ..ottt et e b e e ste e e s be e be et e snaeeas 41
Figure 2-12. Gate Protection Functionality: Command Signal (Channel 1) and Gate Signal (Channel
) SRS PR 41
Figure 3-1. Typical I-V characteristic of Power DIodes [22] .........cccoeereieiininiieeee s 43
Figure 3-2. Switching Waveforms of Power Diodes [22] .......ccoevviieiieiiiicciese e 43
Figure 3-3. Internal Structure of a Punch-Through IGBT [22].......cccoiiiiiiiiiiiiieccee e 44
Figure 3-4. 1V Characteristic of n-channel IGBT [22]........cocooiveiiiieiieie e 44
Figure 3-5. ON-Switching Waveforms of IGBT [22]........cccoiiiiiieeeeee s 45
Figure 3-6. Turn-Off Waveforms of IGBT [22] .......ccoeiieiiie et 46
Figure 3-7. Energy Losses for ON-switching of IGBT from FF1000R171E4 module...................... 47
Figure 3-8. Energy Loss during OFF-switching of IGBT from FF1000R171E4 module.................. 48
Figure 3-9. Output Characteristic of the IGBT from FF1000R17IE4 module ...........cccooeieniiininnnn. 49
Figure 3-10. Dynamic Forward Voltage Drop implementation............cccccoevevieieiie i v 50
Figure 3-11. Measured Voltage Drop over FF1000R17IE4 IGBT .......cocoiiiiiiiiniieee e 50
Figure 3-12. Energy Losses during Reverse Recovery of Freewheeling Diode of FF1000R171E4
POWET IMOUUIE ...ttt et e st et e e te et e e st e steenteeneesaeeneeaneenneeneeas 51
Figure 3-13. Output Characteristic of the Diodes from FF1000R171E4 Power Module................... 52
Figure 3-14. FF1000R17IE4 POWEr MOUIE .....ccuviiiiiiiiiseeee s 53
Figure 3-15. Structure of an IGBT Module [30].......ccoiuiiiiiiiecie e 54




Thermoelectric Modeling of IGBT Modules for Transient Operation

Figure 3-16. Thermal Model (Cauer Ladder) of FF1000R171E4 (one of six sequences presented) .54

Figure 3-17. Heat Flow Representation through a Material ..............ccooeiiiiiiiiiiic e 56
Figure 3-18. I-V Characteristics of FF1400R17IP4 IGBT .......ccccciiiiiiieii e 58
Figure 3-19. FF1400R171P4 Open MOTUIE ........cviiiiiiiiieeeee s 60
Figure 3-20. Thermal model of DeVice UNCEr TESt........c.ciiiieieeieiie e 61
Figure 3-21. Junction Temperature and Forward Voltage Drop on the DUT, with respect to
(O00] | 1=Tot (o] g O [ (= 1 SRRSO 63
Figure 3-22. Junction Temperature Variation for DUT and Control IGBTS.........ccccceveiiiiniicninnnn. 64
Figure 3-23. Junction Temperatures on Chips of the Power Module ............ccccoeoviveiiiiiececicceee 65
Figure 3-24. Temperature Variation of the DUT Chip with respect to Forward Voltage Drop and
(O00] | T=Tot (o] g O T [ (= 1 SRS PR 66
Figure 3-25. Curve Fitting of Vcg TOr 25 [C]...ooiiiiieiee s 67
Figure 3-26. Curve Fitting of Vg FOr 125 [C].oooiiiii e 67
Figure 3-27. Curve Fitting of Vcg TOr 150 [C]...ccoviiiiiiiiiiiieeeee s 67
Figure 3-28. Implementation of Junction Temperature Calculation............c.cccceevveieiieiiece e 68
Figure 3-29. Measured T; vs. Calculated Tj— COMPAIISON .....ocvervieiriieiieieseesieeie e sie e see e 69
Figure 3-30. Junction Temperature Comparison for Tamg =90 [°CJ..ccciveiiiiiiiiiiiieceee e 70
Figure 3-31. Junction Temperature Estimator Functionality for Tamg = 90 [°Cl....ccoeiiiiiiniiininn. 71

8|Page



List of Tables

LIST OF TABLES

Table 1-1. Voltages and Voltage Limits in the Transmission Grid

Table 1-2. Equivalence of Electrical and Thermal Parameters

Table 3-1. Energy Loss during ON-Switching of FF1000R17IE4 IGBT - Look-Up Table Data
Table 3-2. Energy Loss during OFF-Switching of FF1000R171E4 IGBT - Look-Up Table
Data

Table 3-3. Output Characteristic of FFL000R17IE4 IGBT - Look-Up Table Data

Table 3-4. Reverse Recovery Energy Consumption of FF1000R171E4 Diode - Look-Up Table
Data

Table 3-5. Output Characteristic of the FF1000R17IE4 Diode - Look-Up Table Data

Table 3-6. Material Properties for FF1000R171E4 Power Module

Table 3-7. Physical Dimensions of Constructive Layers of FF1000R171P4 Power Module
Table 3-8. Calculated Thermal Resistances and Capacitances for FF1000R171P4 layers

Table 3-9. Output Characteristic of the FF1400R171P4 IGBT - Look-Up Table Data

Table 3-10. Physical Dimensions of Constructive Layers of FF1400R171P4 Power Module
Table 3-11. Material Properties for FF1400R171P4 Power Module

Table 3-12. Calculated Thermal Resistances and Capacitances for FF1400R171P4 layers

19
27
47
48

49
51

52
55
56
57
58
58
62
62

Page |9



Thermoelectric Modeling of IGBT Modules for Transient Operation

10|Page



Nomenclature

NOMENCLATURE

ADC Analog to Digital Converter

AC Alternative Current

DC Direct Current

DCB Direct Copper Bond

DUT Device Under Test

ENTSO-E The European Network of Transmission System Operators for Electricity
FLIR Forward Looking Infrared

FRT Fault Ride Through

HVRT High Voltage Ride Through

IGBT Insulated Gate Bipolar Transistor

LVRT Low Voltage Ride Through

MOS Metal Oxide Semiconductor

Op-Amp Operational Amplifier

PCB Printed Circuit Board

RMS Root Mean Square

VCE Collector Emitter Voltage

VLT Registered Mark for Danfoss Frequency Converter Series

Page |11



Thermoelectric Modeling of IGBT Modules for Transient Operation

12|Page



CONTENTS

CONTENTS

e =] =TSSR 3
ACKNOWIBAGEMENTS ...t bbbttt en et bbb 5
TS A0 T U= OSSP 7
(I E 0} N 1= ] LSRR 9
N0 g T=T 0 Tod P UL E PSPPSR 11
CONTENTS .ttt b bbbt h b e st e st e e b e e b e b bt bt e b e e st e st et et e be st e abeene e 13
S 101 oo [0 Tox 1 o o USSR 16
1.1, BACKGIOUNG ...t bbb nb bbb 16
111, Trends in WING POWET .......ccviiiiiieiesie sttt sne s 16
1.1.2.  Grid Codes REQUITEMENTS ......c.eeieieiiiiteitiriesii ettt sneas 17
00 00 O |V [0 1 Y L1 o o SRR 19

O O o] =Tt £ =T SRS 21
1.3.  Overview of Failure Mechanisms in Power ModUules............cccoovevviieiiennsie e 21
1.3.1. Open CirCUIT FAIHUES ......ccuiiiiiiiiiie et 22
1.3.2.  Short Circuit Failure MeChaNISMS ..........ccciiiiiiieieiesese et eneas 24
IR T T o 0] 11 [ o SRS 24

1.4.  Overview of Thermal Modelling Techniques for IGBT Modules ...........ccccoviinininnnnnne 26
1.4.1. Loss Modelling using Equivalent CirCUit .............cccoveviiiiiieii e 26
1.4.2. Look-Up Table Based L0SS MOGEIHING ........cccovuiiiiiiiiiniciesieseseseee e 27
1.4.3.  1-D ThermodynamiC MOGEIS ..........coiiiiiiiiiiiiieere e 27
1.4.4. 3-D Thermodynamic MOCEINg ........cccoviiiiieiiic e 28
O T o 0] U1 [ o U 29

1.5, ProJECT OULIING. ..o sb et 30

2. TSt SELUP DESIGN ..vvieieieeie ettt ettt e et e st e st e et e s a e e nte s e s ta e ae et e nnaenas 31
2.1, Test BeNCh REQUITEMENTS.......coiiiiiiccie ettt et eas 31
2.2. Design of Control and ProteCtion CIFCUITIY .........ccccuiiiieiineieie e 35
2.2.1. VOlage CONVEISIONS ....cc.ecieiieiii ettt ettt ettt s te et e s et et e neestaesreenee e 36
2.2.2.  Measurements and Over CUurrent ProteCtion..........ccooceeieeieiieiienie e 38
2.2.3.  Gate Signals CONGITIONING ......cviieieieieie et 39
2.24.  PCB ValidatioN ....cceiiiiiieeiie ettt sttt 39

3. Thermal MOelliNg .....ccoviiiee e e ae e aaeas 42
3.1. General Characteristics Of POWEN DIOUES.........ccueiverieieiieiiee e 42




Thermoelectric Modeling of IGBT Modules for Transient Operation

3.2.  General CharaCteristiCs Of IGBTS .....cciiiiiiie s 44
3.3.  Thermoelectric Modelling of the Control Modules ............ccooviieiiieii i, 47
3.4.  Thermoelectric Modelling 0f the DUT ..ot 57
3.5, SIMUIALION RESUILS......cuiiiiiiiteiiiee ettt renneas 63
A, CONCIUSIONS ...ttt bbbttt e b et e bbbt e bt e s e e b et et nbenbenbenre s 72
O T 1 01 0T VAT O TP PR 72
4.2, ODbJectiVe FUTIIMENT........ooi e 72
4.3, FULUIE WOTK ...t b bbbttt bbbt 73
LAY T O | (=0 PSR URP 74
A o] 010 1 G SO SS R 78
A o] 01010 OSSR 81
0] 0 1=] Lo | LG PO P TP U PP P PR PR PP PRPRURON 91
N o] 01410 3 OSSO 101
F N o] 0T a0 D OSSO 111
N 0] 6 1=] o | L OO T TP PP PRPRPRRO 113
N o] 01010 3 G A OSSR 115
F N o] 0T a0 D OSSO 116

1l4|Page



CONTENTS

Page |15



Thermoelectric Modeling of IGBT Modules for Transient Operation

1.INTRODUCTION

This chapter presents the evolution of the wind energy in Europe, from the point where it was
considered only as a negative consumer, to the stage of being an important player on the
energy market. The constraints applied to grid connection of wind turbines and their
consequences on the inverter topology are reviewed shortly, with a larger focus on voltage
regulation. In the following, the need for a braking chopper and thermal monitoring of it is
explained. The third and fourth sections present an overview of the failure mechanisms in
Insulated Gate Bipolar Transistors (IGBTs) and temperature modelling techniques for power
electronics. The chapter ends with a brief outline of the report.

1.1. BACKGROUND

Over the last 30 years, the wind energy sector has evolved from a negligible alternative
solution to a major industry. The installed wind power capacity in Europe has grown from 100
[MW] in 1982 to 96.6 [GW] in 2012. The countries with the highest amount of installed wind
power are Germany (29.06 [GW]), Spain (21.674 [GW]), France (6.8G [W]), Italy (6.75 [GW]) and
United Kingdom (6.54 [GW]). Denmark is the seventh country with respect to the amount of
installed wind power, having a total installed wind power of 3.871 [GW]. [3]

1.1.1. TRENDS IN WIND POWER

Presently, wind turbines represent a market share of 6.5% from total energy production in
Europe, and it is predicted that it will grow to 14% in 2020 [4]. This growth is justified by both the
increase in energy consumption and decommissioning of non-renewable energy production. Figure
1-1 shows the evolution of newly installed power generation capacity per year and the market
shares of different adopted solutions, in Europe.
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30,000 L T
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Figure 1-1. Evolution of Energy Production Growth in Europe [5]
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The power ratings of wind turbines have also increased drastically, from up to 50 [kW] in
1985 to 7 [MW] in 2009 [6]. In 2012, the world leader in wind turbine manufacturing, Vestas, has
designed the 8 [MW] wind turbine dedicated for off-shore and large scale wind power plants [7].

This rapid growth in power ratings has been fuelled by the technological advances. The
introduction of variable speed and variable pitch wind turbines with synchronous generators lead to
introduction of larger power turbines. After the development of doubly-fed induction generators for
wind turbines the viability studies concluded that wind turbines can be developed for up to 20
[MW]. Figure 1-2 presents the general structure of a wind turbine. [3], [4]

local

load
AC DC LCL
= .T. Low pass —I
D¢ Braking AC filter
Gear-box Chopper

QOO
@ OO

Figure 1-2. Wind Turbine Structure [8]

1.1.2. GRID CODES REQUIREMENTS

The continuous growth of installed wind power led the system operators to impose strict
regulations on the wind energy distributed generation units in order to keep in safe limits the
operation, stability and security of the grid. Present grid codes require renewable sources to behave
as much as possible like conventional power plants from the grid services perspective. Wind power
plants are required to provide similar services in terms of grid support, power quality, and dynamic
support and avoidance of disconnection during faulty operation. [9]

The European Network of Transmission System Operators for Electricity (ENTSO-E)
defined a series of regulations that are applicable to all grid connected generator units, regardless of
voltage levels that they are connected to. The plants have the following operation requirements:
[10]

e System management: production units should perform security analysis for present
and forecasted situations, availability analysis in power production and ancillary
services, information about temporary limitation, or to perform scheduled actions;

e Frequency stability: power plants should provide the necessary control in order to
keep the demand and generation in balance;

e Voltage stability: network operators have to advise the power production units to
supply reactive power in order to keep the voltage profile in balance;

e System robustness: power plants have to be robust in case of any perturbation in the
power system;
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e System restoration: after a disturbance the power plant has to restore the voltage
after a blackout or to operate in voltage control mode if it is technically feasible.

The typical features that are generally defined in grid codes for wind turbines are: [8]

e Voltage Ride-Through, both for sags (Low Voltage Ride-Through — LVRT) and
swells (High Voltage Ride Through — HVRT) of different magnitudes are defined, as
a demand for WTs to withstand without disconnection for certain periods of time for
different magnitudes;

e P and Q limits during fault and recovery;

e Reactive Current Injection for voltage support during fault and recovery;

e Active Power Restoration with limited ramp, during fault recovery.

The standard for voltage stability imposed by the Danish transmission system operator
Energinet.dk is presented in the following. The standard refers to wind turbines connected to grid
voltage above 100 [kV], and was published by Elkraft System and Eltra in 2004. [1]

As it can be observed in Figure 1-3, a wind turbine must be able to operate without power
reduction for small variations in the grid frequency (49.5 [Hz] to 50.5 [Hz] is considered to be the
normal operation margins) and for variations of the grid voltage between limits defined as full load
upper voltage Uy — for voltages above nominal, and full load under voltage U, ¢ — for voltages
below nominal value. Over these limits, the constraints refer to the time necessary to operate
without power reduction, and the accepted reductions after the indicated period of time. [1]

The voltage limits are defined for different voltage levels, according to Table 1-1.

Voltage

0 30 min.
1h 10 hlyear
10% reduction No power reduction

30 min. Continuous 3 min.
Power reduction: operation No requirements for
0% at49 Hz active power production
Un + 15% at47.5 Hz

1h
10% reduction

475 495 497 50.5 51.0 53,0 Frequency (Hz)

Figure 1-3. Dimensioning Voltages and Frequencies for Wind Turbines Connected to Danish Grid [1]
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Table 1-1. Voltages and Voltage Limits in the Transmission Grid [1]

Nominal Voltage, | Lower Voltage Lower Voltage Upper Voltage Upper Voltage
Un Limit, U. Limit for Full- Limit for Full- Limit, Uy
Load Range, U r | Load Range, Uy
400 [kV] 320 [kV] 360 [kV] 420 [kV] 440 [kV]
150 [kV] 135 [kV] 146 [kV] 170 [kV] 180 [kV]
132 [kV] 119 [kV] 125 [kV] 145 [kV] 155 [kV]

Another aspect imposed for wind power plants is to remain connected after short circuit
faults. Three-phase short circuits for up to 100 [ms], two-phase short circuits of 100 [ms] followed
by another short circuit after 300-500 [ms] with a duration of also 100 [ms] and single phase short
circuit to earth of 100 [ms] with 300-500 [ms] time between shall be withstood by the wind farms
along with its compensation plants. [1]

1.1.3. MOTIVATION

Due to recent renewable power instalments, grid codes have been changed and presently
request from energy producers the capability of Fault Ride-Through (FRT). During this transient
state, the entire mechanism of a wind turbine is subjected to increased mechanical and electrical
stresses.

Given the fact that the electric system presents the highest failure rate in a wind turbine
(Figure 1-4), an increased interest is shown in the lifetime expectancy of the power converter
involved in the system.
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Figure 1-4. Distribution of the average failure rates of the subassemblies in wind turbines [11]
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This continuous growth of installed wind power led transmission system operators to
consider wind farms as a major player on the energy market, and impose standards similar to
conventional power generation units. This means that voltage faults have to be withstood by the
turbine, and during short circuit the plant must provide reactive power to the grid. Figure 1-5
presents the FRT demands for such a plant.

Over Voltage withstand Profile
Vipul]
A
1.2 ——|
1.1 4

1.0 H
0.9

0.8 1

0.6 —

0.2 - Under Voltage withstand Profile

Figure 1-5. Voltage vs. Time Profile during FRT [12]

During LVRT, the DC Link voltage of the converter rises due to the excess produced energy
that cannot be discharged into the grid. The excess has to be dissipated in order to protect the
capacitor bank, thus the converters are equipped with braking choppers, which are switched on if
the DC voltage exceeds safety limits.

The IGBT modules used in braking choppers are subjected to transient operations and
abnormal current levels. This operation profile subjects the transistors to high stresses that may lead
even to destruction of the device, as the temperature in the device can get higher than safe operation
limits.

In order to avoid destruction of braking chopper IGBTSs, the need of information about
instantaneous junction temperature arises. As the operation regime is transient, there is interest of
having developed a technique that will allow wind turbine inverter manufacturers to limit the
number of paralleled transistors as much as possible, while avoiding physical destruction and
keeping the ability of FRT for same period of time.
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1.2. OBJECTIVES

In order to understand the influence of IGBT parameters and importance of real time
monitoring, a study case will be carried out, in which the main failure mechanisms of IGBTs are
illustrated.

The main objective refers to the need of an accurate thermoelectric model that can estimate
the instantaneous temperature of the IGBT chip. The model must be able to substitute test systems
in order to determine stress limits of DUTSs. Therefore, the main objectives in modelling are to:

- Realize thermal loss models for all involved switching devices;

- Realizing a thorough Cauer model of the involved components, based on physics of the
devices, in order to simulate the heat flow during operation;

- Realize a thermoelectric model of the system that is able to simulate instantaneous
variation of device parameters, such as losses at different temperature levels, dynamic
forward voltage drops, and variable heat capacities of involved materials.

The second objective of the project is to design a test setup for single pulse testing of
FF1400R171E4 (1400 [A], 1700 [V]) IGBT power module from Infineon. As the module is meant
to operate for short periods of time and high current densities, the design constraints are as
following:

- The setup must provide up to 3000 [A] current for 3 [s] in short-circuit operation;

- Due to short time operation, heat-sinks must be dimensioned in order to absorb all
dissipated heat;

- The system must be dimensioned in such matter to minimize power consumption and
size.

In order to assimilate the state of the art in thermoelectric modelling, a study case on
existing modelling techniques for chip temperature estimation during transient operation must be
carried out.

1.3. OVERVIEW OF FAILURE MECHANISMS IN POWER MODULES

The continuous development of wind turbine technology led to use of higher power
generators as variable speed drives. The energy that the generator produces is converted to the
parameters demanded by the grid using VSIs. As the demands in such drives are related to high
power handling combined with high switching frequencies, the preferred switching device is the
IGBT.

