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1. Introduction

1. Introduction

1.1. Background

Reliability, cost and time to market are the three main constraints of any pfbpdustcording to
an industrybased survey in 2009 the converter is onethaf most unreliable components of
electrical systems that are operating in harsh environnj@htsThe system reliability can be
improved if the converter is replaced before it fail$ws, thelifetime egimation of power
corverters is a critical issue

In order to determine the reliability of a product tests have to be performed on the component under
different loading conditionsFor the case oflGBT devicestesting under normal operating
conditions is impractical, costly dns requiring long time to market, as their life is relatively long

To overcome these aspects accelerated life tegfhg) is used for determining thereliability

and estimation olifetime expectancyBy using this testing methodology the devices under test are
subjected to more severe environmental conditions than the normal operating conditions in order to
induce failures in a shorter period of time. The results are then analyzed to assess ftliky,reliab
lifetime expectancy and degradation of the component under normal operating conditions
Accelerated life testing on IGBTs is performed with thermal and power cycling testing g3tups

Otherlifetime prediction modelare theanalyticalones Analytical lifetime models estimate the life

of an IGBT power module in terms of number of cycles to failure considering different factors like
temperature swing, average temperature, bond auineent and frequency.he problem with these
models is to accurately identify, extract and count the cycles from the junction temperature profile.
The most commonly used cycle counting method for accurately extracting thermal cycles within the
temperaturegrofile is the Rainflow analysis. The analytical lifetime modeling is done with the use

of Palmgren Miner rule. It assumes that each identified thermal cycle produces some degree of
damage on the IGBT and thus it contributes to the life consumption déttee[3].

Within this project an analytical model will be used for estimating the lifetime of the IGBT power
modules.

1.2.  Study case

The study case of the project is abautconverter designedairf an accelerator particle uséat
chemo treatmenihe power supplynder focus is considered a2 quadrat dc choppetopology

that functions in the®land 4" quadranwith a series RL that models a magnet, as it can be seen in
Figurel[4]:

Voc O

Figurel Single phase Hbridge converter topologyi]
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1. Introduction

Themain parameters of the converéee summarizeth Tablel:

Tablel List of main parameters of the converfsource Danfysik]

Parameter Value Measure
Ve 400 \Y
fow 17800 Hz
R 0.112 Y
L 0.135 H

The power module used within thé-bridge converter isDF1400R12IP4Dfrom Infineon. Its
datasheet is attached Appendix A The typical application of the power module is as a chopper
and it includes an IGBT transistor and two diodes as it can be sEgune2:

Figure2 The DF1400R12IP4D IGBT power moduytg
The main parameters of the power module provided in the dat§Shest listed inTable2:
Table2 Main parameters dbF1400R12IP4A0GBT power modul§s]

Parameter Symbol Value
Collectoremitter voltage Ve 1200 V
Collector current I cnom 1400 A
Total power dissipation Piot 7.7 KW
IGBT thermal resistance, junction to case (ma  RyJC 19.5K/kW
IGBT thermal resistance, case to heatsink (tyy RuCH 9.3K/kW
IGBT turnon switching losses (@ 3124 25°C) Eon 11mJ
IGBT turn off switching losses (@ 312.5 A, 25) Eot 67mJ
IGBT conduction lossesd 312.5A, 25°C) Peond 315W

The power modules are modeled usthigcretesemiconductor devicedn the real application
because of the high current demand (1250 [A{)add T,;, which enclose the main current path, are
implemented using 4 paralleled power modulesaid T; locations contain a single modulEhe
currentprofile flowing through the load has tis¢éandardgatern depicted ifrigure3.

Io[A]4

1250
1145

1211

20 R
0 17 30 tlsl
Figure3 Pattern ofie current across the lo@abt to scalejsource: Danfysik]
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1. Introduction

The application requires that the currahways starts at 20Agoes until 1258 all the time(this

i ncrease is call ed @ sohlhatrihe elgctiojnageeticdieldrstays the saree oh o
the magnetThe levelsof currentin between may vary. Also the length of a cycle is variable and it
can lastbetween 1 and 30s. Because there are 4 montufegallel, in the simulation the currest
divided by 4

1.3. Motivation

Due to high variation of the load current, the IGBTssargjected to large temperature swinfjse

inside material layers of power modules have different thermal expansion coefficients and when
exposed to temperature swings mianovements are taking place between the layers. The thermo
mechanical stresses amffecting primarily the soldering and the wire bond[6f With time this
process called fatigue leads to failure.

Figure 4 depicts the internal structure of a typical multilayer IGBT power module and the
coefficients of thermal expansion (CTE) for the most common layer materials. It can be seen that
aluminum hasa much higher CTE than silicon, followed by copper. The critical fatiglagded

areas are considered to be the solder and the boundary between Al bonding wires andié$i chips

Al wire Coefficient of thermal expansion
T T T

Solder

e

DCB ceramic (AI203/AIN)

o
Cu E

Base plate (metal)
Thermal pa:;e5

Heat sink o

Al203 AIN

Figure4 Internal structure of a typical multilayer IGBT power converter module (&f@ind
Coefficients of thermal expansion for material layers inside the IGBT power corj@rter

. The most common fatigerelated failure mechanism and causes are summariZebla3:

Table3 Wearout failure mechanisms and causes of power convditgrs

Failure mechanisms Failure causes
Wear out 1 bond wirelift -off frequent thermal cycling and
failures f solder fatigue difference in thermal

expansion coefficients
(TEC) of material layers
1 degradation of thermal  ageing

grease

9 fretting corrosion at vibration or difference in
pressure contacts TEC

9 tin whiskers compressive mechanical

stress

13



1. Introduction

Also, it has been noticed in wind turbines applications that at low frequency the junction
temperature on the IGBTs and diodes follow the pattern of the current and so, resulting a
temperature variation as it is showrFigure5:

[K"Yj llijﬁ('
K¢, .
k] i 30
Transistor — N
~_ i \
o 0
-"-__.
10 y 10 e — ——
ke —
Diode
0 0
] 50 110 180 240 300 360 0 50 120 180 240 300 150
[ Gradel ) [Gradel. |

Figure5 For the Doubly Fed Induction Generator topology: &iite converter: junction temperature on the

IGBT and diode chips at 50Hz (left) and Generaide converter: temperature junction on diode and IGBT
chips at 1 Hz (right)7]

The mission profile of the power modules, i.e. loading current was provided by Danfysik and it was

noticed that it has a variable low frequency. It is expected that the junction temperature will follow

the current pattern similar to the case presemé&tigureb.

1.4. Methodology

Figure6 shows the steps of the analytical model that has been decided to be used for determining of
the remaining fatigue life of the power modules:

Tiv
1 @ . lon . J
io [°C] irer(t) L Von' PEcog E‘I’I ‘ T,
@t 5 b Ve P CEa v B B
Mission profile H-bridge Device power loss model Thermal model
(measured)

"y

— = N z 39TJT,[C1 T[CM w
Remaining o el ~— <& | ,/\ AL
. . & (3
fatiguelife ¢ & l s»
g T, [K] = log Ny [] t[] g
Damage quantification Lifetime characteristic Rainflow cycle Junction

with Palmgren-Miner fitted to Coffin-Manson counting temperature profile

Figure6 Flowchart of remaining fatigue lifetime determination of the of IGBT power modules

An electrethermal model of the #ridge converter will be implemented using PLECS toolbox so
that by feeding the current profile into the ded the junction temperature die IGBTs and diodes

will be estimated As mentioned before, the junction temperature is expected to have a very similar
pattern to that of the current. Once the junction temperature is obtained Rainflow cycle counting
will be performed orthis irregular signal in order to identify regular cycles inside.

The lifetime characteristic of power modules thatsia@mePack packaging technology is available

[8]. The characteristic ifitted with Coffin Manson law in order to find out rmodulerelated
coefficient. The resulting coefficient is used to estim#te number of cycles to failure
corresponding to each temperature difference and mean temperature of the cycles identified with
Rainflow analysis from the junction temperature profile.
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1. Introduction

The Palmgren Miner law considers that each stress cycles (in this case temperature) identified with
Rainflow technique has a contribution on the overall damage and the damage accumulates linearly.
By knowing the overall damage the remaining fatigue lifetime can be estimated (i.e. to how many
repetitions of the loading history sequence can the power module be exposed to).