Although the IGBTSs are appreciated for their robustness, the excess of electrical and thermal
stresses that they are subjected to leads to the failure of the devices. The most important parameters
that contribute to the degradation and failure of IGBTSs are the ambient temperature variation, chip
temperature variation and peak temperature on the chip. The power and thermal cycles that the
devices are subjected to, lead to different failure mechanisms. The main failure mechanisms are
briefly described in the following.
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1.3.1. OPEN CIRCUIT FAILURES

Bond Wire Failures

Approximately 85 [%] of the bond wires contained in IGBT power modules are part of the
power circuit of the power poles. This implies their exposure to the temperature swing that appears
during operation. The differences in thermal expansion coefficients of different alloys bonded
together generate mechanical stresses at connection points. Also, the flexure of the wires is a result
of temperature swings, as the material dilates and contracts repeatedly. [13]

As the failure of bond wires cause changes in contact resistance and current distribution, the
forward voltage drop is directly affected by these failure mechanisms. This would lead eventually to
the destruction of the entire device, because the remaining wires would be subjected to increased
stresses due to the higher current density. Because of these properties, the bond wire failures are
categorized as open circuit failures.

e Bond wire lift-off

The bond wire lift-off is the most common failure that appears in IGBTs [14]. The lifting is
caused by thermal cycling. Cycling can be caused by driver faults or fault-induced rupture of the
IGBT, but also appears in normal operation, with only long-term effects. Figure 1-6 shows the
physical lift-off of a bond wire in a failed IGBT. [15]

Aaborg University WD =176 mm Mag= 63X
Department of physics and
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Figure 1-6. Example of Bond wire lifting [16]

e Bond wire heel cracks

The thermal expansion of the wire causes mechanical flexure. This process inflicts fatigue at
the inflexion regions of the wires. The plastic deformation of the material leads to appearance of
cracks, which propagate in complete rupture of the wire (Figure 1-7).
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Figure 1-7. Bonded Wire Failure due to Heel Crack [17]

Solder Layer Failures

Being one of the main failure mechanisms in IGBT chips, the fatigue of the solder layers is a
great subject of interest for device breakdown prevention. The solder layer with the higher risk of
failure is the one between the ceramic substrate and the base plate of IGBT modules. This is due to
the high differences in thermal expansion coefficients of the materials. The large contact area and
high temperature swing are also increasing the risk of failure. [13]

During high temperature operation, the recombination in solder alloy leads to formation of
voids (Figure 1-8). These voids cause accelerated ageing effects of the device, as the heat
dissipation performance of the IGBT is decreasing. This results in higher temperature on the chip
and therefore higher stresses on the bond wires and metallization layer. [18] [19]

Figure 1-8. Acoustic Map of Solder Illustrating Voids (Red Stains) in the Material [20]
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Emitter Metallization

Thermal cycling of the materials also makes an impact on the Aluminium metallization of
the emitter. However, in this case the issue is not related to mechanical stresses generated by
thermal expansion. The impure Aluminium metallization reconstructs under power cycling by
crystalizing. This leads to appearance of voids and crack propagation points. Those contribute at
higher electrical resistance (therefore more heat dissipation) and bond wire cracking and lifting.
[13] [21]

1.3.2. SHORT CIRCUIT FAILURE MECHANISMS

Latch Up

Due to the existence of a parasitic thyristor in the power IGBT structure, the devices are
susceptible to this type of failure. Figure 1-9 presents the structure of an IGBT. It can be observed
that it has the PNPN structure like of a thyristor. The thyristor behaviour is avoided by means of
high conductivity on the P-N"-P path, thus having, during conduction, the characteristic of the
bipolar PNP transistor. For too high values of current, the second P layer can get heavily n doped,
and make the device behave like a thyristor. [2]

o Gate

Body region

Drain drift region

L

Buffer layer

pd n Injecting layer

NN

Drain
Figure 1-9. Structure of an Insulated Gate Bipolar Transistor [22]

The problem created by this latch-up is that the device can no longer be controlled through
its MOS gate. This leads to device destruction if the latch-up current is not removed immediately.
The latch-up is observable during the turn-off of the transistor.

Second Breakdown

During turn-on, the collector-emitter voltage remains at its blocked voltage level until the
transistor enters saturation and starts conducting. If the di/dt is very high, the current will continue
to rise steeply and therefore the device will be submitted to high current and high voltage
simultaneously. This can lead to avalanche and produce a second breakdown voltage of the
transistor.

1.3.3. CONCLUSION

The main failures that might appear in an IGBT used as a braking chopper were shortly
described. While the bond wire lift-off is most probably to appear only in the case of long term
operation, it can be predicted that heel ruptures are a more possible failure for braking chopper
IGBTSs. This is due to the high current which can induce mechanical forces that bend the wires
above their elasticity levels, causing plastic deformation.
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Solder voids and solder cracks are also possible failures due to the low melting point of
solder and large differences between coefficients of thermal expansion, in comparison with its
neighbouring materials.

Although the braking chopper is more exposed to short circuit failures due to the handling of
currents larger than guaranteed by the manufacturers, these can be avoided by using slope inductors
and properly dimensioned gate resistors.
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1.4. OVERVIEW OF THERMAL MODELLING TECHNIQUES FOR IGBT MODULES

Showing that most of the failures in IGBT modules are caused by thermal and electrical
induced stresses, the need of temperature estimation tools is justified. The process of temperature
estimation is divided in two steps: power loss modelling and thermal modelling.

Power losses can be modelled by considering all its parasitic components in circuits
implemented in dedicated tools like Saber and PSpice, or as look-up tables, for matrix manipulation
based software programs.

1.4.1. LoSs MODELLING USING EQUIVALENT CIRCUIT

The equivalent circuit of an IGBT with all its parasitic components is presented in Figure
1-10 [23]. This modelling technique presents the advantage of high accuracy and also transient
waveform estimation.
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Collector
Figure 1-10. IGBT Structure and Representation of Parasitic Capacitances [23]

Where:
e Cp,— Source Metallization Capacitance;
e Coxs — Gate Oxide Capacitance (of the source overlap);
e Cyxg — Gate Oxide Capacitance (of the drain overlap);
e Cyj— Gate-Drain Overlap Depletion Capacitance;
e Ccer — Collector-Emitter Redistribution Capacitance;

o Ceyj + Cend — Emitter-Base Depletion Capacitance.
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The disadvantage of this circuit is that the parameter extraction is a hard process and
requires knowledge about thicknesses of layers. Generally a simpler model which is only based on
input capacitance, gate charge and reverse transfer capacitance can be implemented, with the
compromise of losing information about the switching waveforms. These capacitances are always
available in the datasheets of the device.

1.4.2. Look-UP TABLE BASED L0OsS MODELLING

Most of the manufacturers offer information about the losses in forms of graphs that
illustrate interdependence between the energy consumption during ON- or OFF-switching and
collector current at a certain blocked voltage value. The information is presented for more
temperature values, in order to get a feeling about their variation while the chip is heating. The
reason why they are presented for only one voltage value is that the dependency with respect to
blocked voltage is linear.

Output characteristics that illustrate the forward voltage drop dependency on surged current
are presented to calculate conduction losses. These characteristics are also presented for more
temperature values, in order to have more accurate information about the forward voltage drop.

Inputting this information into look-up tables, the energy consumption during switching or
conduction for any scenario can be estimated by means of interpolation.

The disadvantage of the look-up table loss model is that it offers absolutely no information
about the switching waveforms. Generally, software that uses this type of model is meant for
steady-state simulations and do not have feedback loops to simulate also these influences in the
electrical circuit. [24]

14.3. 1-D THERMODYNAMIC MODELS

The thermal models with a widespread use are based on implementation of equivalent
electrical networks which emulate thermal dynamics. Table 1-2 presents the correspondences
between electrical and thermal parameters, needed for this implementation.

Table 1-2. Equivalence of Electrical and Thermal Parameters [2]

Electrical Parameter Thermal Equivalent

Voltage V [V] Temperature Difference AT [K]
Current | [A] Heat Flux P [W]

Charge Q [C] Thermal Energy Qu [J]
Resistance R [Q] Thermal Resistance Ry, [K/W]
Capacitance C [F] Thermal Capacity Cy, [J/K]

The thermal transient is approximated using equation (1.1), having the number of
parameters dependent on the desired resolution for the analysis. [25]

t
AT() = ¥V, T+ e (1.2)
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Foster Network

One of the most used types of RC networks is the Foster network, in which RC time
constants model the exponential terms of Equation (1.1). The widespread use of it is justified by its
simple parameterization and the fact that manufacturers offer information about the thermal
resistances and time constants in the datasheets. Figure 1-11 presents a Foster network for one of
six cells of an IGBT + Diode half bridge module.
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Figure 1-11. Foster Network Representation for Half-Bridge Power Module Cell

The main disadvantage of this model is that it does not recreate the physical nodes along the
heat transfer paths, representing only the input and output ports of the modelled thermal equivalent.
Therefore, it is not efficient in understanding thoroughly the behaviour of the device, but only an
approximate thermal response for a certain heat flux input. [2] [25] [26] [27]

Cauer Network

The Cauer Network represents a closer physical representation of the thermal structure, as
the RC cells model each layer of the device. Intermediate thermal resistances can be calculated in
order to implement conduction losses through all thermal paths. [2] [25]

Detailed information about calculation and implementation of this type of network is
presented in Chapter 3.

The drawback of Cauer network is the complexity of calculations, due to the fact that the
time constants depend on all resistors up to that point.

1.4.4. 3-D THERMODYNAMIC MODELLING

Although the Cauer model is a representation of physical layers and thermal transfer paths,
it is only a rough approximation of the complex geometry of the layers involved. Lateral heat
spreading cannot be modelled through 1-D models.

Finite Element Models

The use of finite element modelling software for thermal applications is very attractive, as it
offers accurate information about heat transfer in devices with complex geometry and different
materials used.
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Using finite element modelling requires advanced mathematical knowledge, as the most
important step in the design method is configuring the netlist. Its accuracy must be increased in
regions which are of high interest, and where temperature variations are expected to be large. This
must be done without extending the netlist to a too large number of nodes, by having comparable
density in regions which do not represent such high interest.

Examples of models for finite element analysis are presented in [11], [19] and [28]. The
main drawback of this type of model is that it requires large computational power and therefore it
cannot be used for steady-state operations or for long pulses.

The finite element simulation is used by manufacturers to determine, using curve fitting, the
Foster network parameters.

Finite Difference Modelling

Another accurate method of heat transfer modelling is by realizing Finite Difference models.
The Finite Difference Method offers less information about critical points with respect to Finite
Element, but it is equivalent for the thermal paths visualization.

The Cauer model can be extended to a finite difference model by dividing layers into
sections, as presented in Figure 1-12. The resolution is to be chosen by the designer, but care must
be taken, because the dimensions of a section will be kept constant for all involved layers. This may
result in models with a large number of nodes which also require large computational power and
time, as for the finite element analysis.

Figure 1-12. Extended Cauer Model for a two-layer System [2]

1.4.5. CONCLUSION

Three-dimensional simulations represent an attractive solution for thermal modelling
because of the high accuracy and large amount of information they can offer, but their high
computational needs do not recommend them for long simulation times.

In order to have a simple model for long simulations or steady-state thermal estimation,
manufacturers develop Foster models based on results obtained in finite element analysis. However,
these models do not offer information about physical layers.

A more attractive solution, with relatively small computational needs, is the Cauer network
topology. Extending a one-dimensional Cauer network in order to estimate heat transfer between
layer groups represents an attractive compromise. Such a model can reflect physical nodes in 1-D
but also thermal coupling of the layers from an IGBT power module.
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1.5. PROJECT OUTLINE

The proposed master thesis focuses over the thermal analysis of braking chopper used in
wind turbines to improve the transient stability of the WT during voltage disturbances and provide
LVRT capabilities, a requirement mandatory for all grid connected application. The thesis is
structured in four chapters.

The first chapter justifies the importance of acquiring thermal information during transient
operation of braking chopper IGBTSs. In the first part, the subject is introduced by presenting the
impact of wind power in present day energy market and the grid connection requirements for wind
power plants. In continuing, the problem is defined and the objectives of the study are presented.
Moreover, the most important failure mechanisms and the thermal modelling techniques presently
used are briefly described.

The second chapter presents the design procedure for a test setup for single pulse short
circuit testing of power modules. System dimensioning and choosing of measuring equipment is
presented. The chapter ends with the presentation of a protection and data acquisition circuit board
designed particularly for the described configuration.

In the third chapter the thermoelectric models realized are described and presented. The first
two sections describe the general characteristics of the diodes and IGBTSs, characteristics that stand
as the basic knowledge for loss modelling. The third and fourth sections present the loss models
realized for the two types of power modules used, their thermal models and heat flow theory used
for modelling are presented. The chapter ends with a presentation of simulation results which
illustrate the functionality of the model.

The fourth chapter summarizes the work presented along this thesis. The main conclusions
are deduced based on the results achieved. In the ending, the directions for future work are outlined.
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2. TEST SETUP DESIGN

In this chapter, the designing of a test setup for single pulse short circuit testing of power
modules is presented. The design constraints and chosen devices are described in the opening
section, followed by a thorough description of the control boards for the setup.

2.1. TEST BENCH REQUIREMENTS

The purpose of the setup is to recreate the functioning conditions for the Device Under Test
(DUT) in laboratory, and take advantage of the possibility to monitor the variation of all its thermal
and electric parameters. The initial considerations of the setup are explained in the following.

As a braking chopper IGBT, the DUT is subjected to short operation time, between 10s of
milliseconds and a maximum of 3 seconds. During this short operation, the transistor is conducting
a current larger than nominal. The maximum admitted current is chosen as the “maximum repetitive
peak current” given in the datasheet, that is 2800 [A]. Because of its short and sporadic operation
profile, a braking chopper is not justifying use of active cooling. A simple Aluminium block will be
used as heat-sink, having specified that it can absorb the total dissipated power, which for a
maximum of three seconds is maximum 15 [KW].

To minimize the energy waste, the DUT will be subjected to short-circuit testing. Because of
this, a new problem arises, given by the risk of too high di/dt. In order to limit the current slope, an
inductor must be used before the DUT. As an extra caution, the power is fed through two paralleled
IGBTs which will disconnect the DUT in case of overcurrent.

In order to provide the low voltage demanded for short-circuit testing the need for a
specially designed step-down transformer appears. The required transformer will lower the voltage
from 400 [Vpnpn] to 25 [Vpnpn]. The main consideration is to have enough voltage on the second
winding to provide the voltage drops over the rectifier, control IGBTs and the DUT; the connection
chosen for the transformer is Dd. To avoid the need of a big and expensive transformer, the AC
frequency for it is chosen to be 100 [Hz]. This is achieved with a VLT. The use of a VLT also
implies the need of a filter after it.

The setup must also record DUT parameters. For this, a current sensor, a forward voltage
circuit and a FLIR camera are used. The signals are converted and acquired via a 24-bit ADC
converter from National Instruments and LabView.

Figure 2-1 presents the diagram of the setup with all its needed components. Their selection
and dimensioning is presented in the following.
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Figure 2-1. Block Diagram of Test System for Single Pulse Testing of 1400A IGBT Module
Danfoss VLT

The VLT chosen is model FC302P55K that has a power of 55 [kVA]. As the needed power
at 2800 [A] is given by the current through the circuit multiplied with total voltage drop, it can be
concluded that the maximum required power for the DC part of the system is of 30 [kW]. To this
must be added the reactive power consumed by the transformer. It can be concluded that a 55 [kW]
supply is sufficient for the needs of the system. The purpose of the frequency converter is to supply
the 100 [Hz] AC voltages for the transformer and reduce the RMS voltage so that it will have the
desired DC value.

Transformer

The transformer is specially designed by DanTrafo, following the power requirements
given:

- Output phase to phase voltage of 25 [V];

- Continuous RMS current 1500 [A];

- Frequency 100 [Hz].

The main characteristics of the transformer are:

- Turns Ratio Ny/Ns: 81/4;

- Primary winding RMS voltage and current: V, = 400[V]; I, = 35.97 [A];

- Primary Reactance: R; = 0.0255 [Q]; X1, = 0.0383 [Q];

- Secondary winding RMS voltage and current: Vs = 24.88 [V]; |s = 1531 [A];
- Secondary Reactance: R, = 0.0001 [Q]; X, =0.0001 [Q];

- Nominal operation parameters:
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o Output Power: S, = 42558 [VA];
o Losses: Pcy =96.4 [W]; P = 105.8 [W];
o Efficiency: n =98.43 [%];
- Open circuit parameters:
o Active Losses: Pioc = 106.5 [W];
o Reactive Losses: Qioc = 96.84 [VAT];
o Current Factor: lo/ly =1 [%];
- Short circuit parameters:
o Active Losses: P1sc = 98168 [W];
o Reactive Losses: Qisc = 4985 [VAT];
o Voltage Factor: Vsc/Vy = 14.13 [%].

The manufacturer also gives the equivalent diagram with the secondary parameters reduced
to primary, for nominal load operation at 114.7 [°C], as presented in Figure 2-2. The datasheet is
presented in Appendix 1.
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Figure 2-2. Equivalent Diagram of 100 Hz 400/25 V Transformer at Nominal Load Operation
Rectifier

The three-phase rectifier is built using the rectifier modules DD540N22K from Infineon.
The maximum RMS current through a diode is 900 [A]. The on-state voltage drop for the diode is
given by the equation 0.78 [V] + 0.31 [mQ] * Ir. The datasheet of the module is presented in
(Appendix 2).

Page |33



Thermoelectric Modeling of IGBT Modules for Transient Operation

Protection IGBTS

The two IGBT modules are FF1000R171E4 from Infineon. This type of module has been
chosen by matters of available devices. Due to the high price of power modules, it was lacked of
justification to buy new power modules. There are two paralleled IGBTs in order to sustain the
current demanded by the DUT without representing a comparable breakdown risk. The cooling
system is as for the DUT a simple Aluminium plate. The operation profile of the setup does not
justify need of active cooling for any of the devices.

Main characteristics of the FF1000R171E4 power module are:
- Collector-emitter breakdown voltage: Vces = 1700 [V];

- Continuous collector current: Ic = 1000 [A];

- Repetitive peak collector current: Icrm = 2000 [A];

- Input capacitance: Cies = 81 [nF];

- Reverse transfer capacitance: Crs = 2.6 [nF];

- Turn-on delay (1000 [A], 900 [V]): tgon = 0.6 [us];

- Rise time (1000 [A], 900 [V]): t, =0.12 [us];

- Turn-off delay (1000 [A], 900 [V]): tqofr = 1.25 [us];

- Fall time (1000 [A], 900 [V]): t; = 0.5 [us];

The rest of the characteristics of the IGBT and the characteristics of the integrated diode can
be found in the datasheet from Appendix 3.

Current slope inductor

The inductor is air coil type and the value of 0.5 [uH] by the need of a slow current slope.
For this value, the current rise is of 2 [kA/ms].

FF1400R171P4 Power Module

This is the device subjected to tests. The used module is open, in order to have the
possibility to monitor temperature variations on it.

Its main characteristics are:

- Collector-emitter breakdown voltage: Vces = 1700 [V];
- Continuous collector current: Ic = 1400 [A];

- Repetitive peak collector current: Icrm = 2800 [A];

- Input capacitance: Cis = 110 [nF];

- Reverse transfer capacitance: Crs = 3.6 [nF];

- Turn-on delay (1400 [A], 900 [V]): tyon = 0.88 [us];

- Rise time (1400 [A], 900 [V]): t, = 0.14 [us];

- Turn-off delay (1400 [A], 900 [V]): tg ot = 1.35 [us];

- Fall time (1400 [A], 900 [V]): tr= 0.77 [us];
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As these are the main characteristics needed for thermal modelling, the rest are not
presented here. They can be found in the datasheet from Appendix 4.