In order to make lifetime predictionBree caseare simulated.The first simulationis performed
with the received current profile at an arbitrary water temperature,£~=P1°C. Afterwards, in
order to check the influence of theimney on the junction temperature and to see how it atfeets
lifetime of the powemodule thechimneywill be removed.

As Coffin-Manson law takes into consideration also the effect of the mean temparadureorder

to point it out, another simulation will be performed with an increased water temperature of
Twate=80°C. This scenaricorresponds to the case when due to the degradation of thermal paste, the
contact between baseplate and heatsink is not uniform anymore and the thermal resistance will
increase.

1.5. Limitations

1 Due tocomputational power limgtionsthe model could not be verified by the use of the
whole mission profile until failure. The therrsbectrical model requires long time to run
and big resources, due to the fact that it performs many computations.

1 The temperature of the water that it is dise the pwer cycling setup by Danfysils
unknown. An arbitrary value of Jke~=21°C has been chosen for its normal operation and
Twate=80°C to simulate thbest and worst case scenarios
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2. System modeling

Thelifetime of IGBT power modules depends stidgnon the junction temperatur®uring normal
functioning of the convertgrower module aresubjected t@ highvariation of the loading current
that will generatgunction temperaturswings. These fluctuatiossress thavire bonding and die
attach solder and lead to failure Before looking into the recorded data of the Ir&anctioning
conditions ofpower modulsthe converter behavior will be simulatedd observeaonsidering a
repetitive constanpattern of the current. The purpose ts have anidea about theexpected
temperature that the power module will reaid its oscillationsThus, n the followiry chapter an
electrothermal modelfor determining the power loss and junctitemperature of the power
modulewill be implemented usirgimulink andPLECS toolboxes

2.1. Converter pinciple of operation

The converteoperates in quadngs | and IV, i.e. voltage may have both positive and negative
polarity, while the current isnly positive.

When T, and T, are switched on both the output voltage and current are positive. Power is taken
from the source and fed into the load. This operation takes place in the first quadrat.

When T, and T, are switched off, the output voltage becomes negative and dipdaedD; are
forward biased. The energy stored in the inductor will maintain the output current pig8itive

The conductive elemengse indicatedvith red colorin Figure7:

Vpc O Voc (O

Figure7 Operation of an H bridge converter in quadrat | an4lv
2.2. Convertemodeling

The main steps foobtaining the junction temperature are presented in the flowchart depicted in
Figure8:

T v
|On !
i [°C] iREF(t) ,J A) > ; Pcoﬁ ‘ b n I n
b ] Vony | | Q] |Es Emn . dunctio
- iy ‘l’ Vo P Ew E‘Hﬂ temperature
Mission profile H-bridge Device power loss model Thermal model
(measured)

Figure8 Flow chart of obtaining the junction temperature in PLECS

Each step from the flowchart will be described in the following patagraphs and finally the
results will be presented.
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2.3. Electrical circuit and aentroller design

The converter topology, functiomnd paameters have been presented in the introduction and
Section 2.1The H-bridge was simulated using ideabnaponents fromPLECS toolbox.The

switches are PWM controlleahd the whole procedure of control is depidtedFrigure:

RL LL

0 t[s]

t[s

Figure9 Closed loop control of the H bridge converter

The measured currentoin the RL load is compared againisé current pattern presentedtire
introduction chapterThe resulted error is fed into a Pl controlfler minimising itandthe output
voltage signals compared with @arriersignal in order to generate the PWM and ifeshto the
gates of the tramsors.

The PI controller has been chosen in order to reach zero steady state error. When tuning the
coefficients of the controller theame procedure was followed iasthe case ofthe inner current

control loop incontrol of electrical driveshased on dgmum modulus criteriorf9]. This type of
controlis used for systems that have a dominant time conatatther minortime constants. Its
purpose is to cancelutthe dominant time constant amtrease the speed of thgstem The block

diagram of the PI controller, an approximation of a delay introduced by the sampler, the gain of the
inverter and the RL loaid shown inFigure10:

e @ Pl Delay  |d | Inverter |V i
controller | | @pproximation™™  gain — RL load

lo

Figure10Block diagram of the H bridge converter

The transfer function ohe PI controller is given biq. (2-1):

o + p 420

Thedelay is approximated to a time constagpedgual to half of the switching period:

6O ——— Eq. (2-2)[9]

where:

17
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P
Eq. (2-
—E a. (2-3) [9]
The RL load is modelled as a first order plant with the time congfant j 2:
: P,_P Eq. (2-4) [9
0 5o a. (2-4) [9]
The open loop transfer function of the system is:
. 420
0 o+ 2 P : P P, _P Eq. (2-5)

420 p 4z0 2 p zzO

In order to improve the system dynamic the slowest pole needs to be cancelledrmizéso of

the Plcontroller, thust is considered that 7z [9]. The open loop transfer function becomes:
+ , P

4z2 O p 420

In odrder to ease the calculatiosi$ the constastare grouped together atite following notation is

made:

0 Eq. (2-6)

4
4 T Eq. (2-7)
2
The open loop transfer function is:
0 = P - Eqg. (2-8)
>4z p 420
Theclosed loop transfer furion may then be described By. (2-9):
. 0 3 .
"0 . Eq. (2-9
5 0 T3 q.(2-9)
P 3
Where N=nominator and D=denominator of a transfer function in general.
The closed loop transféunction isthen
. 2 P
O Eq. (2-10)

42420 420 p

An analogy with thestandard form of a secoratder transfer function from Eqg. 42 is made in
order to identify the K K;, theundamped naturdtequency and damping factof the system

1 O p
@) @) Eq. (2-11) [10
S cul . (2-11) [10]

The undamped natural frequency and the damping factor are found as:
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sl

Zy 4
3 P 1% 405 R P, Eq. (2-12)
4724 9 ¢ 424 G
From thecondition:
S o , 4
< 4 ¢4 = Eq. (2-13) [10]
2
By insertingEq. (212)in Eq. (213)the proportional gain isofindto be:
S Eq. (2-14)
cz4 +
Thus, he values of the proportional and integral coefficiemés
P
+ f QA1 A 4—f v Eq. (2-15)
The design of the Pl controller has been cons

L=0.135 [H]. Tuning it for other wding points is out of scope tfis project.

The Bode diagram of the opeoop system and the time response for a step input are shown in
FigurellandFigurel2:

Bode Diagram
Gm = Inf dB (at Inf rad/s) , Pm = 65.6 deg (at 1.62e+04 rad/s)
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Figure1ll Open loop Bode diagram of the system
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Step Response
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Figure12 Time response to a step input of the system

From the Bode plotof the open loop systeih can be seen that the phase margin is 6&reP the

gain marginis infinite indicating thathe closed loop system is stable. From the time response to a
step input thesystem has been observed to havemaximum overshoot of 4.32,%me of the
maximum overshoot at 176 [ushd the settlinggme usingthe 2% criterid10] as 237[us]

2.4. Power loss model

Conduction losses:

The simulation has been performedngsPLECS toolbox. The choice jsstified by the ease in
modelling, as PLECS is using ideal components and parameters offered in the datasheet of the
componentAlso it is computationallyaster.

Forward characteristics at different junction temperatures were inserted in-apldabkle. The
characteristics are presented in the datashefgppéndix A

It has the form of a structure with the-state current and tgrerature as index vectors and it
outpus matrix v[11] . PLECS is performindinearinterpolation between the points automatigall
During each simulation time step the conduction loss is calculated by the product ofsta¢eon
voltage and osstate cuent andit interpolates in case of intermediate points. (first order
interpolation)

The conduction losses curves of the IGBT chijl diodeare depicted ifFigure 13. All the data
points that were inserted in the thermal descriptioth@fiGBT and diode can be found in tables in
Appendx B.
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Figure13 Conduction power losses: a.) of IGBT; b.) of the diode

In a similar manner, for calculating the switching losses of a semictordievice, points from the
curves Illustrating the energy consumption during switching with respect to blocked voltage,
forward current and Tj, are usethe ponts are fitted in dook-up table and represented by PLECS
using energy surface$he lookup table contains three index vectors as the blocked voltage, on
state current and device temperature and it outputs the switching energy loss in [mJ].

However, the datasheet of the power module does not offer any information regarding the
conduction and swehing power losses at 25°C. In order to obtaosifive valesfor the lossesn
approximation had tde done When calculating power losses PECS interpolates/extrapolates
linearly to get the value corresponding to a certain temperature value. Forsittdlirgy losses at
25°C by linear interpolation the interpolated value was negative.

A vector of values with interpolated energy switching losses has been calculated:

% % @ Eqg. (2-16)
Then instea@f going 4 times down to 25°C, since the on state cuoerdtate voltage dependence
i's exponenti al and not | inear a rough approxi
out the desired values:
% % ¥z g Eq. (2-17)

X represents the point that results from the difference between the energy loss at 150°C and energy
loss at 125°CThe results were checked against the datasheet plots and were the same.

The switching losses of the IGBdre depictedrigure 14. The off state loses of the diode are
depicted inFigurel5:
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Figure14 Switching power losses of IGBT: a.) On state; b.) Off state
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Figure15 Off state energy loss of the diode

2.5. Thermal modelling of IGBT power modules

Thermal behaviour afemiconductocomponentsnay be described usingC circuit modelsbased
on the analogy between electrical and therdeahains.One solution is to use Foster modetuit
due to accessibilityThe circuit includes parallel RC elemeraad thermal coefficients for the
Foster modethat are usually provided in the datasheet by the manufactukerit can be seen in
Figure 16 in the box placedin the right bottom cornethe values othe thermal resistances and
thermaltime constants are givefor both IGBT and diode
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Figurel16 Thermal impedance variation with time: a.) for IGBT; b.) for difztie

However, theanalysis based on Foster network represents only a mathematical model and the
circuit nodes have no physicaleaning. Thus, it does not allow access to internal temperatures of
different component layer#nother option is the use of Cauer models. These networks have a
physical meaning and temperatures of component layers may be found out. It requires knowledge
about the internal structure of the power module and since that was not possible and the Foster
parameters of the cooling system were provided, the Foster network will be further used in
modelling.

Thermal capacitansareextracted from the thermaine constang according withEq. (2-18):

# zi Eq. (2-18) [12]

The representadn of the Foster network with thethermal parameterfom the datashees
depicted inFigurel7. The power loss [W] that is fed into the thermal circuit (for the IGBT/diode) is
equivalent to the current in electrical domain [A]. The main difference is that power loss flow is
unidirectinal. The thermal resistancase found in the datasheet as previously indicated and the
thermal capacéinces are calculated by usiag. (2-18):

Foster network ‘ T 038 4 132 15 T,
parametersfor =
Power |osses N | ETE | T }_l
IGBT
IGBT D 0.001 0.0032 0.0037
Foster network Cooling
arameters for
Pawer 108 ) ™ Dioget YIM | @7, 2 6 165 05
Foster network T | VI | NI | TR
Power 10sses ) parametersfor | — 0.0004 0.0021 0.003 1.2
Diode2 Diode2

Figurel7 Foster representation of IGBT/diode
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The connection between the electrical and thermal domain in PLECS is made through the heat sink.
In PLECS t is represented by a blue squbike in the block diagram frorfigure18. It absorbs the

losses of the components contained inside its boundangdeeds them into the thermal mbde

[11]. Since the cooling system is more complex and contains theoe#icients not only for the
aluminium heat sink, but also for the thermal paste and water cooling, the heat sink is further
connected to an equivalent FGster networkThe thermal parameters were provided by Danfysik.

Foster network
parameters for heatsink

and cooling system Twater
P, Tia nrar
cond IGBT J Tj_IGBT - ‘; "l‘l \ ","r s
Esw 18T : Thermal Al Heat er
—»

paste sink cooling
0.0045

 0.0013 | Eocgf:
| |
T

1300 | 1257 |

Ti[°Cl

T diode

I:)cond_di ode D

—_—» 2,3
ESN_di ode #

—»

t[s]

Figure18 Block diagram of thermal model implementation in PLECS
Afterwards, thenew calculated junction temperature updatednto the lossmodel for the next
iteration of the power lossesit was indicated inhe flowchart fronFigure8.

In the simulation ararbitrary ambient émperature of 21°C has been considewdtl the Foster
parameters included in the simulation may be founippendx B.

2.6. Simulation results

The simulation model had been verified by applying a repeating sequence of the current pattern
presented itheintroduction.

Current profile on active components
35

T

N AR
s YR

Ji ¥ \ ¥

time[s]
Figure19 Current waveform on active components
The current sequence is abalb times smallerthanthe nominal currentchon{Table 2), so the
temperature is not expected rmise much towards maximum temperature. As it can be seen in
Figure20 andFigure 21on the first leg the most stressed component is IGBT1, followed,bit D

io[A]
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confirms that the model is working according to thedtioning description of the -Hridge as
presented in Sectich 1

The temperature of the IGBT rises up to 55°C and it is increasing, while in the case of the diode the
temperature goes up to 34°C and due to the cooling system it is starting to dddreabtference

in temperature for the IGBT is about 22°C and 17°€ tfee diode. The temperature shape is
following more accurately the shape of the current in the diode lbasas it can be seen in all the

cases the spike of the current influences the temperature. Siepefluence of the current spike
on the componés will be studied in the next chapter.

Total power loss IGBT1 and IGBT2

[
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Total power loss Diodel and Diode2
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Figure20 Total power loss and junction temperature on first leg elements

1500 Total power loss IGBT3 and IGBT4 Total power loss Diode3 and Diode4
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Figure21 Total power bss and junction temperature sgcond leglements

2.7. Summary

The characteristics and functioning of an H bridge converter has been described and an electro
thermal model has been developed using PLECS toolbox for simulating it. The model has been

validatedfor a repeated type of ramgurrent shape and the thermal behaviour of the converter has
been analysed.
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3. Lifetime modelling

When dealing with an irregular junction temperature variation a cycle counting method should be
used. Its role is to make possiltlee comparison between variable loading data test and constant
amplitude test, all the estimation available data found in literature being for constant amplitude.

In this chapter Rainflow cycle counting will be usedconjunction with Coffin Manson law &h
models the fatigue of the bonding wires and solder. To calculate how much the temperature is
stressing the power module Palmgren Miner will be uSéwese stepsvill be applied on the
scenarios specified in the Introduction chapter.

One of the most pofar cycle counting methoslis the Rainflow techniquel’his method identifies
regular ranges within an irregular signal and eliminates the smaller onesAftetwards, the
obtainedtemperature rangeme compared witlvailable datdor constantamplitude loadingi.e.

the lifetime characteristic of the power modules for this dBgdhe use of Palmgren Miner linear
damage rule the damage each temperature cycle produces on the power module is qUiaetified.
wholeprocedure is sumarized in thelbwchart depictedrigure22:

wh
oz =
T [°C] T [°C] =2 N | = —
T fl o Remaining
t[s t[s = log N¢ [-] B &, [K]
Junction Rainflow cycle  Lifetime characteristic Damage quantification

temperature profile counting fitted to Coffin-Manson with Palmgren-Miner
Figure22 Flowchart of remaining fatigue lifetime estimation

3.1 Rainflow cycle counting method

The programme for Rainflow counting method isypded on Mathworks websi{d 3]. Before the
Rainflow counting technique is applied, the local extrema of the signal have to be idenhifgeis.

done by using the function sig2ext.m that is included on the attached CD. For example, a fictitious
junction temperature signal on a semiconductor is considered in Figure (top). The extrema on every
cycle are identified next in Figure (bottom):

Typical junction temperature on a semiconductor device for square wave current

NTJ[C]b
|
—
I
—
I
—
I
—

00 051152 25335445555 6[6]3.5 7 75 8 859 951010.51111.512
time[s

Identified extrema points from the original signal

JINRRN IR AR A

—Original signa

0 ) ) ) O Extrema points

0051152 253354455556 657 758 859 951010.51111.512
time[s]

Figure23 Identification of the extrema from a regular junction temperature profile in Matlab
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There are more types of Rainflow algorithms, but their results are s[dlprThe one that will be
usedand described within this project is the threénp check due to the fact that it is simple and
computationally fast

The three point counting algorithm checks three consecutive points to determine if a cycle is formed
or not. The low amplitude cycles are separated from the high amplitude ones. When a cycle is
countedit is discarded and the remaining points are conndogether. The remaining residue is
counted until all the points are exhausted. The two nflédse algorithmare the followind14]:

T I f XOY a nid noptbei statting Point of the loading history, then a cycle is
counted and both;Rand B are discarded.