Current Sensor

The current measurement is realised using an ABB ES2000S sensor, which has the
following characteristics (Appendix 5):

- Measuring range: lpmax = = 3000 [A];

- Measuring resistor: Ry = 0 — 11 [Q];

- Turn ratio: 1/5000;

- Secondary current at Ipy = 2000 [A]: Is =400 [mA];
- Supply Voltage: Vpc =+ 24 [V].

VVCE Measurement board

For the voltage measurement, the circuit from Figure 2-3 is the chosen solution. As the
blocking voltage is not subject of interest because of short-circuit testing, the forward voltage drop
will be measured with a current-source circuit. The op-amp ensures signal continuity, and the circuit
is isolated from user through isolation amplifier. This is chosen in order to be able to also use the
circuit in high blocking voltage ranges. Entire circuit and layout is presented in Appendix 6.
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Figure 2-3. VCE Measuring Circuit Diagram
2.2. DESIGN OF CONTROL AND PROTECTION CIRCUITRY

In order to satisfy the needs of IGBTs control and protection, a PCB was designed having
the following needs:

e Single Voltage Supply: A 15 V external power supply is used as the single power
input of the PCB. This is chosen in order to simplify connection of the device;

e 5V Logic: The PCB must have a logic implemented on 5 V level, in order to ease
the interfacing with gate drivers;
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e Current Sensor Alternative Supply: The board must include voltage conversion to +/-
24 V, in order to supply the current sensor; the power demand is not high, as this
represents an alternative supply, that can be used only for short times;

e Measurement Circuit: the board must have a circuit for conversion of the measured
current to voltage, in order to be used in logic conditioning;

e Protection Circuit: the board must cut-off gate signals in case of overcurrent or gate
fault detection;

e Data acquisition: the board must also acquire the voltage drop from the VCE
measuring circuit presented in the previous section.

The block diagram based on which the circuit was realised is presented in Figure 2-4 and
explained in the following.

FF1000 Gate
- Driver

Gate Error

Feedback FF1400
(DUT) Gate

Driver

FF1000

Control
Signal

To VCE PCB Vdiv

Supply
Measurement
Op Amp
DC/DC to
+/- 15V Current
Sensor

Figure 2-4. Block Diagram of Control PCB

2.2.1. VOLTAGE CONVERSIONS

The 15 [V] supply is used only for gat driver supply. The mains supply has been chosen to
be 15 [V] because the three gate drivers require large amount of power compared to the rest of the
circuit. It is, therefore, a solution chosen for economic reasons.
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The voltage for logic circuitry is provided through a 1 [W] DC/DC converter from TRACO
POWER, TMA1505s. The +/- 15 [V] level is provided through a 3 [W] DC/DC converter, TMR 3-
1223d, from the same producer. Although, because of the alternative current sensor supply, the +/-
15 [V] converter seems to be too small, it is satisfactory because the short operations of the sensor
that can be guaranteed through this supply.

The current is measured through a 12.5 [Q2] power resistor. In order to limit the measured
voltage to a maximum of 10 [V], the measurement is processed through an operational amplifier
with factor of 1, and supply of +/- 10 [V].

The supply voltages for op-amp and current sensor are realized through adjustable voltage
regulators. Figure 2-5 presents the circuit for voltage conversion. The output voltages are
determined by two resistors, one surging current from the output to the adjust port. The ratio
between them must be calculated by considering the 1.25 [V] reference at the adjustable port, which
is internally regulated. Therefore, the resistors must form a voltage divider that has a 1.25 [V]
voltage drop on the resistor that connects output to adjustable pin, and the rest of the voltage drop to
the ground level. For the negative voltage regulators, the working principle is the same, only that
the voltage reference is internally regulated for -1.25 [V].

+/-10V Regulation +/-24V Regulation
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+15V 2 +10V 15V 2
= 3w our % :
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Figure 2-5. Voltage Regulators Circuitry
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2.2.2. MEASUREMENTS AND OVER CURRENT PROTECTION

The voltage and current measurements are processed through an operational amplifier, as
depicted in Figure 2-6. The supply of the op amp is chosen in order to limit the output to a
maximum of 10 [V]. This level is chosen by considerations of data acquisition equipment. It can be
also observed that the op-amp was configured in a differential mode operation. This is realized for
better common-mode rejection. The capacitances and resistances have been chosen by considering
that a 10 [kHz] bandwidth can offer a more than sufficient accuracy of the measurements.

Differential Amplifier Measurement Scaling
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Figure 2-6. Differential Amplifier Configuration

The current protection is realised with a comparator. When the measured proportional
voltage exceeds a certain value, the output of the comparator will be low. In case the current is in
normal limits, the output is high. In order to convert the signal to active high, a NAND gate is used.
Figure 2-7 presents the implemented circuit.
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Figure 2-7. Over current Protection Circuit

38|Page



Test Setup Design

2.2.3. GATE SIGNALS CONDITIONING

Due to the single pulse operation of the setup, the control is very simplistic. In order to
achieve the pulse, the monostable circuit SN74121N is used. Through two external RC circuits, the
pulse width can be varied from 40 [ns] to 28 [s]. The triggering of the monostable is realised
through a push button. The signal obtained is used as gate signal for the two paralleled control
IGBTSs. In order to condition the signal presence of the lack of any gate driver errors or protection
triggering, a buffer is used, having the outputs triggered by these active high signals. If one of the
errors interrupts normal functioning, the outputs of the specific buffer section will become zero and
stop the IGBTS. Figure 2-8 presents the schematic implementation.
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Figure 2-8. Gate Signal Conditioning and Pulse Width Diagram

The gate error signals are buffered and OR-ed in order to create the GATE_ERR signal,
which is referring to any of them. The buffer has the purpose to change the signals from active low
to active high. This is needed because they are used to condition the functioning of a different
buffer, as described previously.

The complete design and layout of the PCB is presented in Appendix 8.

2.2.4. PCB VALIDATION

Several simple tests have been carried out on the PCB in order to validate its proper
functionality. The logic voltage level is first verified to be 5 [V]. Figure 2-9 depicts the logic
voltage on channel 1 of oscilloscope, while channel 2 represents the voltage after the push button
(turn-on command). It can be observed that the proper functionality is obtained, having a 5 [V]
voltage level for logic devices and 0 [V] gate command before actuation of the push button.
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Figure 2-9. 5 [V] Voltage Supply Functionality (channel 1) and Button Output (channel 2) Signals

The proper functionality of the push button is further confirmed by verifying that the
actuating of the button is generating a change of the turn-on command from 0 to 5 [V], without

having a strong ripple (“ringing”) of the command signal. Figure 2-10 shows that the criteria are
fulfilled.
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Figure 2-10. Push Button Actuation Functionality (Gate Turn-On Command)

The functionality of the gate triggering is further observed. This simple measurement
confirms the functioning of the monostable, gate error protection and buffering. Furthermore it
assures that the over current protection has the proper logic, allowing gate command when there is
no current measurement. Figure 2-11 depicts the proper functionality of the gate triggering. It has to
be mentioned that until de submission of this report, the exact dependency of the gate pulse width

on the timing circuitry from the monostable has not been determined.
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Chi| 5.00V @ 5.00vV |M40.0ms A Ch1 # 3.60V

Figure 2-11. Gate Turn-On Control: Command Signal from Push Button (Channel 1) and Gate Command
(Channel 2)

The last test depicted here is the functionality of the protection. The test has been carried out
for each of the two protections. It has been observed that, for the current protection, a current
corresponding to 2.64 [V] voltage drop on the measuring resistor disables the output of the gate
buffer. The Gate Error protection has been tested by pulling down one of the error feedbacks.
Figure 2-12 depicts the proper functionality of the protection, having the command signal on

channel 1 and the gate signal on channel 2.
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Figure 2-12. Gate Protection Functionality: Command Signal (Channel 1) and Gate Signal (Channel 2)
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3. THERMAL MODELLING

The chapter presents the model realized for transient thermal analysis of the power modules
during FRT. In the first two sections, the general characteristics of diodes and IGBTs are
presented. Those represent the background for the loss modelling of the devices. Sections 3 and
4 present the realized models for protection power modules and DUT respectively, and device
parameters used in modelling. The chapter ends with the presentation of simulation results for
different scenarios, and presentation of the temperature estimator which represented a final
purpose of the thermoelectric model.

In order to have a more accurate image of the system behaviour, it must be taken into
consideration that all the equipment is subjected to thermal stresses, due to the high current used. As
a first approximation, it has been considered that the transformer, due to its high volume, has a
thermal capacitance large enough to be omitted from thermal modelling.

Therefore, the system before the bridge rectifier can be considered as homogenous. The
diodes of the rectifier are modelled simply as having a voltage drop Ve = VirH) + Ron*Ik. As the
current through the control IGBTSs is significant, they must be modelled in order to comprise their
nonlinearities.

The importance is justified by the fact that the current and temperature dependent voltage
drops affect the voltage to which the DUT will be subjected, therefore also the instantaneous current
through it. This results in a nonlinear power flow, which must be also reproduced as in simulations
in order to have comparable results. The diode behaviour and IGBT behaviour are presented in
continuing.

3.1. GENERAL CHARACTERISTICS OF POWER DIODES

The power diode is basically a PN junction with an added n” epitaxial layer, which is grown
on top of the heavily doped n layer. This epitaxial layer is also called drift region, and its thickness
determines the breakdown voltage of the device. [22]

The drift region is also important when considering power dissipation. The main voltage
drop occurs on this layer of the diode, which has a resistive behaviour. Therefore, it results in a
linear dependency of forward voltage drop with respect to the forward bias current. However, due
to its small on-state resistance caused by the large amount of excess-carrier injection during
conduction, the epitaxial layer has a negative coefficient to the R, with the growth of the current.
The ideal characteristic of a power diode is presented in Figure 3-1. [22]
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Figure 3-1. Typical I-V characteristic of Power Diodes [22]

The heat generated during operation is sourced by the losses that occur during switching and
conduction of the device. These switching and conduction losses can be estimated from switching
waveforms as presented in Figure 3-2. In the case of most rectifiers, due to fast turn-on times with
respect to switching frequency, the on-switching losses can be neglected. On-state losses represent
the product of forward voltage drop and current flowing through device, while off-switching losses
are determined by the reverse recovery charge of the diode. [22]
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Figure 3-2. Switching Waveforms of Power Diodes [22]
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3.2. GENERAL CHARACTERISTICSOF IGBTs

Insulated gate bipolar transistors (IGBT) have been introduced in the 1980s, as an answer to
the need of a high power device with fast switching frequency capability. The small on-state losses
of the bipolar junction transistors are combined with the voltage controllability of MOSFETS,
which yields the need of small gate currents during switching. This results in small switching times
and small power dissipation. [23]

The internal structure of an IGBT is presented in Figure 3-3. The feature of the IGBT is the
n* buffer layer in the punch-through structure. Although the adding of this heavily doped layer
reduces the reverse breakdown capability, it is generally preferred due to its capability to reduce the
drift region by a factor of 2, as the depletion layer can easily extend across the entire n” layer,
because the heavily doped buffer will prevent the reach of the depletion layer to the p* layer.
Shortening of the drift region is very useful, as it reduces the conduction losses for the device. [22]

o Gate

| Body region

Drain drift region

i _ L
’ n / Buffer layer
11 +
pd n Injecting layer
p* -
Drain

Figure 3-3. Internal Structure of a Punch-Through IGBT [22]

Figure 3-4 presents the output characteristics of the IGBT. It can be observed a similarity to
the diode, having a minimum forward voltage drop, and growing linear with the growth of the
current. This represents the power loss during conduction.
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Figure 3-4. I-V Characteristic of n-channel IGBT [22]
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The on-switching waveforms of the IGBT are depicted in Figure 3-5. During the delay time
tq, the input capacitance is charged until the gate-emitter voltage reaches its threshold value. This
gate current consumption is negligible in the interest of power dissipation, having only importance
on delay-time influences, thus affecting the switching frequency capabilities of the device. [22],
[23]

During the rise time, the collector current grows from zero to load current value. The current
slope is determined by gate voltage and IGBT transconductance. The collector-emitter voltage starts
to drop as soon as the gate voltage reaches the value necessary to support steady-state collector
current. As depicted, the voltage drops rapidly in the beginning, during tys, and slower during tys.
This second period of voltage fall is influenced both by the MOS characteristic of the IGBT —as Cyq
capacitance increases at low drain-source voltages — but also by the PNP transistor portion, which
transits the active region slower than MOSFET portion. [22], [23]

VGG+
-t
tq(on)
«
A
lo
ib(t) 0 Y -t
tii »!
A
] ‘\\\\\\\\\\\\\_____.-.- I \/Ds(on)
Vns(t) 0 ! * » t

tfvl tfvz

Figure 3-5. ON-Switching Waveforms of IGBT [22]

The energy consumption during turn-on can be estimated by considering the Cyq variation,
as being:

t,ixIp*V Ip*Vp*t Ip*V *t.
Egy = & ;’ 24 22 2fi 4 2 C‘gzd U2 (3.1) where:

Vp=Von
t,r1 = Rg * Cpqy x—————, (3.2) and
vf1 G gdl VeE-VGE(th) ( )
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Vega—Von
ty,rp = R * * —I9= ——— (3.3).
vf2 G gd2 VeE-VGE(th) )

The turn-off waveforms of the IGBT are depicted in Figure 3-6. As it can be observed, the
current and voltage remain constant until Ve drops below the level required to maintain saturation
current. After this period, the collector-emitter voltage rises to blocked voltage, while the collector
current remains constant. This MOS characteristic can be also used to determine the rise slope, as
the voltage rise is determined by the gate resistor. After the MOS channel turns off, the collector
current has a steep descent during the period tzi1, and the freewheeling diode starts conducting. The
tail in the current waveform is determined by the carrier excess stored in the drift region. The only
way to remove the excess carriers from drift region is by recombination within the transistor. In the
case of punch-through IGBTS, the buffer layer acts as a sink for excess holes, and shortens current
tail, thus resulting much smaller turn-off time. [22], [23]

VGS,Io
Vasith)
VGS(t) ’ * * \\l R
Vee-
tro MOSFET
Lo ﬂ ‘* - current

BJT

in(t) t

t thi1 |
.

Vo
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Figure 3-6. Turn-Off Waveforms of IGBT [22]

The loss model of an IGBT may be done by considering all parasitic capacitances and
material resistances — as described by Allan Hefner in [29] . The model can be implemented in
PSpice or Saber. Simpler models are available in Simulink and PLECS, and are based on look-up
tables. In this report, the look-up table model from PLECS is used.
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3.3. THERMOELECTRIC MODELLING OF THE CONTROL MODULES

Using information provided in the datasheet, the energy loss for each operation case was
modelled in PLECS. The model for switching losses is a four-dimensional matrix, having given as
input vectors the blocked voltage, forward current and junction temperature, and outputting the
energy loss in [mJ]. Figure 3-7 presents the losses that occur during on-switching of the IGBT,
while Figure 3-8 depicts the OFF-switching losses. The explicit values are depicted in Table 3-1
and Table 3-2, respectively.

E[mi]

2000

1500

1000

500

900

Vblock [V]

Figure 3-7. Energy Losses for ON-switching of IGBT from FF1000R17IE4 module

Table 3-1. Energy Loss during ON-Switching of FF1000R17IE4 IGBT - Look-Up Table Data

T =25°C
OA| 200A | 400A | 600 A | 800A | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A
ovV| OmJ omJ omJ omJ omJ omJ omJ omJ omJ omJ
900V | OmJ| 66 mJ | 100mJ | 170mJ | 200mJ | 265mJ | 300mJ | 360mJ| 500mJ| 580mJ
T =125°C
OA| 200A | 400A | 600A | BO0OA | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A
ovV| OmJ 0mJ omJ 0mJ omJ omJ 0mJ 0mJ 0mJ 0mJ
900V | OmJ| 86 mJ| 150mJ | 220mJ | 300mJ | 390mJ | 500mJ| 635mJ| 800mJ | 1005mJ
T =150°C
OA| 200A | 400A | 600 A | 8B0OOA | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A
ovV| OmJ 0mJ omJ 0mJ omJ omJ 0mJ 0mJ 0mJ 0mJ
900V | OmJ| 90mJ | 160mJ | 230mJ | 320mJ | 415mJ | 540mJ| 690mJ | 860mJ | 1090mJ
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Figure 3-8. Energy Loss during OFF-switching of IGBT from FF1000R17IE4 module
Table 3-2. Energy Loss during OFF-Switching of FF1000R17IE4 IGBT - Look-Up Table Data

T=25°C

OA| 200A | 400A | 600 A | BOOA | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A

oV| OomJ| OmJ omJ 0mJ omJ omJ omJ omJ 0mJ 0mJ

900V | OmJ| 70mJ| 95mJ | 135mJ | 165mJ | 200mJ | 235mJ | 270mJ| 305mJ | 370mJ

T=125°C

OA|200A | 400A | 600A | 800A | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A

oV| OmJ| OmJ omJ 0mJ omJ omJ omJ omJ 0mJ 0mJ

900V | OmJ| 72mJ | 130mJ | 180mJ | 240mJ | 300mJ | 360mJ | 420mJ| 480mJ | 520mJ

T =150°C

OA| 200A | 400A | 600 A | BOOA | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A

ovV| OmJ omJ omJ omJ omJ omJ omJ omJ omJ omJ

900V | OmJ| 90mJ | 150mJ | 200mJ | 270mJ | 335mJ | 395mJ | 460mJ | 515mJ | 590mJ

The conduction losses for the IGBT are given and modelled as transfer characteristics. The
forward voltage drop is outputted depending on junction temperature and forward current. Figure
3-9 depicts the implementation in PLECS. The explicit values are shown in Table 3-3.
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Figure 3-9. Output Characteristic of the IGBT from FF1000R171E4 module
Table 3-3. Output Characteristic of FF1000R171E4 IGBT - Look-Up Table Data

OA | 100A | 200A | 400A | 600A | BOOA | 1000A | 1200A | 1400A | 1600A | 1800A

25° |08V |105V |12V |14V |16V |18V |2V 22V |24V |26V |28V

125° | 0.6V | 1V 1.25V | 155V | 1.8V |21V |235V |26V |285V |31V |3.35V

150° | 0.6V | 0.97V | 1.25V | 157V | 1.85V | 2.2V | 2.45V | 2.75V | 3V 3.3V | 3.6V

The main drawback of this toolbox is that it is not meant for dynamic simulations.
Therefore, the forward voltage drops that occur during operation can be inputted as fixed values.
This is a big issue for the system, as the input voltage is very small due to short-circuit testing. [24]

In order to overcome this disadvantage, the circuit has been modified as presented in Figure
3-10. The forward voltage is introduced by a controllable voltage source, to which the input signal
is computed by reading the power loss and dividing it by the forward current.

Algebraic loop is broken by inputting the read voltage to a small separate circuit, with only a
1 [Q] resistor. The current read is then inputted in the controllable voltage source “V”, which
simulates the forward voltage drop. This method is chosen because, in order to break the algebraic
loops, the signal must be realized as a current controlled voltage source. Figure 3-11 depicts the
functionality of the model, as it represents a measured voltage drop over the control transistor.
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The diodes of the module are also modeled considering the losses presented in the datasheet.
The switch-on losses do not represent interest, as they are very small compared to reverse recovery,
as explained in section 3.1. Figure 3-12 depicts the losses due to reverse recovery. The explicit
values are depicted in Table 3-4. It must be noted that the energy losses correspond to negative

voltages.