T I f XOY a nisitheptarting pointPf the loading history, then a reversal of half
cycle is counted fromRo P, and only Ris removed.
Ti[°Cl, T [°Cl4
P,

»
»
»
>

|P2-Py|
|P5-P;|

=|Ps-Py|
Y
X

=|P>-P4]

Y
X
v

~ Y
|A

F\
—

P_‘]_ /I

v

Figure24 Three point counting method: extracting half cycles at the starting points and counting a half cycle
from P1 to P14]

In the given example frorigure23 all the segments of the signal are equraFigure25 only half
of the time historys shown to give an idea about how the cycles are counted. The rules apply in the
same manner until the end of the load history:

Identified extrema points from junction temperature sequence |dentified extrema points from junction temperature sequence

T T T T T T

2 S P4

BEN@ LG

extrema points

1 1 1 <D 1 1 1 1 1

05 1 15 2 p 35 4 45 5 55 ©
time[s]
Figure25 Rainflow cycle counting technique applied on the sequence of extrema

The first segment is considered under the first rule: the rghgeO Sis equaltcd 0 sand R is
the first point of the loading history, so only B discarded and a hatcle is couted. The
counting is continued for the rang@ O Sthatis equal t 0 S A half-cycle is counted from
P, to P; and again, Pis the first point in history and gets discardéd.total 8 halfcycles are
counted.

The signal with the iderfted extrema is shown iRigure 26 (top). The function rfdemol.m shows

how the counting is performed in Matlab in a graghimatter as depicted Figure 26 (bottom).

The halfcycles are marked by coloured sine waves and text that indicates the direction of the
counting.
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Sequence of extrema
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04 HE%
= ,
S . \ \ \ .

0 P Y s, peaks from signal

0O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8

peaks, counted from O
Figure26 Rainflow cycle counting technique performed in Matlab on the sequence of extrema

After the cycles are identified, their amplitug@r rangs) and mean valigeare stored in a matrix.
The Rainflow matrix contains also a row with a value of 1 for the identified full cycles and 0.5 for
half cycles.

If the loading profile is an irregular one then after finding the extrema the signal may look like the
one inFigure 27. The main parameter®f any time history are calculated as it is indicated in the
picture Two arbitrary points, Pand B are taken as an example in the zoosimeplart of the figure:

TCl t

t[s]
Figure27 Parameters of an irregular temperature loading

The amplitude of an identified cycle is found using the formula:
4 4
4 S Eq. (3-1) [15]
Its mean value is:

4y -~ Eq. (3-2) [15]

The range of the identified cycle is defined as:
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Eq. (3-3) [15]
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3.2. Coffin Manson law

Among lifetime models the Coffin Manson ldar plastic fracturas the most commonly used.
gives a mea value of the number of fatigue fracture of metals danation of the change in
temperature during each cy¢ls].

In this project the modified equation that considers besides the junetipetature range also the
meantemperature will be used:

2 Vaglz ApR Eq. (3-4)[3]
e - Eaz e +
where
N¢ T number of cycles to failure][
A'i constant [K]

& T temperature range as described by E333( [K]

Ui constant; L8t o [ [16];
ko T Boltzmann constan& p® Y 1t paptt  [J/K] [16];
E,1 activation energy% o« @ p 1T [J][16];

T;m T average temperature [K]; can be described algb as 4
A is a constant that differs from module to module. The datasheet of the power modules does not
include a lifetime curve, so a fitty has been done accordind16]. The purpose of the fitting is to

find the value of constant A that has been identifietl aso® p ¢z 1t The plot fromFigure28

was verified experimentally for the IGB[IL6]. The source mentions that theodel for the diode

should be the same for the case of the diode by the authors conversation with Infineon, but the
model could not be verified experéntally

The fitted curved using E&y toolbox is depicted ifrigure28:

107

< *  Original data points
< ——Coffin Manson fitted curve)

Nf[-]

10 20 40 50 60 70 80 90 100

d%?ta'l‘[lq
Figure28 Expectechumber of cycles to failure as a dependence of the change in temperature obtained
through curve fitting16]
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3.3. Damage modelling

Computation of the fatigue damage caused by the considered loading intgisvaktially realized

with the assumption of hypothesis of linear fatigue accumulation. The used method is Ralmgren
Miner rule whichconsiders the damage as a fraction of life used by an event or a series of events
[17], [18].

Total damage can be expressed as the sum of particular damages caused by each cycle:

$ $E Eq. (3-5)[17]

Where j is a number of cycles determirfeaim the loading history using Rainflow cycle counting
algorithm.

The particular values of damagesae determined for each cycle or heytle:

~

E
$ —F Eq. (3-6) [17]
fori =1¢é]
1 niis the number of identified temperature cycles (equal to 1 for a cycle and 0.5 for a half
cycle)

1 jis a number of cycles and haifcles distinguished from the history
1 Ns is a number of cycles to failure computed with Cefflanson law Eq.( 3-4))

Thus, total damage is computed as:
7K
$ —= Eq. (3-7) [17]

These fractions are summed up and when their sum equals D = 1 or 100%, fakpected and
predicted (no damage failure means DKB].

3.4. Lifetime estimation

The expected lifetime of an object may be calculated from the damage caused by the identified
cycles in the interval TO of thtéme history

3 Eq. (3:8) [17]
3.5. Simulation results

By feeding an irregularwrent load history of 13408ength(about 3h 44mthat was provided by
Danfysik into the model the thermal behaviour of the IGBT and diodes on the first leg has been
observed. On the second leg the situatiomiisored considering the principle of operatiohthe
H-bridge(as it was shown in the previous chapter)

A part of the curent profile can be seen igure29:
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Current load profile with spike
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Figure29Irregular current loading history

From the load history ifFigure29it can be observed how the current profile looks like. It has some
intensetime periods with low frequency ramps, followed by ldmgaks The junction temperature
on IGBT1, Diode 1, IGBT2 and Diode2 is depictedrigure30:

Junction temperature on IGBT1 and Diodel

60, :
IGBTL1 Tj
50| —Diodel Tj
Q.40
|_
30
%00 2420 2440 2460 2480 .250[0] 2520 2540 2560 2580 2600
time[s
Junction temperature on IGBT2 and Diode2
35 :
IGBT2 Tj
30 —Diode2 Tj _
Q
2 AT | I
| | Vi e

%%OO 2420 2440 2460 2480 2500 2520 2540 2560 2580 2600
time [s]

Figure30 Junction €émperature profile on IGBTDiodel, IGBT2 and Diode2

Afterwards, Rainflow cycle counting has been performed in order to identify temperature cycles
inside the components temperature profiles as explained in S&ctioAn example of how the
counting is performed is given at the end of the projeéipipendix C
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Rainflow matrix IGBT Rainflow matrix Diodel
. (

Figure31 Rainflow 3D matrix showing the distribution of temperature ranges and average temperature
among the counted cycles for IGBT 1dabiodel

Rainflow matrix Diode2

Figure32 Rainflow 3D matrix showing the distribution of temperature ranges and average temperature
among the counted cycles for Diode2

IGBT, case has not been considered anymore. The reason behind it is that as it can be seen in
Figure33 T1-D1-D, and T;-D4-Ds are forming 2 IGBT powemodules. § and T; not used and they
get heated up only by the heating of the water.

Figure33 Resemblance of power modules inside the converter

As the situation is exactly the same fos-03-D3 but mirored, only the first leg will now be
considered in analysis withous. T
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Next step was to quantify the damage on the components of the power module. The Rainflow
histogram and the damage histograms of IGBT1, Diodel and Diode 2 are shown in:
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Rainflow difference temperature histogram of IGBT1
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[ee]
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o
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deltaT[K]

Figure34 Damage histogram of IGBT1

As it can be seen iRigure34 the temperature differences are not very different among cycles. Most
of t hem

ranges affect more the IGBT than the smaller ones, as it can be seen in the damage histogram.

NI

damage[-]

have a25°@id ool fewafdr digher diffePedces. However, the higher

Rainflow difference temperature histogram of Diodel
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deltaT[K]
« 101 Rainflow damage histogram of Diodel
1.5 L
|
1
1
0.5 -
0
0 4 6 8 10 12 14
deltaT[K]

Figure35 Rainflow histogram of the difference in temperature among counted cycles and the produced

damage for Diodel
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Diode 1 isnot used at any instance, saét heated up only by the heating of water. The cycles
have very low temperature differences, but as in the case of IGBT the higher ones are producing
most of the damage.

Rainflow difference temperature histogram of Diode2

40

2 4 6 8 10 12 14
deltaT[K]
« 16 Rainflow damage histogram of Diode2
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@®©
©2
0
0 2 4 6 8 10 12 14
deltaT[K]

Figure36 Rainflow histogram of the distribution of difference temperature among the counted cycles and the
damage produced on Diode2

As expected the smal/l cycles of &T have small
cycles with a higher difference temperature are affecting more the componaists for the case
of Diode 1

Estimations have been made as presented in S&tda@nd the resultshow that the IGBT is the
most affected component inside the power module experiencing higher differences in temperature.
It can standhbout4 000years of repetition of the sequence.

Diodel isthe least affected and it is estimated to be able to funaiimater the repetition of the
sequence 2ill years.

Diode 2 is more stressed than Diodel and the prediction for mi gears.

In order to check the influence of the spike it has been removed from the current profile and the
resulted ramps have bedead into the electrahermal model to observe the behaviour of the
components.

A part of the current profile is depictedkigure37:
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Current Ioad profile W|thout spike
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Figure37 Current profile with the ‘chimney' removed

The resulted current profile hdswer amplitude and the situation is the same for the junction
temperature:

Junction temperature on IGBT1 and Diodel

60, ——
IGBT1 Tj
50— Diodel Tj
Q40
|_
30 S
%00 2420 2440 2460 2480 _250[0] 2520 2540 2560 2580 2600
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Junction temperature on IGBT2 and Diode2
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time[s]

Figure38 Junction temperature variation on IGBT1, Diodel, IGBT2 and Diode2

The distribution of the mean temperatures and temperature ranges among the counted cycles is

more diverse than the previous case as it can be sééguire39 andFigure40. However, also the
temperature ranges are smaller.
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Rainflow matrix of IGBT Rainflow matrix Diodel
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Figure39 Rainflow 3D matrix for IGBT and Diodel
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Figure40 Rainflow 3D matrix for Diode2
The Rainflow histograms are presented as it follows:

Rainflow temperature difference histogram of IGBT1

15 L

10

N[

50

5 10 15 20 25 30 35 40
deltaT[K]

< 10° Rainflow damage histogram of IGBT1

[CO R

damagel-]
N

[y

U‘Io

10 15 20 25 30 35 40
deltaT[K]

Figure41 Rainflow and damage histograms on IGBT1
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Rainflow temperature difference histogram of Diodel
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Figure42 Rainflow and damage histograms on Diodel
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Figure43 Rainflow and damage histograms of Diode2

As it can be seen from the damage histograms the spikes have a high contribution. After removing
them the damage decreases.

The estimated lifetime for the componentsaisout7 000years for IGBT1, 24mill years for Diode
1 and 11mill years for Diode 2.
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3.6. Simulation with increased water temperature

As presented in the introductitine case where thermal paste gets degraded and as a result the
thermal resistance between heatsink and baseplate increases is simulated here by increasing the
water temperature at 80°C. As a result the temperature differences increases but not
significantly, whereas the mean temperature increases towards 100°C and up to 120°C in the
case of the IGBT. These aspects are visible in the Rainflow 3D matrices below:

Rainflow matrix IGBT Rainflow matrix Diodel

(
|
1
1
|
1
1
1

Figure44 Rainflow 3D matrices for IGBT anBiode 1
Rainflow matrix Diode2

Figure45 Rainflow 3D matrix for Diode 2

The Rainflow damage histograms of the components are presenkagune 47, Figure 48 and
Figure49:

38



Lifetime modelling

Junction temperature on IGBT1 and Diodel
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Figure46 Part of temperature profile when the water temperature gets increased to 80°C
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Figure47 Rainflow histograms of the distribution of ranges of temperature among cycles and the produced

damage for IGBT
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Rainflow temperature difference histogram for Diodel
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Figure48 Rainflow histograms of the distribution of ranges of temperature among cycles and the produced
damage for Diodel

Rainflow temperature difference histogram for Diode2
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Figure49 Rainflow histograms of the distribution of ranges of temperature among cycles and the produced
darmage for Diode2

The lifetime of the IGBT was decreased to about 25 years, 2500 years for Diode 1 and 860 years
for Diode 2.

3.7. Summary

An irregular current profile has been fed into the elettiesmal model of the Hridge. Rainflow
cycle counting has been performed on the junction temperature profiles of each component of the

module and based on the damage histograms it has been eohdhat the most stressed
component is the IGBT, followed by Diode 2 and Diode 1.
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By removing the spike it has been observed that its influence on the lifetime of the semiconductors
is high. The lifetime of the components has been found to be almosedauble case of IGBT1
and almost three times higher for Diode 2.

The temperature of the water was increased up to 80°C and the temperature ranges of the cycles
changed, but more significantly the mean temperature.

The results are summarizedTiable4:

Table4 Summary of simulations results

Water temperature 6 Ch i mn e ' IGBT lifetime Diode 1 lifetime  Diode 2 lifetime

Twate=21°C Present 4000 years 20 mill years 4 mill years
Removed 7000 years 24 mill years 11 mill years

Twate=80°C Present 25 years 2500 years 860 years
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4. Conclusion

An electrethermal model has been developed and simulated using PLECS toolbox. As a starting
point a standard current profile has been fed into the model intwaleran idea about the expected
junction temperature on the IGBT and diodes.

Afterwards, thaneasured current profile has been used for the simulation for three case scenarios:
1. Mission profile fed into the system and the water temperature of the cooling system of 21°C
2. Mi ssion profile with the removed O0chi mneyd

3. Missionprofile fed into the system with water temperature of 80°C. This simulation was for
the case when the thermal grease is degraded and the thermal resistance between heatsink
and baseplate is increased. The reason for doing that was to check the valittynoidel
as high number of expected years for the lifetime of IGBT and diodes was obtained with the
first 2 scenarios.

4.1. Contributions

The model calculates correctly the power losses and the junction temperature can be obtained for
the IGBT and diodes.

Ranflow cycle counting can be performed on an irregular temperature profile and by the use of
Rainflow 3D matrix it is easy to visualize how the average temperature and temperature ranges are
distributed among theounted cycles

Rainflow damage histogramhews how the temperature differences are affecting the IGBT and
diodes by the use of Coffin Manscaw and Palmgren Mineule.

The model still needs to be checked in the future to see how accurate the results are, but for the case
of Twatem21°Cand with he &échi mneyd both mean tempeThat ur e
part of the mission profiles contains few cycles (approximately 350 for 13404s lendtbssdne
repetitive cycles of different tempéuae it follows a time period witlno ramps, eametimes even

higher than 1000 s (about 16 memd going up to 3008000s the longest (between-66 min).

During these periods thgstem iscooleddown.

For the simuhiammewnd wih dé oa mppEhpetatureseamucla smalleryrse a n
thelifetime wasexpected to increase significantly.

In the case of the simulation with,Jle=80°C both the range of temperature and especially the
mean temperature are increased. This leads to a significantly decrease in the expected lifetime.