0.00 0.02 0.0

Simulation Time [s]

Figure 3-11. Measured Voltage Drop over FF1000R171E4 IGBT
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Figure 3-12. Energy Losses during Reverse Recovery of Freewheeling Diode of FF1000R17IE4 Power
Module

Table 3-4. Reverse Recovery Energy Consumption of FF1000R171E4 Diode - Look-Up Table Data

T=125°C

OA| 200A | 400A | 600 A | B0O0OA | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A

ovV| Omd 0mJ omJ 0mJ omJ 0mJ 0mJ 0mJ 0mJ 0mJ

-900V | OmJ| 90mJ | 125mJ | 156mJ | 180mJ | 205mJ | 220mJ | 230mJ | 237mJ | 242mJ

T =150°C

OA| 200A | 400A | 600A | 80O0A | 1000 A | 1200 A | 1400 A | 1600 A | 1800 A

ovV| OmJ 0mJ omJ 0mJ omJ 0mJ 0mJ 0mJ 0mJ 0mJ

-900V | OmJ|110mJ | 152mJ | 192mJ | 225mJ | 245mJ | 266mJ | 275mJ| 284mJ| 290mJ

Figure 3-13 illustrates the output characteristic of the diode. Table 3-5 depicts the explicit
values used. It can be observed that, although there is no difference between the values for 125 [°C]
and 150 [°C], there are both inserted. This is done in order to avoid the risk of an erroneous
interpolation for temperatures in operation range.
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Figure 3-13. Output Characteristic of the Diodes from FF1000R17IE4 Power Module

Table 3-5. Output Characteristic of the FFL000R171E4 Diode - Look-Up Table Data

2002
— 150°

0OA | 200A | 400A | 600A | 800A | 1000A | 1200A | 1400A | 1600A | 1800A | 2000A
25° 0.8V | 1.2V |142V |16V | 175V | 184V | 196V | 2.1V | 221V | 233V | 2.44V
125° | 0.6V | 1.05V |14V |16V |18V |195V | 215V |2.28V | 242V |255V | 2.7V
150° | 0.6V | 1.05V |14V |16V |18V |195V | 215V |2.28V | 242V |255V | 2.7V

Because of the interest to study more aspects of the heat transfer inside a power module, but
also to have increased accuracy with the model, the transistors have been modelled as a thermal RC
ladder network, taking into consideration constructive dimensions and physical characteristics of
the materials used. Figure 3-14 presents the structure of the 1000 [A] power module from Infineon.
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Figure 3-14. FF1000R171E4 Power Module
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Along with the surfaces of each layer, the thicknesses are necessary in order to calculate
thermal resistances and capacitances. The internal structure of a chip from the power module is
presented in Figure 3-15. The layers presented are not to scale. The succession of the layers is as it
follows: 1 — emitter metallisation, 2 — chip, 3 — solder, 4 — Direct Copper Bond (DCB), 5 — Ceramic
bed, 6 — DCB, 7 — solder, 8 — baseplate.

/— 1

o

- 6

Figure 3-15. Structure of an IGBT Module [30]

Figure 3-16 illustrates a section of the thermal chain. It can be observed that the exact
thermal paths are recreated, with only two limitations: the path through air / silicone gel is
considered of infinite resistance, and the path through the baseplate between the chips is considered
of zero resistance. This is done in order to keep within the model the main heat flow path, to the
heat-sink, unharmed. The sequence 1-14 is repeated 12 times, as there are 12 chip pairs in the
module, six for each IGBT/diode.

C ) — e
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Figure 3-16. Thermal Model (Cauer Ladder) of FF1000R171E4 (one of six sequences presented)

In Figure 3-16, the marked RC components represent the layers as following:
- 1 —Metallisation on IGBT chip (Aluminium);

- 2 - 1GBT Chip (Silicon doped with impurities);

- 3—Solder (SnAgosZn);
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4 — Metallisation on Diode chip (Aluminium);
5 — Diode chip (Silicon doped with impurities);
6 — Solder (SnAgosZn);

7 —DCB of Group 1 (Copper);

8 — DCB of Group 2 (Copper);

9 — Thermal Path Between Groups (through Ceramic);
10 — Second IGBT Network (see 1, 2, 3);

11 — Second Diode Network (see 4, 5, 6);

12 — Ceramic bed — half (Al,O3);

13— DCB (Copper);

14 — Solder (SnAgosZn);

15 — Baseplate (Copper);

16 — Thermal Paste;

In order to calculate the resistances and capacitances, the dimensions of layers and material
properties were needed. The chips may be considered to be pure silicon, as the impurities represent

a very small part and do not have a considerable impact on material properties.

Material properties (specific heat capacity and thermal conductivity) for solder are extracted
from [31], while the thermal conductivities and mass densities for the rest of materials are extracted
from [32]. The heat capacities for Aluminium, Silicon and Copper are considered as well for 300K,

and are extracted from [33]. Table 3-6 presents the material properties used:

Table 3-6. Material Properties for FFL000R171E4 Power Module

Layer Material Specific Heat Thermal Mass Density
Capacity Conductivity [Kg/m?]
[J/Kg*K] [W/m*K]
IGBT Al 950 250 2700
Metallisation
Diode Al 950 250 2700
Metallisation
IGBT Chip Si 790 83.6 2329
Diode Chip Si 790 83.6 2329
IGBT Solder Sn,Zn,Ag 260 78 7400
Diode Solder Sn,Zn,Ag 260 78 7400
DCB Cu 397 386 8960
Ceramic Bed Al,O3 880 18 3690
DCB Cu 397 386 8960
Solder SnyZn,Ag 260 78 7400
Baseplate Cu 397 386 8960
Thermal Paste - - 16 -
Heat-Sink Al 950 250 2700
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Layer dimensions are acquired from the Department of Physics and Nanotechnology, and
can be found in [28]. The thermal resistance and capacitance are calculated using these dimensions,
as it follows:

h .
LsWxk’

(3.4)

Cin =c*pxLxW xh(3.5);

Where K is the thermal conductivity, c is the specific heat capacity, p is the mass density of
the material and L, W and h are the physical dimensions as illustrated in Figure 3-17. The specific
values are depicted in Table 3-7.

Ry =

Heat Flow Direction

w
Figure 3-17. Heat Flow Representation through a Material

Table 3-7. Physical Dimensions of Constructive Layers of FF1000R171P4 Power Module

Layer Length Width Height Area Volume
[mm] [mm] [mm] [mm?] [mm®]
IGBT Metallisation 13.6 13.6 4*10°3 184.96 0.74
Diode Metallisation 12.7 12.7 4*10° 161.29 0.645
IGBT Chip 13.6 13.6 0.3 184.96 55.49
Diode Chip 12.7 12.7 0.3 161.29 48.39
IGBT Solder 13.6 13.6 0.05 184.96 9.25
Diode Solder 12.7 12.7 0.05 161.29 8.0645
DCB Group 1 CG CG 0.3 954.51 286.353
DCB Group 2 CG CG 0.3 667.86 200.358
Ceramic Bed 53 39 0.7 2067 1446.9
DCB 51 37 0.3 1887 566.1
Solder 51 37 0.1 1887 188.7
Baseplate 250 89 3 22250 66750
Thermal Paste 250 89 - 22250 -
Heat-Sink 400 300 30 12*10° 3.6*10°

Calculating equations (3.4) and (3.5) for metallization layer of IGBT chip results:

R, — h 4+107°
th ™ Lawsc ~ 13.6¥10~3%13.6+10~3%250

=86.5+107° [/, ];
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Cop=cxp*LxWxh=950%2700*13.6 * 13.6 x 4 x 1072 = 1.8725 « 10-3[]/K].

The same calculus has been carried out for all involved layers. The resulting values are

depicted in Table 3-8.

Table 3-8. Calculated Thermal Resistances and Capacitances for FF1000R171P4 layers

Layer Thermal Thermal
Capacitance [J/K] | Resistance [K/W]

IGBT Metallisation 1.8725*10° 86.5*10°
Diode Metallisation 1.654*1073 99.2*10°
IGBT Chip 102.097*10°° 19.4*107°
Diode Chip 89.033*10° 22.25*10°
IGBT Solder 17.797*10° 3.466*107
Diode Solder 15.516*10° 3.974*10°°
DCB 2.013686 4.12*10™
Ceramic Bed 4.698374 18.8*10°°
DCB 2.013686 4.12*10™
Solder 0.363059 6.79*10™
Baseplate 237.43776 5.39%10™

Thermal Paste - 1*10*

Heat-Sink 9234 1*10°

3.4. THERMOELECTRIC MODELLING OF THE DUT

As the device studied is used in a braking chopper, there is no need to model switching
losses. The I-V characteristics during conduction are modelled as given in the datasheet of the
FF1400R171P4 power module (Figure 3-18). Table 3-9 presents the explicit data inputted in the
look-up table. These represent the source for heat-flow input of the thermal model.
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Figure 3-18. I-V Characteristics of FF1400R171P4 IGBT

Table 3-9. Output Characteristic of the FF1400R171P4 IGBT - Look-Up Table Data

2800

0OA | 200A | 400A | 600A | 800A | 1000A | 1200A | 1400A | 1600A | 1800A | 2000A
25° 08V |12V |142V |16V | 175V | 184V |1.96V | 2.1V | 221V |2.33V | 2.44V
125° | 0.6V | 1.05V |14V |16V |18V |195V | 215V |2.28V | 242V |255V | 2.7V
150° | 0.6V | 1.05V |14V |16V |18V |195V | 215V | 228V | 242V | 255V | 2.7V

Because of the interest to study more aspects of the heat transfer inside a power module, but
also to have increased accuracy with the model, the DUT has been modelled as a thermal RC ladder
network, taking into consideration constructive dimensions and physical characteristics of the

materials used.

The layer thicknesses are similar to those of FF1000R171E4 power module, but the chips
have a different geometry. The dimensions were determined by direct measurement. The
construction of the power module is illustrated in Figure 3-19. Table 3-10 presents the measurement
results for each constructive layer.

Table 3-10. Physical Dimensions of Constructive Layers of FF1400R171P4 Power Module

Layer Length Width Height Area Volume
[mm] [mm] [mm] [mm?’] [mm]
IGBT Metallisation 15.64 7.15 4*107° 111.83 0.447
Diode Metallisation 16.25 8.1 4*10° 131.625 0.5265
IGBT Chip 17.38 8.45 0.3 146.861 44.06
Diode Chip 18.85 9.27 0.3 174.74 52.422
IGBT Solder 17.38 8.45 0.05 146.861 7.343
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Diode Solder 18.85 9.27 0.05 174.74 8.737
DCB Group 1 CG CG 0.3 954.51 286.353
DCB Group 2 CG CG 0.3 667.86 200.358
Ceramic Bed 53 43.56 0.7 2309.2 1616.465
DCB 51 415 0.3 2116.5 634.95
Solder 51 415 0.1 2116.5 211.65
Baseplate 250 89 3 22250 66750
Thermal Paste 250 89 - 22250 -
Heat-Sink 400 300 30 12*10* 3.6*10°

It can be noted that the IGBT chips are smaller, but doubled. This construction favours a
reduced influence over the current flow through a chip, in case of single chip failures.
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Figure 3-19. FF1400R171P4 Open Module
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Figure 3-20 illustrates a section of the thermal chain. It can be observed that the exact
thermal paths are recreated, with only two limitations: the path through air / silicone gel is
considered of infinite resistance, and the path through the baseplate between the chips is considered
of zero resistance. This is done in order to keep within the model the main heat flow path, to the
heat-sink, unharmed. The sequence 1-4 is repeated 12 times, as there are 12 chip pairs in the
module, six for each IGBT/diode.

Er L
i I 1 I

|_|
H+
H+

I I 3 I T T
I I I
s = I [ {1
. L L L
. L1 L . L
I T T4

Figure 3-20. Thermal model of Device Under Test

In Figure 3-20, the marked RC components represent the layers as following:
- 1-Upper IGBT Network 1;

- 2—Upper IGBT Network 2;

- 3 —Upper Diode Network;

- 4 —Lower IGBT and Diode.

The values for thermal resistances and capacitances are calculated in the same manner
presented in section 3.3. The chips may be considered to be pure silicon, as the impurities represent
a very small part and do not have a considerable impact on material properties.

Material properties (specific heat capacity and thermal conductivity) are reminded in Table
3-11:
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Table 3-11. Material Properties for FF1400R171P4 Power Module

Layer Material Specific Heat Thermal Mass Density
Capacity Conductivity [Kg/m®]
[J/Kg*K] [W/m*K]
IGBT Al 950 250 2700
Metallisation
Diode Al 950 250 2700
Metallisation
IGBT Chip Si 790 83.6 2329
Diode Chip Si 790 83.6 2329
IGBT Solder Sn,Zn,Ag 260 78 7400
Diode Solder Sn,Zn,Ag 260 78 7400
DCB Cu 397 386 8960
Ceramic Bed Al,O3 880 18 3690
DCB Cu 397 386 8960
Solder SnyZn,Ag 260 78 7400
Baseplate Cu 397 386 8960
Thermal Paste - - 16 -
Heat-Sink Al 950 250 2700

The thermal parameters, calculated using equations (3.4) and (3.5), are depicted in Table
3-12.

Table 3-12. Calculated Thermal Resistances and Capacitances for FF1400R171P4 layers

Layer Thermal Capacitance [J/K] | Thermal Resistance [K/W]
IGBT Metallisation 1.1465*107 143.074*10°®
Diode Metallisation 1.35*10° 121.557*10°°
IGBT Chip 81.066*10° 24.435%10°
Diode Chip 96.452*10° 20.536*10°
IGBT Solder 14.128*10° 4.365*10
Diode Solder 16.81*10° 3.6685*10™°
DCB Group 1 1.0186 8.142*10™
DCB Group 2 0.7127 11.6372*10™
Thermal Coupling of Groups - 1.5
Ceramic Bed 5.249 16.84*1073
DCB 2.2586 3.67*10"
Solder 0.363059 6.79*10™
Baseplate 237.43776 5.39*10"
Thermal Paste - 1*10™
Heat-Sink 9234 1*10°
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3.5. SIMULATION RESULTS

The above described model was used to estimate chip temperature variations in different
scenarios. It is of great interest to know for how long the IGBT can surge currents, for different
current values and different ambient temperatures. As the braking chopper has no temperature
control, it is necessary to understand its capabilities during FRT for different conditions that may
appear inside a nacelle.

The first step is to observe the correlation between the instantaneous current through the
DUT and forward voltage drop. Figure 3-21 depicts this variation for 2500 [A] collector current. It
can be observed that, although the current stabilizes very fast, the forward voltage drop keeps
getting bigger. This is due to its dependency to chip temperature. If comparing the values with those
of Appendix 4 it can be observed that the forward voltage drop defined in the datasheet is the same
for 2500 [A]. It can be concluded that the dynamic Vcg was implemented and scaled correctly and
took into consideration all influential factors.
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80-

5]
o 60—
L]
a

40—

20-

4 DUT Collector-Emitter Voltage Drop
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3000- DUT Collector Current
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1500+
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1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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Figure 3-21. Junction Temperature and Forward Voltage Drop on the DUT, with respect to Collector Current

The temperature variation on control IGBTs and DUT is illustrated in Figure 3-22. It can be
observed that the temperature on the 1400 [A] IGBT has a slower growth in the beginning, but
reaches higher temperature, approximately 150 [°C]. The slower rise is caused by bigger thermal
capacitances, but taking full load makes the DUT heat up more than the control IGBTS.
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Figure 3-22. Junction Temperature Variation for DUT and Control IGBTSs

The heat flow within the IGBT can be observed in Figure 3-23. In the upper graphic, the
blue line represents the junction temperature of the active IGBT chip, while the red line is the
junction temperature of its associated diode. The lower graph depicts the junction temperature for
both IGBT and Diode that are inactive. There is no temperature difference between these two chips
because the best path for heat flow is through the baseplate. The heating of inactive branch is also
slower because practically the chips are heated by the baseplate, with added delays because the
capacitances of all constructive layers.

There can also be remarked that the diode temperature remains considerably lower, as it is
not used for freewheeling, and the only source of heat is the heat flow from the IGBT chip. It
reaches a temperature of 90 [°C] only by this. The much shorter thermal path is reflected by the
temperature difference between diode from active side and components from inactive side. The
heat-up difference is of approximately 60 [°C].

64|Page



Thermal Modelling
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Figure 3-23. Junction Temperatures on Chips of the Power Module

After verifying the functionality of the model, it was of great interest to establish a
correlation between the measurable parameters — forward voltage drop and collector current — and
the junction temperature, as representing the parameter that needs to be estimated. Figure 3-24
depicts their variation in the conditions of 2500 [A] forward current and 21 [°C] ambient
temperature.
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Figure 3-24. Temperature Variation of the DUT Chip with respect to Forward Voltage Drop and Collector
Current

As these variations show, there is no simple linear relationship between the three involved
parameters. Therefore, a more complex approach is considered.

A first step is to correct the input values from the linear range of the output characteristic, in
order to fit a straight line (1* order polynomial). By taking the last seven values of V¢, the results
obtained are presented in Figure 3-25 — for 25 [°C], Figure 3-26 — for 125 [°C] and Figure 3-27 for
150 [°C].

It can be observed that the corrections applied are relatively small. Another advantage of the
line fitting is that it allows reading the offset value of the line, if extended to 0 [A]. These values
are: V= 0.995 [V] for 25 [°C], V1 = 0.815 [V] for 125 [°C] and V14 = 0.76 [V] for 150 [°C].
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Linear model Poly1:
flx) =p1¥x +p2
where xis normalized by mean 2200 and std 432
Coefficients (with 95% confidence bounds):
pi=  0.231 (0.2089,0.2633)
pl= 218 (2171,2.221)

Goodness of fit:

S35E: 0.003357

R-square: 0.9901
Adjusted R-square: 03881
RMSE: 0.02591
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Figure 3-25. Curve Fitting of V¢ for 25 [C]

Linear model Poly1:

f(x) = pl¥ +p2

where x is normalized by mean 2200 and std 432
Coeffidents (with 95% confidence bounds):

pl= 0.3912 (0.3657, 0.4166)

pl= 1806 (2782, 2.829)

Goodness of fit:

55E: 0.002938

R-square: 0,9958
Adjusted R-square: 0.9962
RMSE: 0.02425
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Figure 3-26. Curve Fitting of Ve for 125 [C]
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Figure 3-27. Curve Fitting of Ve for 150 [C]
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Another important parameter extracted is the slope of the curves. They are as following:
Mase = 5.47%10™ [V/A];
Miase = 9.23*10 [V/A];
Mise- = 1.017*10° [V/A].

It is necessary to analyse if the variation of the slope and threshold of the linearized output
characteristic can be correlated to the temperature variation. It can be easily observed that the slope
changes almost linear with the temperature, with a factor of 0.94 [mV/A] / 25 [°C].

The same thing can be said about the threshold value of the linearized characteristics. It can
be estimated with good degree of confidence that the threshold decreases with 0.05 [V] for each 25
[°C] increase, having as a beginning point the value of 1 [V] for 25 [°C].

Under these conditions, the three characteristics intersect at the collector current value of
531.915 [A]. The collector-emitter voltage drop for this current is 1.291 [V].

Using the presented information, the logic described in the following is applied to estimate a
junction temperature, having as inputs the current and voltage drop. Considering that at a certain
collector current, the same voltage drop is inflicted, independent of the temperature, it can be said
that:

I¢c—531.915 .
—_— mTo’

Vce—1.291
Ic—531.915 i
Vo 1291 Mase,
VcE 25—1.291

The difference between the slope of the active Ve and the slope for Ve at 25 [°C] can be
subjected to the correction factor of 0.94 [mV/A]/[°C]. A temperature correction results from the
calculus, which will be added to the 25 [°C] that were initially considered.

The implementation in PLECS is presented in Figure 3-28. Figure 3-29 presents simulation
results as comparison between measured and calculated junction temperature. It can be remarked
that the difference is of 1.5 [°C], in a precautionary manner. Therefore it can be concluded that a
relationship between forward voltage drop and junction temperature has been successfully
established using this model.

slope 25
current thl

Figure 3-28. Implementation of Junction Temperature Calculation
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Figure 3-29. Measured T, vs. Calculated T,— Comparison

The simulations were repeated for the ambient temperature of 90 [°C], because the
behaviour in different conditions is of interest, as it is not known the given ambient temperature in
which the braking chopper will work. Figure 3-30 depicts the comparison between the junction
temperatures of the DUT and control IGBTSs. It can be observed that the simulation has been
stopped when the temperature on the DUT reached the maximum allowed limit (165 [°C]). This is
due to the control implemented, that turns off the control IGBTSs in order to avoid destruction of the
DUT.

The functionality of the temperature estimator has proven to be better in this case, having
the estimated value with 1 [°C] higher than “measured”. This is mainly due to the fact that the
estimator is constructed using the values for high currents, because the consideration was to have a
better accuracy near the maximum allowable temperature. Figure 3-31 depicts this scenario, where
the red line depicts the calculated value, and the blue line refers to the measureable temperature.

Some estimation errors may be observed when the system switches off and while the DUT
is not conducting current. These may be avoided by filtering the signal through slope limiters, by
keeping the allowed slope below a maximum finite number and bigger than zero.
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Figure 3-30. Junction Temperature Comparison for T aus = 90 [°C]
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Figure 3-31. Junction Temperature Estimator Functionality for Tavg = 90 [°C]
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4. CONCLUSIONS

4.1. SUMMARY

This research project is focused on the thermal modelling of braking chopper IGBTSs used to
control the DC link voltage in wind turbine converters, with the purpose of realizing a temperature
estimator for transient operation, which can be used as protection against destruction of power
modules.

In order to fulfil the task, the process of carrying out this project and thesis report was
divided into several tasks.

In the first chapter, general aspects justifying the use of braking choppers were presented.
The wind energy trends and grid connection requirements were highlighted, in order to underline
the importance of the Vpc control. The chapter contained the problem statement and defining of
objectives, and ended with an overview on failure mechanisms in power modules and an overview
of thermal modelling techniques.

The second chapter was dedicated to the design procedure for a test setup for single pulse
short circuit testing of IGBT power modules. The system dimensioning and equipment choosing
was presented in the first part. The chapter ended with a presentation of a Control PCB, designed
especially for the dimensioned setup.

The third chapter dealt with the thermoelectric modelling of IGBT power modules for
transient operation. In the beginning, general characteristics of the device were presented as a
starting point and necessary background for loss modelling and temperature estimation. The chapter
then described the models realized for the two different power modules presented in the previous
chapter. The chapter ended with a presentation of edifying simulation results for the presented
models.

4.2. OBJECTIVE FULFILMENT

The main objective of the project was to create a dynamic thermoelectric simulation model
for the FF1400R171P4 IGBT power module that simulates the operating conditions of a braking
chopper for wind turbines. A complex ladder diagram that takes into consideration exact
dimensions of layers, materials and heat flow paths through the power module was realized and
presented. Its accuracy is validated through comparison with the foster network given in the
datasheet of the transistor. The model is also extended to implement the dynamic voltage drop of
the involved components.

Using the presented model, a simple and accurate estimator for junction temperature has
been configured. The use of it is justified by its need of only electrical parameters as input, in order
to estimate the instantaneous junction temperature of the analyzed device.

A test setup for single pulse short circuit testing of power modules was designed and
presented. The setup has the quality of being self-controlled, based on a monostable and fault
protection circuits.

The comparison between simulation results and measurements has not been presented due to
the fact that the setup construction was not finished until publishing date of the report.
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4.3. FUTURE WORK

The project presented in this report opens attractive directions for continuing this study. At
first it should be stated that this thesis was focused on developing a novel thermal model that takes
into consideration reciprocal influence of electric and thermal parameters, with the use of limited
capability software. Therefore, improvements can be made to the presented models, to depict better
the heat flow through a power module and reach a better accuracy.

A second work direction that can be stated is the building of a demonstrator, in order to
study the accuracy of the presented models. For this, the second chapter of the thesis stands as a
significant guideline, as it presents the complete dimensioning of such a test setup.

Another interesting research direction opened by this thesis is the transient thermal analysis
of power modules that work under fast switching frequency and different load profiles. This is
attractive especially in the perspective of extending the model with degradation models, and realize
lifetime expectancy of devices subjected to stress.

Under the perspective of introduction of compact redundancy using temperature estimators
to rebuff the use of a power module right before its destruction, the implementation of the
estimators in control logic is wanted in the near future.

Estimators based on 2™ or bigger order curve fitting could be studied for a better accuracy.

Page |73



Thermoelectric Modeling of IGBT Modules for Transient Operation

WORKS CITED

[1]

[2]

[3]
[4]
[5]
[6]
[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

Elkraft System, "Regulation TF 3.2.5: Wind Turbines Connected to Grids with Voltages
above 100 kV - Technical regulation for the properties and regulation of the wind turbines,”
Danish Energy Authority, 2004.

J. Lutz, H. Schlangenotto, U. Scheuermann and R. De Doncker, Semiconductor Power
Devices - Physics, Characteristics, Reliability, Springer-Verlag Berlin Heidelberg, 2011.

European Wind Energy Association, "Thirty years growing together,” 2011.

European Wind Energy Association, "Creating the Internal Energy Market in Europe,” 2012.
European Wind Energy Association, "Wind in Power - 2011 European Statistics," 2011.
European Wind Energy Association, "Wind Energy Factsheets".

Vestas AJS, "V164-8.0MW Product Brochure,”
C\t/t/p://nozebra.ipapercms.dk/Vestas/Communication/Productbrochure/V16480MW/V16480M

R. Teodorescu, M. Liserre and P. Rodriguez, Grid Converters for Photovoltaic and Wind
Power Systems, John Wiley and Sons, 2011.

M. Atin, O. Goksu, R. Teodorescu, P. Rodriguez, B. Jensen and L. Helle, "Overview of
Recent Grid Codes for Wind Power Integration,” in 12th International Converence on
Optimization of Electrical and Electronic Equipment (OPTIM), pp. 1152 - 1160, 2010.

E. N. o. T. S. O. f. Electricity, "Requirements for Grid Connection Applicable to All
Generators," ENTSO-E, www.entsoe.eu, 2013.

C. Busca, "Modeling Lifetime of High Power IGBTs in Wind Power Applications - An
Overview," in IEEE International Symposium on Industrial Electronics (ISIE), 2011.

Transpower, "www.nerc.com," February 2009. [Online]. Available:
http://www.nerc.com/docs/pc/ivgtf/GEN-FRT-Stagel-Lit-review%20(2-
4Task%20Force).pdf. [Accessed May 2013].

M. Ciappa, "Selected Failure Mechanisms of Modern Power Modules," Microelectronics
Reliability, vol. 42, no. 1, pp. 653 - 667, 2002.

L. Zhou and S. Zhou, "Effects of Wire-Bond Lift-Off on Gate Circuit of IGBT Power
Modules,” in IEEE International Power Electronics and Motion Control (EPE-PEMC), 2010.

74|Page



Works Cited

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

F. W. Fuchs, "Some Diagnosis Methods for Voltage Source Inverters in Variable Speed
Drives with Induction Machines - A Survey," in IEEE Annual Conference of the Industrial
Electronics Society (IECON), 2003.

R. Nielsen, J. Due and S. Munk-Nielsen, "Innovative Measuring System for Wear-Out
Indication of High Power IGBT Modules,"” in IEEE Energy Conversion Congress and
Exposition (ECCE), 2011.

K. N. Meyyappan, "Ph.D. Thesis - Failure Prediction of Wire Bonds Due to Flexure,"
Department of Mechanical Engineering, University of Maryland, 2004.

M. Zhai and M. Guo, "Effect of High Temperature Solder Void on Heat Dissipation
Performance of Smart Power Module," in International Conference on Electronics and
Optoelectronics (ICEOE), IEEE, 2011.

E. Kostandyan and J. Serensen, "Reliability Assessment of Solder Joints in Power Electronic
Modules by Crack Damage Model for Wind Turbine Applications,” Energies, vol. 4, pp.
2236 - 2248, 2011.

T. Adams, Acoustically Mapping IGBT Module Solder Thickness, Power Electronics
Technology Magazine: www.powerelectronics.com, 2012.

M. Ciappa and P. Malberti, "Plastic-Strain of Aluminium Interconnections During Pulsed
Operation of IGBT Multichip Modules,” Quality and Reliability Engineering, vol. 12, pp.
297-303, 1996.

N. Mohan, T. Undeland and W. Robbins, Power Electronics - Converters, Applications and
Design, 2nd Ed., Wiley & Sons, 2003.

M. Rashid, Power Electronics Handbook, Academic Press, 2001.
Plexim GMBH, "PLECS Help," www.plexim.com.

R. Pittini, S. D'Arco, M. Hernes and A. Petterteig, "Thermal Stress Analysis of IGBT
Modules in VSCs for PMSG in Large Offshore Wind Energy Conversion Systems,"”
Norwegian University of Science and Technology (NTNU) and SINTEF Energy Research,
Trondheim, Norway, 2012.

D. Berning, J. Reichl, A. Hefner, M. Hernandez, C. Ellenwood and J. S. Lai, "High Speed
IGBT Module Transient Thermal Response Measurements,” in Conference Record of the
Industry Applications Conference (IAS) 38th Annual Meeting, vol. 3, pp. 1826 - 1832, 2003.

0. S. Senturk, S. Munk-Nielsen, R. Teodorescu, L. Helle and P. Rodriguez, "Electro-thermal
Modeling for Junction Temperature Cycling-Based Lifetime Prediction of a Press-Pack IGBT
3L-NPC-VSC Applied to Large Wind Turbines," in IEEE Energy Conversion Congress and
Expozition (ECCE), pp. 568 - 575, 2011.

K. Pedersen and K. Pedersen, "Bond wire lift-off in IGBT modules due to thermomechanical
induced stress,” in IEEE International Symposium on Power Electronics for Distributed

Page |75



Thermoelectric Modeling of IGBT Modules for Transient Operation

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Generation Systems (PEDG), 2012.

A. R. Hefner and D. L. Blackburn, "Simulating the Dynamic Electro-Thermal Behavior of
Power Electronic Circuits and Systems,” in Computers in Power Electronics, 1992., IEEE
Workshop on, Berkeley, CA, USA, 1992.

R. Hocine, S. Pulko, A. Boudghene Stambouli and A. Saidane, "TLM Method for Thermal
Investigation of IGBT Modules in PWM Mode," Microelectronic Engineering, vol. 86, pp.
2053 - 2062, 20009.

Y. Wu, K. Lin and B. Salam, "Specific Heat Capacities of Sn-Zn based Solders and Sn-Ag-
Cu solders Measured Using Differential Scanning Calorimetry,” Journal of Electronic
Materials, vol. 38, no. 2, 2009.

"The Engineering Toolbox," [Online]. Available: www.engineeringtoolbox.com.

K. Bonderup Pedersen, P. Kjar Kristensen, V. Popok and K. Pedersen, "Micro-Sectioning
approach for Quality and Reliability Assessment of Wire Bonding Interfaces in IGBT
Modules," IEEE, 2013.

S. Faulstich, P. Lyding and B. Hahn, "Electrical subassemblies of wind turbines — a
substantial risk for the availability," Fraunhofer Institute for Wind Energy and Energy System
Technology, Kassel, Germany.

P. J. Tavner, J. Xiang and F. Spinato, "Reliability Analysis for Wind Turbines,” Wiley
Interscience, 2006.

I. F. Kovacevic, U. Drofenik and J. W. Kolar, "New Physical Model for Lifetime Estimation
of Power Modules," in IEEE International Power Electronics Conference (IPEC), 2010.

R. Bayerer, T. Hermann, T. Licht, J. Lutz and M. Feller, "Model for power cycling lifetime of
IGBT modules — various factors influencing lifetime,” in International Converence on
Integrated Power Electronics Systems (CIPS), Nuremberg, Germany, 2008.

D. Kastha and B. K. Bose, "Investigation of Fault Modes of VVoltage Mode Inverter System
for Induction Motor," IEEE Transactions on Industrial Applications, vol. 30, no. July, pp.
1028 - 1037, August 1994,

B. Lu and S. Sharma, "A Survey of IGBT Fault Diagnostic Methods for Three-Phase Power
Instruments,” in International Conference on Condition Monitoring and Diagnosis, Beijing,
2008.

K. Rothenhagen and F. W. Fuchs, "Performance of Diagnosis Methods for IGBT Open
Circuit Faults in Three Phase Voltage Source Inverters for AC Variable Speed Drives,” in
European Conference on Power Electronics and Applications, 2005.

A. M. S. Mendes, A. J. Marques Cardoso and E. S. Saraiva, "Voltage Source Inverter Fault
Diagnosis in Variable Speed AC Drives by Park's Vector Approach,” in Power Electronics

76 |Page



Works Cited

and Variable Speed Drives, 1998.

[42] K. Rothenhagen and F. W. Fuchs, "Performance of Diagnosis Methods for IGBT Open
Circuit Faults in Voltage Source Active Rectifiers,” in IEEE Power Electronics Specialists
Conference, 2004.

Page |77



Thermoelectric Modeling of IGBT Modules for Transient Operation

APPENDIX 1
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Load 2 =:1.8 Assembly =:1 Case =:8 Criterion =:2
CIRCUIT: -
» > 25. U
> >
» > 1508 A
u
A
u
A
408, U A
u
A
u
A
u
A
u
A
u
A
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B1-28-2013-12:62:54 CORE » BOBEIN » STEEL -~ CASE Page 2
Hame t3HUL 248c-140 LE
Steel ‘HE 9.814" =» H111-8.35Am #.35
IntE4+ adBtnqd F o { Weight gr: 125675
T Gap total cm:0.068
E # G & & A=L imb cm:B .08
+ B-Width cm:B .08
C-Height cm:24 .00
C D=5tack cm:1i4 .68
E-Yoke 1 cm:B .08
1- F-Yoke 2 cm:B .08
& & & G-Hole cm:1 496
L Fadiator Fin 0
with two bobbins Radiator Chan. :0
I az i L al cm:8.96
T aZ cm:15. 68
di cm 14 B8
| S|P 3 d2 cm 23 .44
1 cm:ZZ . 48
& 1p cm:
al di Is c
I‘ ' I- .I Hargin cm:0 .68
¥= Length 1 cm:
¥= Width 1 cm:
2= Height 1 cm:
W= 2 cm:
y= Width 2 cm:
z- Height 2 cm:
w= Thickness cm:
Haterial H
Fotted :
Tup |Turns |(HTI| DH | DN [Par | Tsos | Wos | WAL)| L | [oL| L/E| e ight | RUH
HH FiF B p gr “
1| 5 |81. CBa|58.0|98.0|6 2.5 |25 |83 |5.8 300 | 11094 . |52.
2
3
4
5
[
7
a8
1| 51 |4.8 Cea|se.0|98.0(144 |2.5 |2.5 |83 |6.9). . 16113. |e8.
2
3
4
5
[
7
8
TOTAL 81625 113
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IBl-ﬂ!—EﬂJﬂ#lE 'BZ 54 General Data Seite 3

MOMINAL OFERATION at Temperature *C 114.7 and Ouesruoltage 1.08

Dutput Power on Load W:38189 Output Power of Transfor. U:42558
Cu Losses W:i9E.4 Fe-Losses act iue W:185.8
Short-Circuit-VUolt. cold x:14.13 Regulation A7 .68

Imstantansous pow. 5958 WoBLZZV Eff iciency of Tramsforper <198
dT Fe average Surface “K:75.7 dT primary “KiTE.
dT Gehause au. Surface  "K:. T2

B8.837] 0.8388 338.80
B.33 ¥ B.34 = Fa.v
1
11.1Z2 @
488. U 1582 & § ZBEE? R
ma 13586 f
5.543 nF
35.97 A |
i
iBa.v = 1. 826T
DUTY CYCLE OFERATION at fwb.Tenperature *C 90, and Dueruvolta 1.0@
dT Fe average Surface “K:75.7 dT primary "K:TE.5
dT Gehause au. Surface  "K:o. dT secondary "H:T3.
NO LOAD OPERATION at fAmb.Tenperature "C 40, and ODueruoltage 1.8
Losses act ive Vo106 .5 Losses react fus UAr : 96 . B4
Current Factor #:1. Induct ban T:1.823
dT Fe average Surface “K:50.7 dT primary R0, 4
AT Gehbuse au. Surface  “K:. Rezonance §requency EHz:1.3
SHORT-CIRCUIT OPERATION at fwb.Temperature °C 48. and Ouervoltage 1.08
Losses act iue W:38168 Losses: react ue UAr: 4385.
Current Factor cold AITET.? Induct an T: .487
dT Fe average Surface  “K:T7220. dT primary "R:923T.
dT Case aver. Surface “K:. dT secondary “R:4ETS.
|FRIMARY (Tap:1 b] - Z2eeee F—oom demem G B———= V==== B-———-

Uoltage Input-Dutput U:400.
Dut. Uoltage no load U:
Curpert Input-Dutput A:35.97
Load en output i
Power factor of load

Current in segrent A35.97
Current dencity "2:1.22
Iee-Current cold A:Z5%.5
Io =Current AcB_36
I'mrush Current peak “R:SET .1
Imrush Current rms  ACZI7.T
Cu-Losses W48,
Res fstance cold & .BZ55
Reactance fi: 8383
Eddy-Current Factor :1.85
SECONDARY 1— Z—— F— &¥—— 55— b—— T— B
Dutput Usnltage TE-L -
Dutput Current A:1531.
Dut. Usltage no load W Z5 . BE
Sec . Uoltage w:19. .82
Sec . Current A:TZ3.8
Current dencity A-mn"Z:1.02
Sec. Uoltage cold w:13.7
Load on output i BEv
Fower factor of load :1.DB8
e cold AS1S1.
Cu-Losses warm W:48. 48
Res istance cold §&:.BBB1
Reactance fi:.eppL
Eddu-Current Factor 1 85
Capacitar mF: .
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APPENDIX 2

D1obeE POWER MODULE DATASHEET

N | =t |Datenblatt / Data sheet BEUDEC
Metz-Dioden-Modul
Rectifier Diode Module D D 540”
DDS40M
Elskirizche Elgenscharten | Elecirical propartiss
Hichstrulassige Werte / Maximum rabed vales
Pariodischs SpizERsperEpannung T = A0 T roum Wrersa =000 LAV
repetitive peak reverse voltages 2400 2600 v
SAnEspitTEREDETEDEN NG Ty=435"C . Tymm Vs 2100 3001w
ror-repetitve peak reverse wollage : : 2500 Iroagw
Dusrchialkstmom-Grenzemeiihnawert 1, ) 900 | A
maximum RMS on-state cument
Diauerprenzstrom Te = 100°C Tracna sS40 A
awerage on-state cument T = 05°C ST3|A
Sipistrom-Grenzaert Tyg=25"C. = 10ms Irau 16.500 | A
surge curmant Ty = Tjmae. tp= 10 M5 14.000 | A
Crrenziastintegral Tg=25"C. = 10ms Pt 1.360.000 | A%
F-value Ta = Tymae. == 10ms 5&0.000 | A%s
Charakieristische Wene | Chaaciesistic values —
DwurchiaRspannung T ™ Toomae . Ip = 17DD A Vi T 145|V
or-state voitage
Schieusenspannung T = Tugmae Voo %] )
trnesholkd voitage
Emsatrmicerstand T ™ T = 031 | md
slope resistance
Spermsiom T ™ Togomme . ¥ ™ Wremma I M 40 | mas
reverse clament
Isolations-Prifsparnung RMS, T=S0Hz t=15ac Wizce ] T
Insulation test voitage RMS, T= 50 Hz, t= 1 min 30| kv
Thermischs Elpsnechaften § Thenmal proparties
IFFIerer Wamm eswitersiand pro Modul £ par Module, 2 = 1607 5in | Reuc mac 00350 | "CAY
thamal resistance, junciion o case pro 2wl { per amm, & = 1507 sin max. 0,0780 | "CAvV
pro Modul / per Module, DC ma. 00373 | A
pro Zwelg { per amm, DG max 00745 | "Cav
Obergangs-Wamewiderstand pro Modul / pear Module Raa a3 0,01 | "CAv
themal resistance. case to heatsink pro Zwedq | per anmm miae. 0,02 | “Cav
HOchszuassige Spemschichtemperatur Toimme 10|~
madmum junction temperatune
Bainehstamperatur Teas -d0._+150|"C
operating tem perature
Lagertemperatur Tug -40. #1501
shorage temperature
prepared by: | C. Driling date of pubiication: | D5.05.03
approved by: | ML Leifeid rewishon 1
BIF AC / 95-04-21, K_-A. Riither A109/85 Seite/page 1
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N | =+ |Datenblatt/Data sheet