4.2. Limitations

Without a further check it is not possible to know how accurate the model is. It behaves as
expected, but the obtained lifetimes for the first two scenarios are unrealistic and for the third case it
is not possible to confirm it or not.
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5. Future work

The model behaves as it should, but it needs to be checked for a 1 year mission profile or based on
some obtained experimental data for the case of the power module used.

A 3D Rainflow matrix could be implemented in order to have a better view of the picaitenaw
how the combination of mean temperature and temperature ranges damages the devices.
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Appendix A

Technische Information / Technical Information

FD1400R121P4D

IGBT-Module
IGBT-modules

(infineon

PrimePACK™3 Modul mit Trench/Feldstopp IGBT4, gréRerer Emitter Controlled 4 Diode
PrimePACK™3 module with Trench/Fieldstop IGBT4, enlarged Emitter Controlled 4 diode

Vorldufige Daten / Preliminary Data

Typische Anwendungen
+ Chopper-Anwendungen

Elektrische Eigenschaften
« Erweiterte Sperrschichttemperatur Ty op
* Grolke DC-Festigkeit

+ Hohe Kurzschlussrobustheit, selbstlimitierender
Kurzschlussstrom

+ Veesae mit positivem Temperaturkoeffizienten
» Niedriges Vcesat

Mechanische Eigenschaften

+ 4 kV AC 1min Isolationsfestigkeit

+ Gehause mit CTI > 400

« Grof}e Luft- und Kriechstrecken

* Hohe Last- und thermische Wechselfestigkeit
+ Hohe Leistungsdichte

+ Substrat fur kleinen thermischen Widerstand

[

N

o]

Vees = 1200V
Icnom = 1400A / Icrm = 2800A

Typical Applications
« Chopper Applications

Electrical Features
+ Extended Operation Temperature Tyjop
« High DC Stability

« High Short Circuit Capability, Self Limiting Short
Circuit Current

* Veesar with positive Temperature Coefficient
* Low Viesat

Mechanical Features

* 4 kV AC 1min Insulation

+ Package with CTI > 400

« High Creepage and Clearance Distances

» High Power and Thermal Cycling Capability
+ High Power Density

+ Substrate for Low Thermal Resistance

Module Label Code

Barcode Code 128 ‘ II|

23456000000

DMX - Code

il
00000

Content of the Code Digit
Module Serial Number 1- 5
Module Material Number 6-11
Production Order Number 12-19
Datecode (Production Year) 20-21
Datecode (Production Week) 22-23

prepared by: AC

date of publication: 2013-03-06

approved by: MS revision: 2.3

UL approved (E83335)
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Technische Information

IGBT-Module
IGBT-modules

/ Technical Information

FD1400R121P4D

Infineon

IGBT-Chopper / IGBT-Chopper
Héchstzulédssige Werte / Maximum Rated Values

Vorlaufige Daten

Preliminary Data

Kollektor-Emitter-Sperrspannung _oge

Collector-emitter voltage Ty=25°C Vees 1200 v

Kollektor-Dauergleichstrom _ o _ o

Continuous DC collector current Te=100°C, Ty = 175°C lc rom 1400 A

Periodischer Kollektor-Spitzenstrom _

Repetitive peak collector current te=1ms leru 2800 A

Gesamt-Verlustleistung Aso _ .

Total power dissipation Te=25°C, Ty =175°C P 7.70 kW

Gate-Emitter-Spitzenspannung 2

Gate-emitter peak voltage Vaes +-20 v

Charakteristische Werte / Characteristic Values min.  typ. max.

Kollektor-Emitter-Sattigungsspannung lo= 1400 A Ve =15 V T,=25C 1751210 | V

Collector-emitter saturation voltage lc = 1400 A Ve =15V T,=125°C | Vcesa 2,05 \
lc = 1400 A Ve =15 V Ty =1580°C 215 A

Gate-Schwellenspannung _ _ _ oo

Gate threshold voltage Il = 49,0 mA, Ve = Vg, T, =25°C Veem 50 58 6,5 A

Gateladung _

Gate charge Vee=-15V ... +15V Qo 9.60 uc

Interner Gatewiderstand _neo

Internal gate resistor Ty=25°C Rane 0.8 @

Eingangskapazitat _ R, _ _

Input capacitance f=1MHz T,=25°C, Ve =25V, Ve =0V Cies 82,0 nF

Rickwirkungskapazitat _ _ 9ge — -

Reverse transfer capacitance f=1MH2Z, T,y = 25°C, Vee = 25V, Ve = 0V Cres 460 nf

Kollektor-Emitter-Reststrom - - — 950 -

Collector-emitter cut-off current Vee= 1200V, Vee = 0V, Ty = 25°C lees S0 | mA

Gate-Emitter-Reststrom _ _ .

Gate-emitter leakage current Vee =0V, Vee =20V, Ty=25°C lees 400 | nA

Einschaltverzégerungszeit, induktive Last |lc = 1400 A, Ve = 600 V T, =25°C t 0,20 us

Turn-on delay time, inductive load Vee =215V T, =125°C fen 0,21 Ws
Reon =100 Ty=150°C 0,21 Hs

Anstiegszeit, induktive Last lc = 1400 A, Vce =600 V Ty =25°C t 012 Hs

Rise time, inductive load Vee =415V T,=125°C r 013 Hs
Reon =108 T, =150°C 0,13 Hs

Abschaltverzégerungszeit, induktive Last  |lc = 1400 A, Vce = 600 V T, =25°C t 0,87 us

Turn-off delay time, inductive load Ve =215V T,=125°C oo 0,85 s
Rowr=1,00 T, = 150°C 0,97 us

Fallzeit, induktive Last lc = 1400 A, Vg = 600V T, =25°C t 0,20 Hs

Fall time, inductive load Vee =215V Ty=125°C ! 0,23 Hs
Rewr =100 Ty =150°C 023 ys

Einschaltverlustenergie pro Puls lc = 1400 A, Ve =600V, Ls =30 nH Ty =25°C 65,0 mJ

Turn-on energy loss per pulse Vee = #15 'V, difdt = 8600 A/us (T,=150°C) T, =125°C Eon 80,0 mJ
Rom =100 T, =150°C 95,0 mJ

Abschaltverlustenergie pro Puls lo = 1400 A, Ve =600V, L= =30 nH T, =25°C 180 mJ

Turn-off energy loss per pulse Vee = £15V, du/dt = 2700 Vius (T4=150°C) T, =125°C Eoit 250 mJ
Row=1,00 Ty =150°C 280 mJ

KurzschluBverhalten Vee €15V, Vee = 800V |

SC data Veemar = Vees -Lsce difdt te <10 ps, Ty =150°C ¢ 5600 A

Wérmewiderstand, Chip bis Gehéduse

Thermal resistance, junction to case pro IGBT/ per IGBT Ric 19.5 |KKkW

Warmewiderstand, Geh#duse bis Kuhlkérper |pro IGBT / per IGBT R 9.30 KW

Thermal resistance, case to heatsink heaste = T WIMK)Y [ hgrase = 1 WM K) e ’

prepared by: AC

date of publication: 2013-03-06

approved by: MS

revision: 2.3
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|GBT-modules
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/ Technical Information

Infineon

Diode-Chopper / Diode-Chopper
Hoéchstzuldssige Werte / Maximum Rated Values

Vorlaufige Daten
Preliminary Data

Periodische Spitzensperrspannung SRS

Repetitive peak reverse voltage Ty=25°C Vean 1200 v

Dauergleichstrom

Continuous DC forward current le 1400 A

Periodischer Spitzenstrom o

Repetitive peak forward current te=1ms Irrm 2800 A

Grenzlastintegral Ve=0V, tr=10ms, T,;=125°C 12t 270 kA?s

It - value Ve=0V, tp=10ms, T,;=150°C 260 kA?s

Charakteristische Werte / Characteristic Values min. typ. max.