Metz-Dicden-Modul
Rectifier Diode Module

DD540N

Mechanlzche Elgenschafion | Mechanical propertios

Gehause, slehe Anlage
C358, 528 aMex

Selfe 3
page 3

SiElement mit Dnackkontakt
Sipeliat with pressure contact

Innese Isolation
Intemal Insulation

AN

Anzugsdrehmoment T0r mechanische Anschilsss
mounting torque

Toleranz £15%

)]

Hm

Anzugsdrehmaoment TOr elekinsche Anschidsse
berminal connection nngue

Toleranz +10%

Hm

Gewlcht
waight

typ. 1500

Krechsirecke
creepage distance

19

mim

Soimingfestigrett
vibrafion resistanca

A\

E 83336

BIF AC ! 85-04-21, K_-AL Rither

A109/05

Seitelpage
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N | f=+{= |Datenblatt/Data sheet| BUABL

Rectiner Diode Modue DD540N
[T l H
mewng depth
mz 180
Lp— . . ,
J ; - ; | ;
. T tH
, |
Ak ! Iil I=
A
] n
SJT /f ~ o —
TTedtre b 11l
. | ,
¢ i 3 &
M
1k
164 1]
1 3
T | | T
[™~] ™1
DD
BIF AC f 05-04-21, K_-A. Rither A109/85 Seitelpage 39
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ERE

Datenblatt / Data sheet

MHetz-Dioden-Modul

Rectifier Dicde Module

DD540N

Analytische Elemente des transienten Warmewiderstandes & g fir DC

Analytical elements of transient thermal impedance Z g for DC

Pos. n 1 2 3 4 5 7
R [FCN] 0,00184 0.00584 001485 0,0254 0,0267
Tofs] 0, 000732 0.00824 0.108 0.57 3
n
= -t
Analytische Funktion / Analycal funclion: Zouc = 2, Ry [1 -e ‘«]
=1
010 o=
rec 80
L rec120°
= rec1B0*
0,08 —F T sin180°
,.r"f .n""-:'i.ﬂ"" I:c
g‘ ’r",.-’f'::";
5 s
£, 0.00 AT
e A
J Dl 75t
.04 __,r"' _‘.-r".f
. £ i
e
=] ol .‘W
L~ T
0,02 P A e
1]
.--""-r.-.-
—
0,00
0,001 0,01 0.1 t[s] 1 10 100

Transienter innerer Warmewiderstand je Zweig ! Transient thermal impedance per arm e = f{t)

Parameter: Stromflulwinks! S 1 Corent conduction angle S

BIF AC f05-04-21, K_-A. Rither

A109'B5

Seite/page
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N | = |Datenblatt/Data sheet| gUABLC

Rentir Diode Module DD540N

Matifiche Kihkmng ! Matural cooling
1 Modul pro Kihler F 1 maodule per heatsink
Kihler { Heatsink type: KM17 {160W)

Analytische Elemente des transienten Warmewiderstandes Z gea
Analytical elements of transient thermal impedance Z ges

Pos.n 1 2 3 4 5 8 7
Rea["CW] | 0,00872 0.0537 0,538
Tals] 217 224 1130

Verstarkte Kihlung / Forced cooling
1 Modul pro Kihler / 1 module per heatsink
Kihler | Heatsink type: KM17 (Papst 4550)

Analytische Elemente des transienten Warmewiderstandes Z sea
Analytical elements of transient thermal impedance Z sca

Pos.n 1 2 3 4 5 & 7
Riew [PCW] 00084 0,0566 0.188
Tals] 41 247 205
n"-.
=
Analytische Funktion / Analytical function: Zyca = 2, Rim [1 -e® J
=1
BIP AC / 95-04-21, K.-A. Rilther A10/05 Seitelpage | 508
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N | +{=t |Datenblatt/Data sheet| BLOBC
Metz-Dioden-Modul
Rectifier Diode Module D D 540”
1004 T
T
DC
800 180 -
" rec
g 180 * sin -
- 120 ° rec "
i A =]
e 600 E=@0*rec [ AT A
L] f =
400 T =
[ e
Wl [
=
0 e
]
e
o I
0 200 400 600 Iraw [A] 800
Durchlassverlustleistung je Zweig [ On-state power loss per arm Pray = fllead
Parameter: StromfluBwinked ! Cument conduction angle &
160 |
140 %%
ey
120 e s e A W
e --.ﬁ _
= 100 = H:-h:%‘ —
E_J - -\-‘"—:""\-\..__‘_\_h ==}
F 80 B
a0
180 ® sin
40 S=B0"rec ™ | 120°%rec [ 180 ®rec DG ]
1 11 1 [ 1 L1
. ]
o 200 400 GO0 I [A] BOO
Hochstzulassige Gehdusetemperatur | Maximum allowable case temperature Te = fileam)
Strombelastung je Sweig [ Current load per am
Berechungsgrundlage Pray (Schaltveriuste gesondert benbcksichtigen)
Calculation base Pray (switching losses should be considered separately)
Parameter: StromfluBwinks] 2 1 Coment conduction angle 2
BIP AC [ 05-04-21, K_-A. Ruther A109/85 Seite/page G
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ke i moliae
N | =+ |Datenblatt/ Data sheet| gUREC
Metz-Dioden-Modul
Rectifier Diode Module D D 540”
E34:|m | lu IEIS\L\'L ::MI] o P W] B2 L j"
E ' I o
S LT NN & 7 /
Bl SN RN AN gy g wien L]
E=NRNENN P
a06a b [ ‘H_‘H_\'\\"\\\‘ ’,g.'.:j e
B I O S A NI i
T mim H:‘MHHHM:}E%\R}
a,1s0 [~ -]
g ::H:EHEE%\\Q
=0 T ——] -
scen T A
o !
o m an =] 80 100 1™ 140 0 200 00 50 200 1000 1200
Tal*c] L]
Hochstzulassiger Ausgangssirom [ Maximum rated output current lg
B2- Zweipuls-Brickenschaltung | Two-pulse bridge circuit
Gesambverustieistung der Schaltung ! Total power dissipafion at crouit Pl
Parameter:
Warmewiderstand zwischen den Gehdusen und Umgebung / Thermal resistance cases to ambient Reca
4000 — T T 1 R
| D)oo \._\-\\ Rl [CW] —— N - —"|-+
s s ;O +
3 B - - =
I:':"'J']'ll-_|:|.|J:~||J--R o] . O O OO
T R — £
0040 -,
T
2000 1~ anﬂ_mHH&:::\L r”f
- [~ -
_ulmlh""m_ L e ] el A
| moen ] SRR i
oo —] = Tk .. ]
T s [T TR -
I iy O e N 7 3 £
030 ——— 1 b e | ]
S s e
| 0 40 50 80 100 1 w0 0 400 200 1200 1500
Tal™] L0
Hochstzulissiger Ausgangsstrom [ Maximum rated output cument I
Bi- Sechspuls-Brickenschalung / Sx-pulse bridge circait
Gesamtverustieistung der Schaltung [ Total power dissipation at cicuit Py
Parameter:
Wamewiderstand zwischen den Gehdusen und Umgebung ! Thermal resistance cases to ambient Reca
O AL SR 2T, F-h. TLther A0GES Seite/page 1
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N | +{=t |Datenblatt/Data sheet| BLOBC
Metz-Dioden-Modul
Rectifier Diode Module D D 540”
10000
1
o sl b
A 16004
il B00A
__,...nnﬂ# 1T 400A
[ " ——— 200A
Hdﬂ;iif_,_,_ L 100A
ﬁﬁaﬁ'—" ———— —_— 504
Il W oy
%d—#—.‘- ___,...—"—'_'___'_'_'_
_,_,-F'_,ﬂ"'rr _.—'—'__'_'_.
}_'_ﬁ.-.-'—._‘_:_,_l—'_'_"_.—l—'_
1000
1 10 -difdt [Alps] 100
Spermverzogerungsiadung | Recovered charge G = fi-dikdt)
T'U| = T'vr—- W = 0.5 Vi, Ve = 0.8 Vs
Pararmeter: Durchlafstrom [ On-state current ieg
12.000 1~ T
—_ == a
o
= 10,000 = — Ta=35°C
I
8.000
b
il i1
]
6.000 ————=i=] - —
= —— Ta=45*C —
=my ———
4.000 =
|
2.000
o
0.0 0.1 t[s] 1
Grenzstrom je Zweig | Maximum overload on-state current per am leewa = Tt), van = 08 Vian
ar Leeraf I No-Joad conditions
b: Wodaststrom je Zweig | Pre-load current per amm lrsveesn = lrawa
Ta=36°C, verstirkie Luftkihiung | Forced air cooling  Kishikdrper / Heatsink type: KEM17 (Papst 4650)
Ta=45C, natirdiche Luftkihlung / Matural air cooling  Kohlkdrper /| Heatsink type: KMIT (1808)
[ BIF AC ! 050421, KA. Fither A109/05 Seiteipage B/9
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N | = |Datenblatt/ Data sheet

Metz-Dioden-Modul
Rectifier Diode Module D D 540”
man
- 1 s ey =
DA
5000 <] 1 - SDA
= 1 [ 90 A
) Es 12004
4.000 =] =+ 145 A
T [~ = 1604
2,000 = - =
- < :_u =9 i
L] ] e
T "--.___‘_ Pl ]
2000 == = - =
=L anl —— B =N
] ] ___- N = ‘:_‘_‘_‘_
1.000 — g = — =t
o I L1 III.I
0,01 0.1 1 10 100 1000 10000
t[s]
Uberstrom je Zweig | Overload on-state current leos
BE- Sechspuls-Brickenschaltung. 120° Rechteck | Six-pulse brdge cincuit, 1207 rectangular
Hishikorper / Heatsink type KM1T (160W) Matirdiche Kishikung bei ! Nahwal cooling at Ts = 45°C
Parameter: Vorlaststrom je Zweig | Pre-load current per am lragess
- L1111
6.000 T 111
1 e oy =
L L] OA
5.000 =11 120 A
- = mes mo A
- = = X0 A
4000 +—— ] & I0A
T T oA
I_.._ S i T i “".._--'
_£3.000 2 =] T
] AT =L T
2.000 +—F = =
T =L T TH T H
1.000 ii
o
0.0 0.1 1 10 100 1000 10000
t[s]
Uberstrom je Zweig | Overload on-state current lpgy
B&- Sechspuls-Bribckenschaltung, 120° Rechieck [ Six-pulse bridge circuit 1207 rectangular
Kishikorper / Heatsink type KM1T (Papst 4850) Verstarkie Kihlung bei ! Forced cooling at Ty = 35°C
Parameter: Vorlaststrom je Zweig | Pre-load current per 3m lrggess
BIP AC ! 95-04-21, K_-A. Riither A10285 Seite/page oo
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Mutzungs bedingungen

Die In diacem Produitdatentiatt entaltenen Daten sind ausschiledlich 0r tachnisch geschultes Fachpersonal bestmmt. D
Baurisliung der Casignethelt disses Procukies fOr diz von Ihnan anvsierts Arwendung sowie die Beurtsiung ueru'umupuua
bemfigestaitan Produkizaten fr dlese Anwendung coilegt Ihnen Bzw. Ihren lechnischen Abteliungen.

In diegem Produkidatennlatt werten dicienigen Merkmale beschileben, T0r die wir eine lefervestragiche Gewahnsisiung
mmmmwmmmmmmwmm
Bastmmungen. Garanten jeglicher Art werden TIr das Prodult und dessen Blgenschanien kanestals

‘Solen Ske von uns Produktinfonmationen bend@gen, die Gber den Inhalt dieses Produkidaienbiatis hinausgehen und Insbesonders
Eine sperische Venwendung und den Einsatz dieses Produkies Defrefien, seizen Sie skch bitte mit dem fir Sie Dustandigen
Werrebsbirn In Vierindung (slehe www_ eupes. com, Verrieb&Kontakt). FOr interessenten haiten wir Application Noles beredt.

Aarigrund der techrischen Anfordenungen kannie unser Produld gesundhelisgesIhriente Substanzen enthaiten. B Ridkdagen zu
den In dlesem Proculit jewels enthaiiznen Substanzen sezen Sk sich bitte Ehenfalls mit dem 10r Sie zustandigen Verrensbnm in
Varmindung.

‘Solen Ske beabsicittigen, das Prodult in Anwendungen der Luftfahr, in gesundheits- oder oer
lebensertalienden einzusetzen, bitten wir um Mittelung. Wir welsen darauf hin, dass wir flr diese Falle
Cualidtsassessments;

Ammsndungsbensichen
- tie gemelnsame Durchihnng sines Risiko- und
- den Abschiuss von spezielian

Cualitstssicherungseanainbaningen;
- mmammmmum
Mﬂm:em er Limesetzing soicher Malnahmen
‘Sowelt erforderich, bithen wir Sie, entsprachende Hinwelse an Ihie Kunden 2u geben.
Inhaitiiche Andenngen disses Produlidabenblatis bielben vorbehalten.

Terms & Conditions of usage

The data comtained In this produd data shest |5 exciusively iInmended for technically trained si3. Yiou and your lechnical

will have to evaluate the sultabiity of the product for the Intended appilication and the completences of the product data Wil respact
0 5uch appilcation.

This product data sheet I describing the chamcienstics of this product for which 3 wamanty Is granbed. Any such wasmanty s granizd
exciusively pursuant he fems and condiiions of the: supply agreement. There will be no guaranies of any knd for he product and s
characterisics.

Should you require product mformation In excess of the data given In this product data sheet or which concems the specinic:
appilcation of ur product, pleass contact e sales oMce, which 5 FEsponsibie for you (562 Www.2upec.com, salesicontact). For
mmnmmn?mummymmmmm

Due io sechnical ments our mg‘mmmm For information on Me fypes In question pleasa

Snould you Inend 1o use the Product In aviation applications, In health or Iive endangesing or ife support applicaions, piease notify.
recommend

- t0 estamlsh J0int MEasures of an ongoing product survey, and that we may make dallvery depended on
the realization of any SUch Measures.

1T and to the exient necessary, please forward equivakant nollces bo your cusiomess.
Changes of this product data shest are ressnved.
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APPENDIX 3

1000 A 1700V IGBT PoOwWER MODULE DATASHEET

Technische Information / technical information
IGET-Module nfineon
IGET-modules FF1 ODDR1 ?IE4

PrimePACK ™3 Modul und NTC
PrimePACK ™3 module and NTC

a2 Viees = 1700V
: I nom = 1000A F kopm = 2000A

Typisohe Arsandungesn Typloal Applications

= 3-Level-Applikationen = 3-Level-Applications

- Hilfsumrichter = Awiliary Inverters

= Hochleistungsumrichter = High Power Converters

- Motorantriebe = Motor Diriees.

= Windgeneratoren = Wind Turbines

Elwkirizsche Elganschaftan Elsoitrioal Faaturas

= Erweiterte Spemschichttemperatur Ty op - Extended Operation Temperature Ty op

- Grolte DC-Festigkeit = High DC Stability

= Hohe Stromdichte = High Cuwrment Density

= Miedrige Schaltweruste = Lowr Swaitching Losses

= Tyj eg = 150°C = Tyjop = 150°C

= Miedriges VeE s = Lowr VeEsa:

Mechanische Bgenschaflen Mechanical Features

- Gehause mit CTI = 400 - Package with CTI = 400

= Grote Lufi- und Kriechstrecken = High Creepage and Clearance Distances
= Hohe Last- und thermische Wechselfestigheit = High Power and Thermal Cycling Capability
= Hohe Leistungsdichte = High Power Density

= Kupferbodenpl atte = Copper Base Plate

= Standardgehiuse = Standard Housing

Module Label Code

Barcode Code 128 !l"""”l || Content of the Code Diiggik
Ii " I|I|I i |i Module Serial Number 1- 5
STV T 2 SE AT Maodule Material Number B-1
DM - Code - Production Order Mumber 1i2-18
i Datecode (Production Year) 20-21
Datecode (Production Week) 22 -23
[prepared by TA [date of publication: 2012-03-15 [ matenal no: 32903 ]
[3pproved by PL [ression: 3.2 | |
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Technische Information / technical information

1GBT meddes FF1000R17IE4

IGBT-Wechselrichter / IGBT-inverter
Héchstzulissige Werte / Maximum Rated Values

Kmnleﬂnr-frrrtta-szﬂu'lg Ty=25°C Vioes 1700 v
Kolicktor Dauengkeichs rom T = 1007, Toy = 175°C I em 1000 A
Continuous DC callector cument To=325°C, T, = 175°C 1300 A
Periodischer Kolekior-Spitzensiom -
Repastive peall collecior cument tp=1ms lcru 200K A
Gale Emitter-
Gae-amifter peak woitage Viaes +-H0 )
Charakteristische Werte | Characteristic Values min._ by max
Dbekin-Emiter- SargUNgSEpanmLng Ic = 1000 A, Ve = 15V T =25C 200 245 ] v
Collecior-emitier saturation voitbge I = 1000 A, Ve = 15V Ty= 125°C | Vs o 235|280 | W
Ic = 1000 A, Ve = 15V Ty = 150°C 245 v
Gate-Schwellensparn
sl urg Iz = 36,0 W&, Ve = Vige, Ty = 25°C Voew | 52 | 58 | BA | W
msam:mg Wae =15V _. +15V Qg 10,0 pc
mw Ty =25 Pl 1.5 0
Eﬁm t =1 MHz, Ty = 25°C, Ve = 25V, Vge =0V Cies 810 nF
m t =1 MHz, Ty = 25°C, Ve = 25V, Vge =0V Crae 250 nF
¥onlcktor Emitter Ressstrom
Collecinr-emitter cit-on cument Voe= 1700V, Voe =0 V. Ty, = 25°C loen 50 | mA
Gate-amitier leakage cument Vige =0V, Ve = 20V, Ty = 25°C loes 400 | na
Elnschatverzbgenungszsit, induliive Last |l = 1000 A, Ve = 000V T =25C 05 us
Tum-on delay fime, Inductive load Vige = £15V Ty=tac | lee 0.0 s
Fiien = 1202 Ty = 150°C 0.E0 s
Anstiegszelt, Indukive Last I = 1000 A, Ve = 000V T, =25C L 0,10 us
Fise time, Inducive load Viae = £15V Ty-125°C 0.12 Us
Fiion = 1,202 Ty=150°C 0.12 s
mnmmmlmmm I = 1000 A, Ve = 000V Ty=25C | 100 us
T deday ncuctive oad Vae = £15V Ty=t2mg | feen 125 s
Fitsonr = 1B 01 Ty=150°C 120 us
Fallzeit, Indultive L a5t k= 1000 A, Ve = 900 W Ty =25°C b 029 ps
Fall time, inductive koad Vae = £15V Ty=125°C 0.50 s
Figer = 1,502 Tyj= 150°C 059 Us
Enschatveusienergie pro Puls = 1000 A, Ve = 900 W, Ls = 30 nH Ty =25°C 265 m
TUM-On enengy 1065 Par pulse Vige = £15V, dlgt = BD00 AJpS (T, =150°C) T, = 125°C | E. 300 m
Figien = 1,200 T,i= 150°C 415 mJ
Abechatveristenargie pro Puis 5-1ﬂugﬁr;..rwce-mv.u-agnﬁ1wq Ti=EC c 20 m
“Mw HFIE aE =+ Iaﬂ-m\ﬂlm - - -
Flges = 18 00 N Toy = 150°C 330 ml
Kurzschiuwerhatten VaE £ 15V, Vo = 1000V .
SC dala Vi Ermas = Wiz Lot U tex 10ps, T, = 150G | 66 4000 A
Wanmewidersiand, Chip bis Gehause
Thema reskstance, junction to case Pro GHT { per IGET R 240 (kA
ammewidarsiand,
W, GeNduse bis KONKOper |pro IGET /per IGBT R a00 AW
Thermal resistance, case io healsink AFmie = TWIME) | dpeee = 1 WATHE)
prepared by, TA date of pubilicatior: 2012-03-15
oproved by PL revision: 3.2
2
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Appendix 3