Durchlassspannung lr=1400 A, Vee =0 V Ty =25°C 165|215 | V

Forward voltage lF=1400 A, Vee =0V T,=125°C V¢ 1,55 A

IF=1400 A, Vee =0V Ty=150°C 1,55 A

Ruckstromspitze I = 1400 A, - dir/dt = 8600 A/us (T,=150°C) T, = 25°C 1000 A

Peak reverse recovery current Vr =600V Ty=125°C lrm 1200 A
T,;=150°C 1250 A

Sperrverzégerungsladung Ir = 1400 A, - di/dt = 8600 A/us (T,,=150°C) T, = 25°C 170 uc

Recovered charge Ve =600V T,=125°C Qr 300 uc
Ty=150°C 330 i3

Abschaltenergie pro Puls - = 1400 A, - di-/dt = 8600 A/us (T,=150°C) T, = 25°C 80,0 mJ

Reverse recovery energy Ve =600V Ty=125°C Erec 140 mJ
Ty=150°C 160 mJ

Warmewiderstand, Chip bis Gehause | :

Thermal resistance, junction to case pro Diode / per diode Runuc 250 |KKW

Warmewiderstand, Gehause bis Kiihlkérper | pro Diode / per diode R 17.0 KW

Thermal resistance, case to heatsink hpaste = TWAM-K) / Agease = 1 WAM-K) ek i

Diode, Revers / Diode, Reverse

Hochstzuldssige Werte / Maximum Rated Values

Periodische Spitzensperrspannung _ oeo

Repetitive peak reverse voltage Ty=25°C Ve 1200 v

Dauergleichstrom

Continuous DC forward current Ir 160 A

Periodischer Spitzenstrom _

Repetitive peak forward current te=1ms Irem 360 A

Grenzlastintegral _ _ _ 5

% - value Ve=0V, te=10ms, Ty=125°C 1%t 0,23 kA?s

Charakteristische Werte / Characteristic Values min.  typ. max.

Durchlassspannung F=180A Vee =0V Ty=25°C v, 1651215 | V

Forward voltage I- =180 A, Vee =0V Ty=125°C i 165 \

Wiarmewiderstand, Chip bis Gehéuse : : N

Thermal resistance, junction to case pro Diode / per diode Runuc 225 (KW

Warmewiderstand, Gehéause bis Kiihlkérper | pro Diode / per diode R 120 KW

Thermal resistance, case to heatsink hoase = 1T WIAMK) 7 hgease = 1 W/(mM-K) e

prepared by: AC

date of publication: 2013-03-06

approved by: MS

revision: 2.3
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FD1400R121P4D

Infineon

NTC-Widerstand / NTC-Thermistor
Charakteristische Werte / Characteristic Values

Vorlaufige Daten
Preliminary Data

min.  typ. max.
Nennwiderstand aso
Rated resistance Te=25°C Ras 5,00 ke
Abweichung von R100 _ o _ } o,
Deviation of R100 Te=100°C, Rion = 493 AR/R 5 5 %
Verlustleistung g
Power dissipation Te=25°C Pas 20,0 | mwW
o ert R: = Rag exp [Baowc 1172 - 14298,15 K))] Baso 3375 K
g:g‘;f&; Ro = Ros exp [Bosnc{ 1/T= - 1/(298,15 K)J] Bosen 3411 K
oot Ro = Ros exp [Bosieo(1/T2 - 1/(298,15 K))] B 3433 K
Angaben gemalR gultiger Application Note.
Specification according to the valid application note.
Modul / Module
Isolations-Prufspannung _ _ .
Isolation test voltage RMS, f =50 Hz, t =1min Misor 4,0 kv
Material Modulgrundplatte cu
Material of module baseplate
Innere Isolation Basisisolierung (Schutzklasse 1, EN61140) ALO
Internal isolation basic insulation (class 1, IEC 61140) e
Kriechstreck Kontakt - Kihlkérper / terminal to heatsink 33,0 mm
Creepage distance Kontakt - Kontakt / terminal to terminal 33,0
Luftstrecke Kontakt - Kihlkérper / terminal to heatsink 19,0 mm
Clearance Kontakt - Kontakt / terminal to terminal 19,0
Vergleichszahl der Kriechwegbildung
Comperative tracking index cTl > 400
min.  typ. max.

Modulstreuinduktivitat
Stray inductance module Lice 10 nH
Modulleitungswiderstand, Anschlisse -
Chip Te =25°C, pro Schalter / per switch Recuee 0,20 m&
Module lead resistance, terminals - chip
Héchstzulassige Sperrschichttemperatur . . . - o
Maximum junction temperature Wechselrichter, Brems-Chopper / inverter, brake-chopper| T, max 175 C
Temperatur im Schaltbetrieb : _ f y . B
Temperature under switching conditions Wechselrichter, Brems-Chopper / inverter, brake-chopper| T, o 40 150 C
Lagertemperatur . o
Storage temperature T 40 150 | °C
Anzugsdrehmoment f. Modulmontage Schraube M5 - Montage gem. glltiger Applikationsschrift M 300 - 600 | Nm
Mounting torque for modul mounting Screw M5 - Mounting according to valid application note ’ ’
/'I-:\gfr:?nsacfr:mg&?grﬁ :'ofliketr' Anschlisse | gopraube M8 - Montage gem. gultiger Applikationsschrift| ., 1.8 - 21 | Nm

q Screw M8 - Mounting according te valid application note 80 ~ 10 | Nm
\?VZ‘:‘SE?' G 1200 g
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Infineon

Ausgangskennlinie IGBT-Chopper (typisch)
output characteristic IGBT-Chopper (typical)

Ausgangskennlinienfeld IGBT-Chopper (typisch)

Vorlaufige Daten
Preliminary Data

output characteristic IGBT-Chopper (typical)
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FD1400R121P4D
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SchaltverlustelGBT-Chopper (typisch)

switching losses IGBT-Chopper (typical)
Eon = 1(Ra), Ear = f(Ro)

Vorlaufige Daten
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S FD1400R12IP4D UL

Vorlaufige Daten
Preliminary Data

Nutzungsbedingungen

Die in diesem Produktdatenblatt enthaltenen Daten sind ausschlieRlich fur technisch geschultes Fachpersonal bestimmt. Die Beurteilung
der Eignung dieses Produktes fur lhre Anwendung sowie die Beurteilung der Vollstandigkeit der bereitgestellten Produktdaten fir diese
Anwendung obliegt Ihnen bzw. Ihren technischen Abteilungen.

In diesem Produktdatenblatt werden diejenigen Merkmale beschrieben, fir die wir eine liefervertragliche Gewahrleistung Ubernehmen. Eine
solche Gewahrleistung richtet sich ausschlieBlich nach MaRBgabe der im jeweiligen Liefervertrag enthaltenen Bestimmungen. Garantien
jeglicher Art werden fur das Produkt und dessen Eigenschaften keinesfalls Ubernommen. Die Angaben in den glltigen Anwendungs- und
Montagehinweisen des Moduls sind zu beachten.

Sollten Sie von uns Produktinformationen bendétigen, die Uber den Inhalt dieses Produktdatenblatts hinausgehen und insbesondere eine
spezifische Verwendung und den Einsatz dieses Produktes betreffen, setzen Sie sich bitte mit dem fur Sie zusténdigen Vertriebsbiiro in
Verbindung (siehe www .infineon.com, Vertrieb&Kontakt). Fur Interessenten halten wir Application Notes bereit.

Aufgrund der technischen Anforderungen kénnte unser Produkt gesundheitsgefahrdende Substanzen enthalten. Bei Ruckfragen zu den in
diesem Produkt jeweils enthaltenen Substanzen setzen Sie sich bitte ebenfalls mit dem fur Sie zusténdigen Vertriebsburo in Verbindung.

Sollten Sie beabsichtigen, das Produkt in Anwendungen der Luftfahrt, in gesundheits- oder lebensgeféahrdenden oder lebenserhaltenden
Anwendungsbereichen einzusetzen, bitten wir um Mitteilung. Wir weisen darauf hin, dass wir fur diese Félle
- die gemeinsame Durchfiuhrung eines Risiko- und Qualitatsassessments;
- den Abschluss von speziellen Qualitdtssicherungsvereinbarungen;
- die gemeinsame Einfuhrung von MaRnahmen zu einer laufenden Produktbeobachtung dringend empfehlen und
gegebenenfalls die Belieferung von der Umsetzung solcher MaRnahmen abhéngig machen.