Technische Information

IGBT-Module
IGET-modules

[ technical information

FF1000R17IE4

Diode-Wechselrichter / Diode-inverter
Hochstzulassige Werte | Maximum Rated Values

Perodsche Spitzenspemepannung - .
REpEStive peall FevErSe Vaage Ty=25C VERM 170a v
Dausmsichstom
Cu‘cl'lrgu:t.rs. DC forward curment e 1000 A
Periodischer Spitzensirom -
FREpEStVE peak fOnWarT CLITEnt te=1mE IFam 2000 A
;‘E‘éﬁ:“ﬁ"‘ Vg =0V, i =10ms, T, = 125°C G 140 KA
Charakteristische Werte | Characteristic Yalues min__tp.  mac
Durchiassspannung Ip= 1000 A, Ve =0V Ty = 25°C 185|225 | ¥
Forward voitage Ig= Ty = 125°C Wi 185 | 235 | W
== T. = 150°C 185 W
Rickstromspitze I = 1000 A, - disrdt = BOO0 Afys (T,~150°C] T,,=25"C 1050 A
Peak reverse recOvery CLIment Wr=-900V Ty = 125°C law 1200 A
Vg =15V T, = #50°C 1230 A
Spermverzigenungsiatung = = 1000 A, - disfdt = BOOD AUE (T, =150°C) T, = 25°C 245 i
Recovered chage WR=300V T.=25c| @ 210 s
Wae =-1EW T, = f50°C HED pc
Abschaitenergle pro Puls I = 1000 A, - disndt = BOOD Ajys (T,~150°C] T,,=25°C 115 mJ
REVEISE NeCcovery energy =300 T. = 125°C Eree 205 |
. Vo =-15V T. = 150°C 245 md
Warmewidarsiang, Chip bis Genhause e
Themmal resistance, junction to case o Diode / per dinde R 45,0 [raw
Warmewidarsiand, Gehduse bis KONKSmer | pro Diods | per diods
Themal rasistance, caseto heasing Bfete = 1WIME] ¢ Gpeme = 1 WHME) R 180 AW
NTC-Widerstand / NTC-thermistor
Charakteristische Werte | Characteristic Values mn.__ g max
Nermwidarstand . .,
Rated resistance T =257C Fizz 5,00 K
Abwsichung van R100 r
Deviation of R100 T = 100°C, Rggp = 455 0 ARR -5 5 %
VerustiEsiu .
ﬂme'dssp'a'g:m To=25°C Pz 20,0 | mW
J
S Rz = Rz 200 [Ezgoan| 1Tz - 19(295,15 )] S:m 3373 K
BWert T o
e Rz = Rzg &40 [Broee{ 1Tz - 1258,15 KJ] Bzxvan 3411 K
J
331';::‘]’; Rz = Flzs ex0 [Basoan( 1T 2 - 14298,15 K]j] Bznpa 3433 K
Angaben geman glfiger Application Mok
Speciication according o Me valid appilcation rote.
prepared by TA daie of publicatiort 2012-03-15
approved by FL revislor: 3.2
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Thermoelectric Modeling of IGBT Modules for Transient Operation

Technische Information / technical information (ﬂﬂﬂﬂﬁl’l
IGBET-Module
Modul / Module
mm%m RMS, T =50 Hz, t= 1 min. VisoL 40 V]
Material Moduligrundplats -
Material of module basepiale
Innere Isaiation
el leoiEtn AlzDy
Krechsirecks Kotakt - Kohildrper / terminal to heatsink 330 e
Crespage dstance Kiontakt - Kontakt { feminal o termingl 330
Liftstrecks Kokt - / terminal b heatsink 15,0
Clearance m-%mmw 1g.|:| mm
Vergleichszanl der Kriechweghlidung o P
Comperative tracking i
min. Bg. maxr
Warmesdderstand, Gehduse bis KOhkorper | pro Modul / per module
Themal resistance, case o haasink E':..... -1 Wﬁ?r—m{:-fj_,.m =1 Wim-K) R 3,00 KW
Siray Inductance madule Lace i0 nH
m@mmnﬁ-aﬁwm'ﬁ'c-mmfpﬂm Recuee 020 mit
HChtn 35ige Spemschichiemparaur
Wﬂﬁm1m Wernseiichisr, Brems-Chapper | Imester, Brake-ChOpper | To) 175 | ¢
;mﬂmmianHmﬂmhﬁwm Wechselrchier, Brems-Chapper | imester, Brake-Chopper | T, .. | -0 150 | ¢
magegmmamml Tug | -40 150 | “C
1. Modumontage Scfiraube M5 - Montage gem. Ikation Note
borgue for modul mounting mm-mmgamf“m-gwuﬁgm%m Mo (200 - | G600 Nm
ANZINSATENMOMENT 1. SiekiT. ANSCNIISSE | Schraube M4 - MONEge gem. glisger Appllkaton Note A I P
Taminal connaction torgue SCrEw M - according o valld note M '
Sefiraute ME - e QUiger Appiliction Note o | - | 10 |wm
GCrEw M - accoming o valkd applicaion note
Gemch
Welght G 1200 q
prepared by, TA. daie of publicalion. 20120315
pproved by, PL TeMElon 3.2
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Appendix 3

Technische Information [ technical information I'IﬂIIEﬂl'l
. FF1000R17IE4 @lneon.

e T T s e T s (o
oulput IGBT-inverter (fypscal) output
Ig =f{Vee e =F
Vou = 18 To™
2000 - - x 2000 T T T -
— Ty=25"C !( / — e =20V )f‘ P
1800 H--- Ta=125"C -'r 1600 H - -- Wae = 15% b
—--s Ty = 150°C K ---—E-ae - }g f .
i —_— - ]
1600 i 7 1600~ Vipe - 3 a -~ =]
/ : — Wae =8V 4 a7
1400 i 1400 1
l '_,r ! J'l‘f
1200 : 1200 / .

le: A
8
A
I )
g

I
r
N
L
i I "
‘:;,- m / ,/’,r _.-—""_-H-
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& it _
B0 B0 F .{ ., " —_—
/7 [
400 /é"‘ 4na ‘?f,-‘—" I e e
o T
00 f 200 ]
o r""cﬁ 0 .
g0 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40 45 50
Ve V] Vee [V]
0 IGET-Wechsel. (typisch) Schalverkrsts IGET-Wechselr (typisch)
I = f {Viae) Esn = T {lc). Eanr = i)
V=2V Ve =415V, Rgw =12 0, R = 1.8 0, Vee=000 W
2000 : - 1100 T T T T T
— T,=25C ,"‘ o — Een Ty = 150C I
1em0 H--- To=125C ¥ 1000 H = == Eom. Tuy = 125°C ;
- Ty = 150°C / };-" = B Ty - 150°C /':;
d —_— 1 - q
1600 :, 500 {—=—Eon T Fi
/7 id
1400 7 J‘? e /:"
A T o
1200 o /
— ;{;‘ E00 ’ "l
% 1000 - E -f:' ey
o ;’P W 500 :‘ - -
00 5 # ,:.f _,..-"'F‘
400 o
600 e
7 > Gt
z"-::r
400 200 S
i 5=
m |m 4
5
ol ]
E & 7 E TEEEEEE 0 =200 400 600 GO0 1000 1200 1400 1600 1500 2000
Ve V] I [A]
prepared by TA naie of pubilcaion 2012-03-15
approved by, FL Tevslon 3.2
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Thermoelectric Modeling of IGBT Modules for Transient Operation

Technische Information / technical information

IGET-Modul

IGET-modules FF1000R17IE4

Schaltveriuste IGBT-Wechselr. (typisch) Transienter Warmewiderstand IGBT-Wechsealr.
switching losses IGET-Inverter (bypi transient thermal impedance IGBT-inverter

Vo = 2160, o' 1006 A, Vo = B00 V

1200 — _
100 —E,., T, = 150"C e
Hooo Tl = i25C -

—er B, T = 150G S

1000 -H—— E.. T, = 125°C i
"
L
00 "
rl
BOD -
‘e
o
_ T .
E s bz
w /5
S00 S
400 —
300 - ===
200
100
o
! : 3 4 5 & 7 & 8

Ra[0]

Sicherer Rickwarts-Arbeitshereich IGET-Wr. [RBS0A)

Zic =T (1)
100 e
H— Zosc 1 1GET|
o T
p
10 P
J!
=
= /
.~
ﬁ i
Pl /
1
'S 1 2 3 & HH
rlFRW] S5 AT AT 25
Tial DOE O0VE Q0 0E [T
1
u'n,u:u oo 0.1 1

Durchiasskenndinie der Diode-Wechselr. {typisch)

mﬁ}ﬁﬂmﬂhnmmﬁ.[ﬂﬂﬁﬂm mwwdmmﬁ}
=1 {\Mce =T {\VE
Ve =15V, Rgen = 1.8 0, T,; = 150°C

e ] - - 2000 I I

—— &, Moau —T.-=c f ;#"

e B /7

1800 : 1600 :

0 i 1/

| 1400 i
1400 i r'fj,r
|I ! 1200 /
— 1200 ! —
g 1 = /
= 1000 ' - ‘J/"
] w
- - o7
00 am 4
S ﬁ ; od
0 20 400 S00 300 1000 1200 1400 1600 1500 0.0 0.5 1.0 1.5 20 25 30
Ve V] Ve V]
prepared by, TA date of publication. 2012-03-15
approved by: PL resislon: 3.2
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Appendix 3

Technische Information / technical information

FF1000R17IE4

IGET-Module
IGET-modules

Schaltveriuste Dinde-Wechselr. isch) Schaliverkrste Dinde-Wechselr. ]
switching losses diode-imwerter switching losses diode-inwverter 1
Eisc = ffH Erer = 1]
Roun = 1.2 0, Ve = 000 V le = 1000 A, Vou = 800V
m 1 1 1 1 'ﬂ 1 I I
—— . T = 15072 Eres. Toy = 150°C
- E..T,=125C ——— E.. T, =1iI5"C
30 — 300
..-""'FHJFFFF
- ST TN
. 00 ,I/ JJJ"’P — K] \.‘. ‘\“\‘
E / e = e T
w o w e T
150 - 150 T
100 e 100
50 50
o 0
0 200 400 G600 BO0 1000 1200 1400 1600 1600 2000 o r 4 =] & T g ]
I= [A] R [0]
Transienter Wammewidersiand Dicde-Wechselr. Sicherer Arbeitsbereich Diode-Wechselr. (S0A)
transient thermal impedance diode-imverter Safe ion area dinde-inverter (S0A)
Zimac =T (i) g =H{Vr)
Ty = 150°C
1m L T TTTITIT 1§ m
—— Zpye - Diode
i = — I, Moau |
pm—— 2000 I".L
AT
g Y
.—f 1600 b
z / \\
r —
£ 4 : 2 am "
S‘ 4 = \‘\
] . y
500 e
I"‘Ilf H“"'l-.._‘_‘_“-‘-
1 3 T 4 | 400
o] 3 5 = 35
Tin} OUHE o413 005 OF
. 111/ I .
0,00 0. 01 10 0 200 &S00 600 BO0 1000 1200 1400 1600 18500
t[s] Vr[V]
prepared by: TA date of publlcation: 2012-03-15
approved by PL revislon: 3.2
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Technische Information / technical information

Pt FF1000R171E4
NTC-Temperaturkenniinie (typisch)
yisch]
R=r{n' fopicsl
100000 -
H— Fare]
10000 \“
g Y
Y
1000 \\“
S
100
i} 20 1] B0 an 100 120 140 160
Te[*C
prepared by TA daie of publication: 2012-03-15
approved by PL revision: 3.2
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Appendix 3

Technische Information [ technical information
IGET-Module nfineon
\GBT-madules FF1000R171E4 C/

Schaltplan / circuit diagram

911

1n11E

Gehduseabmessungen / package outlines

ona T'E'f‘: /:f?*ﬂ"
muT:]__- [T bmy Yy T Uy T WHE %
ERAN= =]
i i i w J FREN T
i
= -] - qm Tm T
= - ‘
—T Biad h
e Bl m @ @ m:
oy : e e
BUS N —
HIE| ||| e ||| e Q=
2| gl elllaill ;
M g 3 - p
2 CLIC 1 A
L 11} L'am
L] 6l
1

prepared by, TA, daie of pubilcatior: 2012-03-15
anproved by. PL revision: 3.2
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Thermoelectric Modeling of IGBT Modules for Transient Operation

Technische Information [ technical information
P Cnfineon,
|GET modules FF1000R171E4

Nutzungsbedingungen

Dile In diiaasm Produktdatenbiatt enthatbenen Daten sind ausschilsgiich fir techniach geschultes Fachperacnal
der Elgnung dieses Produkies flr hre Anwendung sowle da Bnl'hllurlgmlvumm mmtpuhnllm
fr disas Amwendung obilegt thnen bew. Ihren technilschan Abballungen.

In dieasm Produkidatenblatt werden disjenipen Meromale beschrisben, fir dis wir sine Baferveriragliche Gewshriskstung
dbemehmen. Elne soiche Gawahristetung richtst sich susschilsElich nach Makgahs der im |ewslligen Lisfenverirag enthaitensn
Bestimmungan. Garantien |egiicher Art wanden fir das Produkt und deesen Elgenschartsn kelnestalls Dbsmommesn.

Soliten Sls von una Produkiinformationsn bendtigen, dis Ober den inhalt diesss Progukbdstenbiatis ninsusgehan und Insbesondars
elna spezifachs Verwendung und den Elnsatz dissss Produkiss betrafTen, setzen Sie sich bithe mit dam Mr $le zustandigsn
varfrisbsbilro In Verbindung jslehs wwwnfinecn.com, Vertrieb&Kontakt). FOr intereasanten hattan wir Appiication Mofes barelt

Autgrund dar tschnischen Anforderungen konnts unsar Produkt nahattagetihroencs Subsatanzen anthaiten. Bal ROckiragen zu
disn In dhassm Produit jewells enthattenan Substanzen satzan lmhﬂnmﬂ dem fr Sk zustandigen Vertriebabors in

Verbindung.

Soliten Sls beabselchiigen, dzs Produkt In Anwendungen der Luftfahrt, In dhelie- pder lsbenegefihrdenden odar
lebanasrhalbendsn Amven einzusstzen, bitten wir um M Wir welaen darauf hin, daes wir fir dess Falle
-de Duprcihid alnes Rlslko- und u

 on Abochiues von mpeziaon GuallEasichonungaversintanngen:

- die gameinsame Einflhrung von Maknahmen zu eines laufenden Produikibestechtung dringsnd smplehian wund
\pegebenentalla die Bellalerung von der Umsetzung scicher Maknahman abhangly machen.

Sowslt erfondariich, bitten wir Sle, entaprechends Himwelse an Ihng Fundsn 2u gabsn.
Inhaftiiche Anderungsn dieesss Produlktdatenblatis blislben vorbehalten.

Terms & Conditions of usage

The data contained In this product data shest ks exciusively infended for techinlcally trained afaim. ¥ou and
will have fo evaluate the sulttsbillity of the product for the Intendsd application and the wﬂmmm prosuct

with reapect fo auch application.

This proauct data shest ks dascribing the characteniafics of this product for which a warranty bs granbsd. any such warranty is
sxchuhvely pursuant the ferms and condittons of the supply agresment. There will be no guarantes of any kind for the

product and its

Should require product Information In excess of the data ghven In this product data shest or which concams the spaciflc
of pur product, plesse contact the sales oMcs, which ks responaible Tor you [2ee wwwLinfinecn.com, saless contact). For
those that are specifically infereated we may provide application notes.

Duse o bachindcal requirements our product may contain dangerows substancas. For iInformation on the fypes In question please
coniact the eales oMca, which e responsibie for you.

Should Intend fo thia Proaduct In sviation cations, In health or ive sndangar e support lcations, Hasse
nd:rl']r gﬁmﬁ.ﬂ?ﬂnmﬁhmﬂ%mﬁmﬁd e hia
parfoam joint Risk and Gualtty Assssaments;
-lm:nm:humu‘ Guality Agresments;
- fo eetabiish joint measures of an ongoing uct survay,

It and i the extent necassary, please forward squivaient notices o your cusfomers.
Changes of this product dats ahest are nessnved.

prepared by, TA date of publication: 2012-03-15
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Appendix 4

APPENDIX 4

1400 A 1700V IGBT POWER MODULE DATASHEET

Technische Information / technical information (ﬂﬂﬂ i
PrimePACK ™3 Modul mit TrenchFeldstopp IGET4 und Emitter Controlled Diode und NTC
PrimePACK ™3 module with trenchifieldstop I1GET4 and Emitter Controlled Diode and MTC
Vorllufige Daten / Preliminary data
E |
H
J 5
-
a
H Viees = 1700V
7 I nom = 1400DA f lcpa = 2B00A
Typische Amsendungean Typical Applhicatons
= 3-Level-Applikationen = 3-Level-Applications
= Hilfsumrichiter = Auiliary Inverters
- Hochleistungsumrichter - High Power Converters
= Motorantriebe = Motor Diriees
- Windgeneratoren = Wind Turbines
Blekirische Egenschalten Hecincal Fealures
- Erweiterte Spemschichttemperatur Ty op - Extended Operation Temperature Ty op
- Grolke DC-Festigheit - High DiC Stability
- Hohe Stromdichts - High Current Density
= Miedrige Schaltveruste = Lonr Sweitchimg Losses
= Miedrges Ve s = Lonar WicEsae
= Tyj ea = 150°C = Twjop = 150°C
Mechanische Bgenschafien Mechanical Features
= Gehiuse mit CTI = 400 - Package with CTI = 400
- Groite Luft- und Krechstrecken - High Creepage and Clearance Distances
= Hohe Last- und thermische Wechsalfestigheit = High Power and Thermal Cycling Capability
= Hohe Leistungsdichte = High Power Density
= Kupferbodenplatte = Copper Base Plate
= Standardgehiuse = Standard Houwsing
Module Label Code
Barcode Code 128 Il" ||||||I || Content of the Code Diiggikt
i I “ Module Serial Mumbser 1- 5
Il i -
.tr-.tn:1:“.4'*nr1'|mmr1'|mn Module Material Number §-11
DMEE - Code e Production Order Mumber 12-18
s Datecode (Production Year) 20-21
Datecode [Production Week) 22 -23
[prepared by TA [ aate of publlcaion: 2012-04-12 [ matenial mo: 34221 |
[3pproved oy PL [ revsion: 2.4 [ |
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Thermoelectric Modeling of IGBT Modules for Transient Operation

Technische Information / technical information I'Iﬂll eon
Vorlaufige Daten
Preliminary data
IGBT-Wechselrichter / IGET -inverter
Hochstzuldssige Werte / Maximum Rated Values
Kmmimmmw Ty=25C Viges 1700 v
E:l“lhl.l:uﬁ DC cailector cument T = 100°C, Ty = 17570 I aem 1400 A
eI o | w4
mm Te=25°C, Ty = 175°C Piat 9,55 W
B&mtta'pﬂ\ﬂla;e Wies +H-20 )
Charakteristische Werte | Characteristic Values min._ by, ma
Kolektor-Emither-SatSqungss parnung I = 1400 A, Ve =15V Ty = 257C 176 220 W
Collecior-emitier saturation voltage ke = 14D A, Vi = 15V Toy= 135°C | Ve 210 v
lc = 1400 A, V= = 15V Ty = 150°C 230 v
o ey kg = 50,0 MA, Vige = Vi, Ty = 25°C Voen | 52 | 58 | Ba | v
m Vag =-15W .. 15V Qs 135 po
mg@;nmm T, =25C Fgons 16 n
Eﬁm =1 MHz, Ty = 25°C. Ve = 25V, Voe =0V Cien 110 nF
Wj;ﬁm = 1 MHE, Ty, = 25°C, Ve = 25 W, Woe =0V Cou 360 nF
K{:u::l|eq=a:r:§m|rnr Cut-OIT cumant WigE = 1700V, Woe =0V, Ty = 25°C lees 50 | ma
Gale-amitter leakage current Wee =0V, Woe =20V, Ty = 25°C lass 400 | na
Enschatverfigenngszst, indultihve 361 | lg = 1400 A_ Vg = 500 W T, =30 0,54 s
Tum-on delgy fime. IRductve load Wge =15V Tay-t25g | lee 058 ps
Ry = 04T 01 Toy= 150°C 0,89 13
Anstieqszed, Indukiive Last lg = 1400 A, Vige = 900 W T.=25C L 0,13 s
Rise tiTe, INductve ioad Vg = £15 W Ty = 125°C 014 is
Riier, = 047 0 Toy= 150°C 014 is
Abccratverzngengezet, nudhe Lt i = 14004, Ve = 900 V Ta=2cC | o 115 s
Tum-off detay tme, inductve oz Wige =215V Ty= 125z | leow a5 ps
Rigwe = 0,68 0 T,y = 150°C 1,40 us
Fallzat, Inculiie Lt g = 1400 A, Ve = 900 Ty=25C & 050 ps
Fail ime, Inductive ioad Wige = £15 W Ty = 125°C 07 is
Pl = 0,68 0 Ty = 150°C 0,70 ps
Enschaltvenustenergle pro Puls g = 1400 A, Ve = 900 V, Lg = 30 nH Ty=25°C 34D m
Tum-on enenmy 1065 per plse Wige = +15 W, diidt = 3500 Ajjss (T,=150°C)  Tu= 125°C | E.. 500 m
Fition = 047 01 Ty = 150°C SED m
e D S T T B Y I
=4 . - il M T
= R = 0,68 0 Vs [T 1SrG) Toy = 150°C &850 Ll
KurzschiuGyematen Wige = 15 W, Ve = 1000V .
SiC data WigEmas = Wiogs -Lace -l tnx 10ps, T,y = 1507 | 156 5600 A
WSS e SR [oroscer pericer e 5
Warmewiderstand, Gehause bis KONKDrper | pro IGET / par IGET
Thermal reslsiance, case o heatsink APmie = 1 WHMKY | dgeme = 1 WHME] Recy n.s AN
prepared by, TA Oaie of pubiicalion. 2012-04-12
approved by, PL Tevision: 2.4
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Appendix 4

Technische Information / technical information I'Iﬂ neon
Vorldufige Daten
Preliminary data
Diode-Wechselrichter / Diode-inverter
Hochstzulassige Werte | Maximum Rated Values
Periodsche Spltzenspemspannung — -
Fepettive peak reverss vaitage T,=25C VRRM 1700 v
Cauengeichsirom
-:-:rr.lflrgm DC forward curment IF 1403 A
Periodscher Spitzenstom -
FEpSVE pedk TONWarT CLITENE tp=1ms IFam 2800 A
et VR =0V, & =10ms, T, = 125°C Ft 200 k&S
Spitzenverustidstung J—
Fdmum povesr dissipation Ty =250 Pram 1400 K
Charakteristische Werte | Characteristic Values mn.__ g max
Durchiassspannung Ip = 1400 A, Ve Ty=25°C 175 | 245 | W
Forward voitage Ip = 1400 &, Wy Ty = 125°C WE 1,80 W
Ip = 1400 &, Vae T, = 150°C 1,B0 W
Ricksiromspitze Iz = 1400 A, - disidt = 10000 Ads (T.,=150°C) T, = 257G 1500 A
Peak Neverse recOvery CLIment Wr=-900V Ty = 125°C law 1650 A
WigE =-15W T, = 150°C 1700 )
Spemverzigerungsiatung I = 1400 &, - disfdt = 10000 Afs (T.,=150°C) T, - 25°C 345 i
Fecovered chame V=000V T,=125c | @ 5ES pc
Vae=-158VW Ty = 180°C ash P
Abschaitenergle pro Puls Ie = 1400 A, - dieidt = 10000 Afps (T.,=150°C) T,; = 25°C 185 |
REVEISE [ECIVEry energy VR =300V Ty=125"C | Em 345 m
Wag =-18W T, = 150G 3ES mJ
Warnewidarstand, Chip bis Gahauss - E .
Themal resistancs, uncton b case Pro Diode / per diode Rerurc 325 |KAW
Warmewidarsiang, Gehduse bis KORKSrper | pro Dloge | per diods - s -
Themal resksiance, case o heatsink LPwte = TWIMK)Y { fpeme = 1 WIME) . :
NTC-Widerstand / NTC-thermistor
Charakteristische Werte | Characteristic Values min__tp.  mac
Nermaitenstand . -
Flated resistance T =25"C Fizz 5,00 ki
Abwsichung van R100 . ,
Deviation of K100 Te =100%C, Rpp =283 0 ARR -4 a %
ENUSTEE .
dessp'a'g:m To=25°C Pzs 20,0 | mW
E-wert o S el ] n -]} 1 =i 3T
T Rz = Rog &0 [Bosao| 1Tz - 15258,15 K)j Bzama 3375 K
Ep Rz = Flzs 240 [Boase{ 1Tz - 1258.15 K] Brasn 3411 K
B-¥ert " .
Beaie Rz = Rog & [Besogo( 1Tz - 11298,15 K]j] Bzaim 3433 K
‘Angaban gamak glEger Application Mots.
Specification acconding to e valld appilcation note.
prepared by TA daie of publicatior; 2012-04-12
aoprovad by, PL rEvision: 2.4
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Technische Information / technical information
FF1400R171P4 nfineon
Vorlaufige Daten
Preliminary data
Modul f Module
mﬂ FMS, T = S0 Hz, t= 1 min. VisoL a0 KV
Materia Modulgrundpiate cu
Material of module basepiae
Innere Isoiaion AlsDy
Krechsiracks Kantakt - KOnKOrper | terminal o heatsink 330 o
Creepage distance Kantakt - Korrtakt / ferminal i ferming 320
Lufstacks Kanitakt - KOnOrper | terminal o heatsink 150
Clearancs Kotk - Kokt / iminal o fermin 1Eu mm
ergichazanl der Krichwegolidung . - 400
Comperative tracking Index
M. Tyg. mac
W Loce 0 H
m@m mmln_swse- CN T - 25°C, pro Senatter f per swtich R 020 ma
mﬁﬁﬁw‘ VW echsenerisr, Brems-Chapper | ivertsr, BralE-CIOpp | Tu) me 175 | ¢
¥m'mm Wacheairichisr, Brems-Chapper | nverter, ErRECIOppr | Ty .o | <0 150 | ¢
Lagenemperatur Tus | 40 150 | ©
i il R A e e L
An T ekl Ansohilsse | Sofraibe M4 - Moniage gem. gliEger Applkation Noke BEEEIE
connection torg mmne_m-mmgm. gﬂmﬂ%'m Nﬂﬁ g0 | - | 10 | HMm
Waight = 1200 g
prepaEd by, TA e of publicaion. 2012-04-12
anproved by, FL TeviSIon. 2.4
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Technische Information / technical information
FF1400R171P4 C@fineon,
Vorldufige Daten
Preliminary data
iz IGET-Wechselr. (lypt i IGBT-Wechselr. (typi
e e ) e e (et
e =f (Vee be=F
Vou =18 Tem
m T T _: m 1 1 1 II|II
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0 istik KGET-Wechselr. {ypisch) Schaliverkrste IGET-Wechselr. (typisch)
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prepared by: TA daie of publicalion 2012-04-12
approved by, PL revision: 2.4
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Technische Information [ technical information

FF1400R171P4

Rs [0

Vorlaufige Daten
Preliminary data

Schaltveriuste IGBT-Wechselr. (typisch) Transienter Warmewiderstand IGBT-Wechselr.
stﬂn"mg IJEEE IGET-Inverter transient thermal impedance IGBT-inverter
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fonsard

Io =T (Ve e =f{\VE)
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= iz, Moo “ : : Il
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prenared oy, TA e Of pUicAT 2012-04-12
approved by, PL TEMSIoN. 2.4
6

106 |[Page




Appendix 4

Technische Information / technical information
FF1400R17IP4 nfineon
Vorldufige Daten
Preliminary data
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presared by, TA daie of publicaion 2012-04-12
anproved by, PL TevsloT: 2.4
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Technische Information / technical information

FF1400R171P4
Vorlaufige Daten
Preliminary data
NTC-Temperaturkennlinie (typisch)
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prepared by, TA daie of publication 2012-04-12
approved by PL revision: 2.4
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Technische Infermation / technical information

FF1400R171P4

Schaltplan / circuit diagram

9,11

118

Gehduseabmessungen / package outlines

Vorldufige Daten
Preliminary data
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Technische Information / technical information
FF1400R171P4 Cafineon.

Vorldufige Daten
Preliminary data

Nutzungs bedingungen

Dile In diassm Progukidatenblatt enthattenen Daten sind ausschills&ieh fOr tschnisch geschultes Fachparaonal bastimmi
der Elgnung diesss Produkiss Tr Ihre Anwendung sowie da mumwvuwwwm
Tr disas Amwendung cbilegt thnen brw. Ihnen technischan Abbellungen.

In dieasm Produkidatenblatt werden un]ali-um Merumals beschrieben, filr dis wir eine Befarvertragliche Gewshrelstung
ibarnshmean. Elne sciche Gewihrisiefung richtst sich susschilisélich nach Makgaba der im jewslligan Lisfarserirag enthaltensn
Bestimmungan. Garantien jegilcher Art werden fir das Produkt und dessen Elgenschaften keinsefalls lbsmommen.

mslnmmmmm benttipen, dis dber den inhalt desss Produkbdatenblstis hinausgehen und Insbesonders
e epezifische Venwendung und den Elnsatz dissss Produkiss betreffen, sstzen Sie slch biths mit dem Mr $ie zustandigen
\I‘u‘i‘hmmh Varbindung (alehs www.nfinecncom, Veririeb&Kontaki). FOr Intereasanten hatten wir Application Mofes bareit

Aufgrund der fechnischen Anforderungan kinnts unser Produlkt ndhaltegetinrdends Substanzen enthalten. Bel
disn In dhassm Produkt jewells snthaltensn :mm:mnmwu murmzmmm{:n

Vartindung.
Soliten Sle beabaichiigen, das Produkt In Anwsndungen dar Lutttahrt, In dhelfe- oder isbenagetahrdanden odar
labanasrhatbendsn Amven elnzuastzen,

Idtian wir wm M Wir welsen darauf hin, dsss wir flr dieas Fille
- dis pameinsame Durchill hrung sines Rislkoo- und .
- disn Abachiuss von spazielien Quallitsesichenngawersinbanmgen;
- di& gameinzams mmmmmmmmmwmmmmmm
pgegebensntalls die Belletsrunyg von der Umsstzung scicher Maknahmen abhangly mach

Sowelt erfordariich, bitten wir Sle, entsprechends Himvelss an Ihne Kunden Tu gaban.
Inhattiiche Andenungen deses Produichdatentiatis bisdben vorbehalten.

Terms & Conditions of usage

The data contaimed In this product data shest s sxcluaively infended for technically trained stall. You and
will have fo evaluate the sultablitty of the pﬂﬁhhlmwmnmwﬂmﬂm prosduct
with respact o such appiication.

ot data sheet k= deacribing the characteriabics of this product for which 3 warranty ks gramted. Any such warranty ks
pz&mwmnﬂ:m ferma and condithona of ihe supply agresment. There will mmgmmhﬂquﬂmm
product and it characieristics.

Should require product Information In excess of the data ghren In this product dats shest or which concemns the speciflc
of our product, plesss confact the =ales ofMcs, which = responsiible for you [Ses wwwInminecn.com, salesscontact). For
those that are specifically inferssted we may provide application nofea.

D fo technical requirements our product may contaln dangsrous subsiances. For iInformation on the fypes In question pleass
coniact the sales oMca, which ks responzible Tor you.

Should Intend fo uss the Product In aviation cations, In haatth or ive endangering o e support lcathons, passs
ndrrjr ﬁmmﬁ.ﬂmwwmwﬂmﬂmﬁm " B
m;i;mﬂtym
G

- fo eatabilsh joint maasures of an ongoing uct survay,
mﬂmhmmwﬁmmﬁ
of amy such Maasuras.

It andd o thee extent necessary, please forward squivalent notices to your customars.

Changes of this product data shest are ressrved.

prepared by, TA daie of pubilcatior: 2012-04-12
anproved by: PL TevSIon: 2.4
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Appendix 5

APPENDIX 5

ABB ES2000S CURRENT SENSOR DATASHEET

ABB Entrelec SENSOR | CAPTEUR I=sued: 1995.05.22

. - s e -
S0 Chactes, FRANCE | Commeroe e | Orderende | Modifeation -2
Tel : +33 (0)4 72 22 1T 22 référence commerciale Référance de commande | noge - 20030120
Fax - +33 (04 7222 1935 ES20005 158T152000R0002 Page 1/2
Measuring electromic sensor of d o, ac., pulsating corrents with a galvanic insulation between primary and secondary ciromits.
Captenr dlecronique de mestre de couranss d.c., a.c, i ir, e isolafion paivanigue @ure circiits primaing of secondaine.

102 5.2 A1

Lo
R

RN —
P I I
%’EQ 1L .

-+

B S bl
"‘l il CONNECTOR | CONNECTELR
1 ! il I5T ref. BIR-VH
-%— : : ' & _'tﬂl TERMINAL MARKING | REFERAGE SORTIES
B ! | 2
o ik |
— | I 3 2 1 3:+Va
"_k$- -+ 1 I _¢_ ¢I ¢I ¢I 2:M
135 T 1:-Va
162402 a
170
Ceneral tolerance © +1 mm
Toldrance pdndrale - 1 mm
GENERAL DESCRIPTION DESCRIPTION GENERALE
Coated electromic ciromit Cirewir dlectronigue enrodd
Self extinguishing plastic case Bortier en matitre olanie oui-exinguible

Direction of the secondary corrent © A primary corrent flowing in ~ Sens dy covrant secondrire - U couranr primaire circulanit dans be
the direction of the arrow resulis in a pesitive ontpot corrent from  sens de la feche empendre i courans secomdaine torfant par bz

M termimal Borne M
Protections : Protections -
-0 the measwring circnit apainst shor-dronits -Dw circnit de mesure contre les comrt-circnis
-0f the measuring cironit against opening D circuit de mesure contre |'owverture
Instroctions for wse and mounting according to eur catalogne nstructions de mondage of d wilisarion suivan Roire caigiogue
C_ES T.ibc
The caracteristics detailed in this leaflet are subject o change withowt prior notice.
Les ogracii rnistiguees déimillées aares ceter brochure sonr suscepiibles d'éveluer sars mospfoarion prdaloble.
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ABB Entrelec
10, Rue Ampére

SENSOR / CAPTEUR

Issued: 19950522
Emis ke -

Chassieu, FRANCE Commercial reference | =~ Order code Meodification : 2
T | e | T TssatoRo00s | R,
CHARACTERISTICS CARACTERISTIQUES
Nominal primary current (T} Courani primaire nominal Tmy) Arms. {4 ef) - 2000
Measuring range (T, max) Piage de mesure (T, m) Apeak (derfeg) 13000
Max. measuring resistance (R, max)  Résisimce de menre mac (R, maz) 0 Sl (@l ma /2I4V 5%
Min. measuring resistance (R,, min)  Resisemes de merure min. (R, min) #] 0 (il £V (259
Not measarable everload Surcharge mon mesurabie A peak (4 eréve) 120000 (10msh)
Tarn ratio (NpNs) Rapport de ranyrmation (NNl : L5000
Secondary current (L) at L., Courant secomdaire (T} a Iy mi 2 400
Accuracy at I, Précision & Iy oy 12105 (@+25°C)
Acouracy at I Pracivion & I L, =4l (F2FC . +T0°C)
Offset current (L) Courant résidual (T mi 1= +H025 (@ +25°C)
Limearity Limarita L =01
Thermal drift coefficient Cogfficient da dérive thermigue mAFC =001
Delay time Temps de retard ns 121
difdt correctly fallowed i/ corTecament v Alps =100
Bandwidth e passante kHz 0 ... 100 {-14B)
Voltage drop (e) Temsion da dechat () v =l
Secomdary resistance (Ry) Résiztance secondaire () o =25 (@ +70°C)
Digletric strength Rigidite dielectrigua

Primary / Secondary Primaire / Secondaire Wrms (fFef) 4  (50Hz lmin)
Supply voliage Temsion d'alimentation Vi 15 . 24 (£5%)
Mass Mizrze Eg ]
Operating femperature Tempéranre de service °C 130 ... +70
Storage temperature Tempéranre de siockage °C 25 ... +85
I
Particularities Purticularitds

The caracteristics detailed in thiz leaflet are subject to change withowt prior notice.
Les arracw ravigues déonllées dons cevse bonchure sonr suscepeables ddvoluer savr mommfeanion prdaloble
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APPENDIX 6

SCHEMATIC AND LAYOUT FOR VCE MEASUREMENT BOARD
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Appendix 7

APPENDIX 7

L1ST OF MATERIALS FROM PRIMEPACK3 POWER MODULE

i(infineon_
Material Content Data Sheet
Ihmiraila Spec PP3 PrimePACKS
20120014 RoHS compliant ] YES
Im 4.0
CAS-Nr. | Average
CONSTUCTION SMaimant mm Maranals s F—— M" MM Tracas CaemmanT
Chilp omganic material |sllicon T440-21-3 0E 0,6
cae
cuding metalisation non nobie matal T440-50-8 S5 552
e Sleeia) T o1 N
non nobie metal  [tin T440-31-5 25
non nobie metal  [nickel T4 D0 X
nobie metal El=s T440-T3-4 X
e non noble metal  |aluminium F430-00-5 Fd.z
o e — = — s
ErU B o
HF F18-10H S
a0 FE
ICENITES AEE4E: R
| hoasirg Polyamid [Pa) — 0.5 177 JHua aaa- s mone
Ic matesial |antimonmypentredde 1305644 07
e -
i X
o makesial |sillicondindde / gasiber [
finish and non nobie metal TA40-50-3 110 6.0
A (EiFiE- 1 =
non noble metal  |anc TAAD-BE-S 4
0N @ AT W
‘s {Inciuding thamistors,
recisions and Shunts bc matesial |iead odde 1317-36-8 DL 0,004 RoHS: compliant |
non nobie metal | copper T440-50-5 x5
non nobie metalJin TAAD 315 x
noble metal slhver TA40-22-4 A
[gesiation =2 Sum in ot 100,01
[Wieight range of product_ | 1240]
[Fuchaiion mangin | =25%|
~) relabed to COMmponETt wesght
=1 Welght of paricutar product, See \BChnical poouet Informason
[Frporat Remana:

1) This docurment provides full declaration of all matenas present In INfineon products: above 3 theshokd of

0.1 % bowe {1000 ppem).

2) Trace concentrations (Le. < 0,1 % buwj present In products are marked Wil an =X as far 35 they
SESEANCEE--CONCTL

A b= of SubsENCEE-O-CONCEM Can De Tound 3 It s INmineon. COmAsoc.

3) All siatements are basad on our present knowledge and are subject to change at any fme due o
technical FequUINeTEnNEs and development.

Infiresson T
e
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APPENDIX &

SCHEMATIC AND LAYOUT OF CONTROL PCB
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Meamon

[Alea_ol
iatl "

Tile
Sem
Ad
Dhie:
FIE.

: .
-
f ¥ Tl e
O I
' &

2
AL

EL
T

=
([T

=

I

e
i =
[+ )4
[
[
i i

Connporan_|

Th4A | 505

]
I
o
|5\'}}—|— 1
2] 5
-
I
1
2
1

A Hed

Page |119



Thermoelectric Modeling of IGBT Modules for Transient Operation

120|Page