Soweit erforderlich, bitten wir Sie, entsprechende Hinweise an |lhre Kunden zu geben.

Inhaltliche Anderungen dieses Produktdatenblatts bleiben vorbehalten.

Terms & Conditions of usage

The data contained in this product data sheet is exclusively intended for technically trained staff. You and your technical departments will
have to evaluate the suitability of the product for the intended application and the completeness of the product data with respect to such
application.

This product data sheet is describing the characteristics of this product for which a warranty is granted. Any such warranty is granted
exclusively pursuant the terms and conditions of the supply agreement. There will be no guarantee of any kind for the product and its
characteristics. The information in the valid application- and assembly notes of the module must be considered.

Should you require product information in excess of the data given in this product data sheet or which concerns the specific application of
our product, please contact the sales office, which is responsible for you ( see www.infineon.com ). For those that are specifically
interested we may provide application notes.

Due to technical requirements our product may contain dangerous substances. For information on the types in question please contact the
sales office, which is responsible for you.

Should you intend to use the Product in aviation applications, in health or live endangering or life support applications, please notify. Please
note, that for any such applications we urgently recommend
- to perform joint Risk and Quality Assessments;
- the conclusion of Quality Agreements;
- to establish joint measures of an ongoing product survey, and that we may make delivery depended on
the realization of any such measures.

If and to the extent necessary, please forward equivalent notices to your customers.

Changes of this product data sheet are reserved.

prepared by: AC date of publication: 2013-03-06
approved by: MS revision: 2.3

55



Appendix B

Appendx B
1 IGBT turn-on energy data points extracted from the datasheet for different temperatures:
Table5 IGBT turnon energy data points for 25°C
T=25°
OA | 200A 400A 600A 800A | 1000 1200 | 1400 1600 | 1800 | 2000 | 2200 | 2400 | 2600 2800
A A A A A A A A A A
OV|( O/ Oml] Oml] OmJ] OmJ, OmJ] OmJf Oml] Oml| Oml] Oml| OmJ| Om], Oml] OmJ]
mJ
600, 0| 9.665| 12.29| 17.54| 23.18| 25.98| 30.09| 29.61| 36.55| 34.73| 35.26| 36.25| 41.05| 40.8| 44.2
V| m] mJ m] mJ m] mJ mJ mJ] m] mJ mJ m] m] m] mJ]
Table6 IGBT turnon energy data points for 125°C
T=125°
OA 200A 400A 600A 800 1000 1200 1400 1600 | 1800 | 2000 2200 | 2400 A 2600 | 2800
A A A A A A A A A A A
OV|( 0] Oml] OmJ| OmJ) OmJ] OmJ] Oml| Oml] Oml] OmlJ] Oml] OmJ] Omlf Oml| Om]
m]
600 0] 29.64| 35.36| 47.31| 55.9| 63.1| 70.96| 77.28| 84.23| 90.21| 97.36| 104| 111.8| 118.8| 127.2
V| ml m] m] mJ] m) mJ m] mJ mJ mJ m] m] mJ] mJ mJ]
Table7 IGBT turnon energy data points for 150°C
T=150°
OA 200A 400A 600A 800A 1000 1200 | 1400 1600 | 1800 2000 2200 2400 2600 2800
A A A A A A A A A A
OV, 0/ Oml] Omlf Omlf Oml| Oml] Omlf Oml] Oml] Oml] Oml] OmJ| Omlf Oml| Om]
mJ
600 0| 37.63| 48.19| 59.22| 68.99| 77.95| 87.31| 96.35| 103.3| 112.4| 122.2| 131.1| 140.1 150| 160.4
V| m] m] mJ] mJ mJ mJ mJ] mJ m] mJ] mJ mJ] m)J mJ mJ]
1 IGBT turn-off energy data points extracted from the datasheet for different temperatures:
Table8 IGBT turn-off energy data points for 25°C
T=25°
OA|200A |400A 600A 800A 1000 | 1200 1400 | 1600 | 1800 | 2000 | 2200 2400 | 2600 | 2800
A A A A A A A A A A
OV 0/ Oml] Oml] Oml] OmJ] Oml] OmJ| Oml] OmJ] OmJ] Omlf OmJf Oml] OmJ| OmJ
mJ
600/ 0| 65.53| 69.08| 113.6| 130.6| 137.5| 168.3| 178.5| 217.6| 239.8| 269.6| 300.8| 333.3| 362.4| 394.4
V| ml mJ m] mJ] m] mJ mJ ml] mJ mJ mJ m] m)] mJ mJ]
Table9 IGBT turnoff energy data points for 125°C
T=125°
OA | 200A 400A 600A S00A 1000 1200 1400 1600 | 1800 | 2000 2200 2400 2600 2800
A A A A A A A A A A
oV, 0 Oml] OmJf OmJf OmJ] Oml] Oml] OmJ] Oml] Omlf Oml] Oml] Oml, OmJf OmJ]
m]
600 0| 73.36| 99.81| 135.6| 164.3| 191.5| 222.8 249| 283.3| 313.5| 345.3| 380 416.3| 452.2| 490.4
V| ml mJ m] m] m] mJ] m] mJ mJ m] m] m] mJ mJ mJ]
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Table10IGBT turnoff energy data points for 150°C

T=150°
OA 200A | 400A 600A S00A | 1000 1200 1400 1600 | 1800 2000 | 2200 2400 2600 2800
A A A A A A A A A A
OV| 0/ Oml] OmJ] OmJ| OmJ] OmJ| Omlf Oml] OmJ, Oml] Oml| OmJ| Oml| Oml| OmJ
mJ
600| 0| 76.49| 112.1| 144.4| 177.8| 213.1| 244.6| 277.2| 309.6| 343| 375.6| 411.7| 449.5| 488.1| 528.8
viml m} mf m} mi} m} m} m my myi mf m) my mi mI
1 IGBT conduction loss points extracted from the datasheet:
Tablel11GBT conduction losses
OA| 200 400A 600A 800 [ 1000 1200 1400 | 1600 1800 | 2000 K 2200 | 2400 | 2600 2800
A A A A A A A A A A A A
25°| 0.8 1v| 1.185 1.317| 1.42| 1.56V| 1.67 V| 1.77V| 1.88 V| 1.98 V| 2.09 V| 2.19V| 2.29V| 2.4V| 251V
v v vl v
125/ 0.8| 0.97| 1.185| 1.41V| 1.58| 1.76 V| 1.92 V| 2.09 V| 2.25V| 2.41 V| 2.58 V| 2.74 V| 2.92 V| 3.08 V| 3.24 V
of v| v v v
150/ 0.8| 0.96|1.19V| 1.42V| 1.61 1.83V| 1.99V| 2.17V| 2.35V| 2.54 V| 2.72V| 2.89 V| 3.09 V| 3.27 V| 3.46 V
of vl v Vv
1 Diode conduction loss points extracted from the datasheet:
Table12 Diode conduction losses point data
OA | 200 | 400 | 600 | 800 1000 1200 1400 1600 1800 | 2000 2200 2400 | 2600 | 2800
A | A A A A A A A A A A A A A
25°| 0.6/ 1.05 1.2Vv| 131 1.41| 1.5Vv|1.58V|1.65V| 1.73V| 1.79V| 1.86V| 1.92V| 2V| 2.05V| 2.09V
vl v vi v
125/ 0.6/ 0.85 1.03| 1.16] 1.29| 1.39Vv| 1.49V| 1.57V| 1.65V| 1.72V| 1.8V| 1.86V| 1.94V| 2.01 V| 2.08 V
ol v v, v| v Vv
150| 0.6/ 0.8V| 0.98| 1.12| 1.23| 1.3dVv| 1.43V| 1.52V| 1.61V| 1.69V| 1.77 V| 1.84 V| 1.92 V| 1.99 V| 2.05 V
o v vl vl v

91 Diode losses during reverse recovery for different temperatures:

Table13 Losses during reverse recovery for 125°C

Table14 Losses during reverse recovery for 150°C
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